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SUMMARY
The primate superior colliculus (SC) plays important sensory, cognitive, and motor processing roles. Among
its properties, the SC has clear visual field asymmetries: visual responses are stronger in the upper visual field
representation, whereas saccade-related motor bursts are weaker. Here, I asked whether peri-saccadic SC
network activity can still reflect the SC’s visual sensitivity asymmetry, thus supporting recent evidence of
sensory-related signals embeddedwithin the SC’smotor bursts. I analyzed collicular peri-saccadic local field
potential (LFP) modulations and found them to bemuch stronger in the upper visual field, despite the weaker
motor bursts. This effect persisted even with saccades toward a blank, suggesting an importance of visual
field location. I also found that engaging working memory during saccade preparation differentially modu-
lated the SC’s LFP’s, again with a dichotomous upper/lower visual field asymmetry. I conclude that the SC
network possesses a clear sensory signal at the time of saccade generation.
INTRODUCTION

The primate superior colliculus (SC) is critical for saccade gener-

ation,1–9 but it also possesses a rich visual processing reper-

toire.10,11 A now-acknowledged property of the SC is that it

does not represent all visual field locations equally: besides

foveal magnification,12,13 SC neurons representing the upper vi-

sual field show significantly stronger and earlier visual responses

than neurons representing the same retinotopic eccentricities in

the lower visual field.14–16 Intriguingly, saccade-related motor

bursts in the same neurons exhibit the exact opposite asymme-

try: SC motor bursts are stronger in the lower rather than upper

visual field.14,17 While this dichotomy between visual and motor

responses suggests the presence of distinct SC neuronal pro-

cesses associated with either visual sensation or saccade-

related motor discharge,18–20 other experiments have revealed

evidence of sensory signals embedded directly within the motor

bursts themselves.11,17,21–24 In this study, I was particularly inter-

ested in further investigating such latter evidence.

Specifically, I asked whether a visual sensory preference for

the upper visual field in the SC14 still manifests itself peri-sac-

cadically, despite the weaker motor bursts. Since SC local field

potentials (LFP’s) exhibit saccade-related modulations,21,25–27 I

investigated whether these modulations reflect the visual14–16

or the motor14,17 spiking asymmetries. As expected, I found

that SC LFP’s exhibited strong peri-saccadic negativity at the

time of motor bursts.21,25–27 Critically, such negativity was

much larger in the SC’s upper visual field representation than
iScience 28, 112021, Ma
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in its lower visual field representation, which directly matched

the asymmetry in the SC’s stimulus-evoked LFP negativity.

Peri-saccadic LFP modulations thus reflected the SC’s sensory

preference for the upper visual field, and they were unambigu-

ously dissociated from peri-saccadic spiking asymmetries.

I then checked whether this dissociation persisted even with

saccades toward a blank, suggesting that topographic location

within the SCcould be a critical determinant for the peri-saccadic

LFP modulation asymmetries. I employed memory-guided sac-

cades, for which there was no visible stimulus either in the work-

ing memory delay period or, later, at the time of actual saccade

generation. I found that SC LFP’s during the working memory

delay period still exhibited a clear upper/lower visual field asym-

metry. Importantly, peri-saccadic LFP negativity in the absence

of a visible saccade target was still significantly stronger for the

SC’s upper, rather than lower, visual field representation.

My results suggest that at the time of saccades, the local SC

network possesses a clear sensory-related signal, potentially

relevant for processes beyond just online saccade control.

RESULTS

Stronger peri-saccadic field potential deflections in the
upper visual field
We previously documented an asymmetry in the SC’s represen-

tation of the upper and lower visual fields.14 Here, I revisited the

same database,14 but now focusing on peri-saccadic LFP mod-

ulations. To better orient the readers, I first summarize how the
rch 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Peri-saccadic local field potential (LFP) deflections in the superior colliculus (SC) reflect their visual counterparts

(A) Stimulus-evoked LFP deflections after the brief appearance of a small white spot at the preferred response field (RF) location.14 Blue shows the average for all

electrode tracks in the SC’s upper visual field representation; red shows results from the lower visual field representation. The inset shows the corresponding

single-neuron firing rates.14 LFP negativity deflections were much stronger in the upper visual field representation.14

(B and C) The same data but now separated as a function of direction from the horizontal axis represented by the SC sites. There was a step-like discontinuity

across the horizon.14

(D) Similar to A but now for data aligned to saccade onset toward a visible spot. Even though themotor bursts were weaker in the upper visual field14,17 (inset), the

LFP negativity deflections were still much stronger for the upper visual field, consistent with the stimulus-evoked effects in A.

(E and F) The same discontinuity across the horizontal meridian seen in B and C was also evident peri-saccadically (0–50 ms from saccade onset in F; Methods).

Note how the insets in B and E as well as those in C and F show directly opposing dependencies in the spiking activity between the visual and motor epochs; in

contrast, the LFP’s show the same dependencies. Error bars in all panels denote SEM. A–C were reproduced (using updated color schemes) with permission

from our earlier study14 for easier direct visualization next to D–F. All insets were also reproduced from the same study.14
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stimulus-evoked LFP’s behaved. Figure 1A reproduces earlier

results,14 demonstrating that visually-evoked LFP modulations

were stronger (more negative) in the upper visual field. Note

that in each experiment, the appearing stimulus was always

placed at the best response field (RF) location of the recorded

neurons,14 and that single-electrode penetrations were per-

formed in these experiments (Methods). The inset, again repro-

duced from ref.,14 shows that this upper/lower visual field LFP

asymmetry was consistent with the asymmetry in SC visual

response firing rates: visual bursts were stronger in the upper vi-

sual field, just like LFP negativity was larger. Figures 1B and 1C,

in turn, remind that the LFP asymmetry was step-like across the

horizontal meridian,14 suggesting a potential quadrant-based

discontinuity in the SC’s topographic representation of the reti-

notopic visual field.

Peri-saccadically, we previously noted that SC motor bursts

are actually weaker in the upper visual field,14,17 an opposite

asymmetry from the visual bursts. Does that mean that LFP
2 iScience 28, 112021, March 21, 2025
negativity would also be smaller? Using a delayed, visually-

guided saccade task (Methods), I plotted in Figure 1D average

peri-saccadic LFP modulations across all tested electrode

tracks. Like in the stimulus-evoked analyses (Figure 1A), I classi-

fied electrode tracks according to whether they penetrated the

SC’s upper (blue) or lower (red) visual field representation. Also

like in the stimulus-evoked analyses, the saccade target was al-

ways at the best RF location of the session.14 There was a much

larger peri-saccadic LFP negativity in the upper visual field rep-

resentation (p = 1.6612x10�9; t test for the interval 0–50 ms from

saccade onset, comparing upper and lower visual field electrode

tracks; t = �6.3286; n = 95 and 102 for upper and lower visual

field tracks, respectively). This was despite the weaker motor

bursts (inset). Thus, peri-saccadically, aggregate SC network

activity around the recording electrodes reflected the strong vi-

sual sensory preference for the upper visual field, and not the

weaker simultaneously-occurring motor bursts—a clear dissoci-

ation between SC spiking and LFP characteristics.
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B Figure 2. Consistency of the results of Fig-

ure 1 across tested eccentricities and direc-

tions

(A and B) For all single neurons from the database,

I binned them according to the eccentricity (A) or

direction from horizontal (B) of their RF hotspots

(similar binning to what we had done with visually-

evoked LFP measurements in our earlier study14).

This confirmed the consistently weaker motor

bursts in the upper visual field.17 In each bin, the

measurements were made in the interval 0–50 ms

from saccade onset.

(C and D) For peri-saccadic LFP’s, there was al-

ways a stronger negativity for the upper visual

field, like in the stimulus-evoked deflections (Fig-

ure 1) and opposite to the spiking asymmetry of A

and B. Error bars denote SEM. Figures S1 and S2

document similar results when measuring pre-

saccadic activity.
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Given this dissociation, and given that LFP signals might

reflect the influence of synaptic and other network activity,28–35

these results suggest that SC peri-saccadic sensory information

could act to weaken motor bursts. Interestingly, we recently

found a potential inverse relationship between image preference

at stimulus versus saccade onset in visual-motor SC neurons: for

some image manipulations, if a neuron fired more for one image

feature in its visual burst, it tended to also have weaker saccade

bursts for the same feature.21

Remarkably, the visual field asymmetry in peri-saccadic LFP

negativity also exhibited a step-like discontinuity across the ho-

rizon: just like in the stimulus-evoked LFP’s (Figure 1B), all tested

electrode tracks in the upper visual field representation had

similar peri-saccadic LFP negativity amplitude, which was larger

(in absolute value) than all tested electrode tracks in the lower

visual field representation (Figure 1E). This can also be seen in

Figure 1F; here, I measured the LFP amplitude in the interval

0–50 ms from saccade onset. There was a similar dependence

to the stimulus evoked modulations in Figures 1B and 1C (p =

3.392x10�12; F(11,339) = 7.87; n = 351; one-way ANOVA across

the shown angular direction bins of Figure 1F). Again, this depen-

dence was the opposite of that in the spiking activity (inset).

And, this dependence persisted even in the immediate pre-sac-

cadic3,26,36 interval (Figure S1).

It is also worthwhile to consider the magnitude of the peri-

saccadic LFP asymmetry. From Figures 1D–1F, I calculated

the LFP amplitude in the interval 0–50 ms from saccade onset;
it was �2.7 times larger (in absolute

value) in the upper, rather than lower, vi-

sual field representation of the SC. This

was similar to the stimulus-evoked LFP

asymmetry of Figures 1A–1C (peak LFP

amplitude in the interval 30–100 ms

from stimulus onset being �2.5 times

larger in the upper visual field14). Thus,

despite the quantitative and qualitative

differences in visual field asymmetries

for stimulus-evoked versus saccade-
related spiking, the LFP asymmetries were both qualitatively

and quantitatively similar.

The peri-saccadic LFP asymmetry was also present in all

ranges of tested eccentricities and directions. For example,

just like we did earlier for stimulus-evoked effects,14 I measured

LFP amplitude in the interval 0–50 ms from saccade onset and

plotted it as a function of either eccentricity or direction bins rep-

resented by the electrode tracks. I also did the same analyses,

which were not documented in the earlier study,14 for the motor

burst spiking. In every eccentricity (Figure 2A) and direction (Fig-

ure 2B) bin, motor bursts were weaker in the upper visual

field14,17 (p = 0.0151 and p = 0.2659 for main effects of upper/

lower visual field and eccentricity, respectively, in Figure 2A,

with F(1,185) = 6.02 and F(3,185) = 1.33, n = 193; and p =

0.0001 and p = 0.2319 for main effects of upper/lower visual field

and direction from horizontal, respectively, in Figure 2B, with

F(1,166) = 16.11 and F(2,166) = 1.47, n = 172; two-way ANOVA

in each case; Methods). This effect was reversed for LFP’s,

and also amplified (Figures 2C and 2D) (p = 0 and p = 0.7458

for main effects of upper/lower visual field and eccentricity,

respectively, in Figure 2C, with F(1,185) = 23.71 and F(3,185) =

0.41, n = 193; and p = 0 and p = 0.2191 for main effects of up-

per/lower visual field and direction from horizontal, respectively,

in Figure 2D, with F(1,166) = 29.06 and F(2,166) = 1.53, n = 172;

two-way ANOVA in each case). Using the same analysis

approach, I also checked the LFP and spiking modulations dur-

ing the immediate pre-saccadic interval3,26,36: once again, the
iScience 28, 112021, March 21, 2025 3
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LFP’s, but not the spikes, still reflected the SC’s sensory prefer-

ence for the upper visual field (Figure S2).

Thus, I observed a strong asymmetry in the SC’s peri-

saccadic LFP’s, and this asymmetry was the same as that in

both the spiking and LFP sensory-driven responses (Figure 1)14;

this asymmetry was opposite of that in the spiking motor bursts

of the SC.

Visual field location as a defining feature
In light of our recent observations that there is a sensory repre-

sentation embedded within both SC motor bursts and peri-

saccadic LFP’s,21 the results aforementioned imply that stimulus

location may itself be considered a visual feature. If so, then it is

the SC neurons’ topographic location, and not stimulus pres-

ence per se, that should matter. To confirm this, I analyzed

data from memory-guided saccades with no visible saccade

target (Methods). I first investigated how invoking working mem-

ory37 per se affected the delay-period LFP values (well before

saccade generation), and I then focused on the peri-saccadic

LFP negativity modulations that I was primarily interested in. In

both cases, it became clear that the SC topographic location

did indeed matter, as I predicted.

Engaging working memory strongly altered the SC’s LFP

patterns during the delay period leading up to saccade gener-

ation,25 but, remarkably, it still did not eliminate the SC’s upper/

lower visual field dichotomy. Consider, for example, Figures 3A

and 3B. In Figure 3A, I aligned the LFP data to the end of the

delay period, when the ‘‘go’’ signal for the saccade was pro-

vided (Methods), and I did this for the visual condition (with a

visible saccade target throughout the whole trial). In Figure 3B,

I did the same, but now for the memory-guided saccade con-

dition (Methods), in which there was no visible saccade target

during the delay period. Consistent with earlier reports,25 the

memory condition caused a substantial upward shift in pre-

saccadic LFP levels when compared to the visual condition

(compare the corresponding curves in Figures 3A and 3B).

Interestingly, the delay-period LFP’s in both cases were still

dependent on the visual field location represented by the re-

corded SC sites. For example, in the visual condition, LFP’s

were more negative in the upper visual field SC sites than in

the lower visual field SC sites (Figure 3A). This is the same

dependence as that observed in Figure 1A, suggesting a sus-

tained influence of continuous visual stimulation on the SC’s

LFP’s. In the case of memory-guided saccade preparation,

LFP amplitudes (positive this time25) were higher (more posi-

tive) for the upper visual field SC sites than for the lower visual

field sites (Figure 3B). Thus, delay-period SC LFP’s depended

on visual field location in both the visual and memory condi-

tions, but the sign of the dependence was reversed in the

memory condition.

I confirmed the previous observations statistically. In the visual

case (Figure 3A), I gathered all electrode tracks targeting the

SC’s upper visual field representation into one group, and I

compared their delay-period LFP levels (averaged over the inter-

val from �50 ms to +25 ms relative to the saccade go signal;

Methods) to those from the electrode tracks targeting the lower

visual field representation. Upper visual field LFP levels were

significantly more negative than for the SC’s lower visual field
4 iScience 28, 112021, March 21, 2025
representation (p = 4.235x10�4; t = �3.5866; n = 95 and 102

for upper and lower visual field electrode tracks, respectively; t

test; Figure 3A), again implying a sustained influence of contin-

uous visual stimulation on SC LFP’s. For the memory case (Fig-

ure 3B), there was still a significant difference between the upper

and lower visual field SC sites (p = 0.0204; t = 2.3473; n = 49 and

81 for upper and lower visual field electrode tracks, respectively;

t test); this time, however, the upper visual field electrode tracks

had significantly more positive, rather than more negative, LFP

levels (Figure 3B).

I also separated electrode tracks based on the direction from

horizontal that their SC sites represented, just like I did in Fig-

ures 1 and 2 aforementioned. There was still evidence of a func-

tional discontinuity14 across the horizontal meridian in both the

visual (Figures 3C, 3E and S3A) and memory (Figures 3D, 3F

and S3B) conditions, with the only difference being that, in the

memory condition, upper visual field SC sites were associated

with more LFP positivity, rather than more LFP negativity,

when compared to lower visual field SC sites (p = 6.913x10�5

for the visual condition; F(11,339) = 3.64; n = 351; one-way

ANOVA across the shown angular direction bins of Figure 3E)

(p = 0.0236 for the memory condition; F(11,211) = 2.07; n =

223; one-way ANOVA across the shown angular direction bins

of Figure 3F). The pressing question, then, was whether, in the

memory condition, these effects eliminated, or otherwise

altered, the stronger peri-saccadic negativity that I observed

so clearly in the SC’s upper visual field representation with visu-

ally-guided saccades (Figures 1 and 2).

Peri-saccadically, the difference in LFP negativity between the

upper and lower visual fields still persisted even in the absence of

a visible saccade target. Figures 4A and 4B shows peri-saccadic

LFP’s for both visually-guided and memory-guided saccades. In

the upper visual field, thememory condition caused a substantial

shift in pre-saccadic LFP voltage, as expected from Figures 3A,

3C, 3E, and S3A. This shift was essentially absent in the lower vi-

sual field (Figures 3B, 3D, 3F, and S3B), corroborating the idea of

substantive functional differences between the SC’s upper and

lower visual field representations14,15 (Figure 3). More impor-

tantly, peri-saccadically, the amplitude of the deflection from

pre-saccadic baseline levels was bigger in the upper than lower

visual field, consistent with Figures 1 and 2. This observation is

better appreciated after applying a baseline shift (Figure 4C;

Methods): therewas still a clearly stronger negativity for upper vi-

sual field sites (p = 0.003; t = �3.0302; n = 49 and 81 for upper

and lower visual field electrode tracks, respectively; t test for

the interval 0–50 ms from saccade onset, comparing upper

and lower visual field electrode tracks), which was also present

in different direction bins (Figure 4D). Indeed, at all tested eccen-

tricity (Figure 4E) and direction (Figures 4F and 5) bins, there was

stronger peri-saccadic LFP negativity for the upper visual field

(p = 0.0048 and p = 0.5844 for main effects of upper/lower visual

field and eccentricity, respectively, in Figure 4E, with F(1,117) =

8.29 and F(2,117) = 0.54, n = 123; p = 0.0188 and p = 0.3152

for main effects of upper/lower visual field and direction from

horizontal, respectively, in Figure 4F, with F(1,103) = 5.69 and

F(2,103) = 1.17, n = 109; two-way ANOVA in each case). Thus,

SC topographic location was the critical feature, even in the

absence of a visible saccade target.
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B Figure 3. Both visual and working memory

LFP representations depend on visual field

location, but in diametrically opposite ways

(A) Same as Figure 1D but aligned to the end of the

delay period that existed between stimulus onset

and the ‘‘go’’ signal for the saccade (in the de-

layed, visually-guided saccade task; Methods).

Here, I aligned the data to the time of the go signal,

when the fixation spot was removed and the

eccentric spot (saccade target) was still visible.

Before the end of the delay period, there was a

sustained effect in which there was stronger LFP

negativity for upper visual field SC sites. This is

consistent with the results of Figures 1A–1C and

suggests that continuous visual stimulation has

persistent effects on the SC’s LFP’s. The strong

negative deflections �150–200 ms after the go

signal reflect the peri-saccadic LFP modulations

of Figures 1D–1F.

(B) In the absence of a visible saccade target,

LFP’s turned positive after the initial negativity

transient associated with the earlier stimulus on-

sets; thus, the SC’s LFP’s were clearly positive by

the end of the delay period.25 Interestingly, there

was still a dependence on the visual field location:

SC sites representing the upper visual field had a

larger LFP positivity during working memory than

SC sites representing the lower visual field. Fig-

ure 4 shows that, despite this difference in LFP

signals at the time of the go signal for memory-

guided saccades, later peri-saccadic negativity

amplitudes still behaved like those in the visually-

guided saccade task.

(C and D) Same as A, B, but now separating

electrode tracks as a function of the direction from

horizontal represented by the targeted SC sites.

For the visual condition (C), the same sensory

dependence of Figures 1A–1C was observed,

again suggesting a sustained sensory influence on

SC LFP’s. In the case of memory (D), there was

clearly a visual field effect, but this time of the

opposite sign: upper visual field SC sites had

stronger LFP positivity, rather than negativity, at

the end of the delay period.

(E and F) Same as Figures 1C and 1F, but this time

whenmeasuring LFP values at the end of the delay

period in both tasks (from �50 ms to +25 ms

relative to the time of the saccade go signal;

Methods). In both cases, there was an upper/

lower visual field effect, but having different signs.

Error bars denote SEM. Also see Figure S3.
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Upper visual field saccades to a blank are still
associated with weaker motor bursts
Armed with the results of Figures 1, 2, 3, 4, and 5, I could now

predict that SC motor bursts should be weaker in the upper vi-

sual field even for memory-guided saccades. I confirmed this: I

consistently observed weaker saccade-related motor bursts

for upper visual field SC neurons (Figure 6) (p = 0.0111 and p =

0.202 for main effects of upper/lower visual field and eccentric-

ity, respectively, in Figure 6C, with F(1,117) = 6.66 and F(2,117) =

1.62, n = 123; two-way ANOVA) (p = 0.0007 and p = 0.2876 for
main effects of upper/lower visual field and direction from hori-

zontal, respectively, in Figure 6D, with F(1,103) = 12.26 and

F(2,103) = 1.26, n = 109; two-way ANOVA). Interestingly, long

before saccade onset, the spiking activity of memory-guided

saccades did not depend on the visual field location

(Figures 6A and 6B) unlike in the delay-period LFP levels

(Figures 3B, 3D, and 3F). This observation was also true for the

visually-guided saccades (as depicted in our earlier publica-

tions14,17). Moreover, in Figures 4A and 4B of ref.,14 it was clear

that visual spiking activity during the memory epoch had
iScience 28, 112021, March 21, 2025 5
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B Figure 4. Stronger upper visual field peri-

saccadic LFP modulations even in the

absence of a visible saccade target

(A) Peri-saccadic LFP’s for upper visual field

electrode tracks with and without a visible target

(the visible target curve is the same as that in

Figure 1D). Long before the saccade (upward ar-

row), the memory condition elevated LFP volta-

ges25 (Figure 3). However, the peri-saccadic de-

flection magnitude was similar in the two curves.

(B) Same as A but for the lower visual field. Here,

the memory condition had a much weaker effect

long before saccade onset (oblique arrow) (Fig-

ure 3). Importantly, the peri-saccadic deflection

strength was still similar in both conditions.

(C) Applying a baseline shift in the memory con-

dition (Methods) revealed a similar peri-saccadic

asymmetry between the upper and lower visual

fields in the absence of a visible saccade target;

there was stronger negativity in the upper visual

field.

(D) Same as Figure 1E but for the memory condi-

tion (after baseline shift). Upper visual field tracks

had consistently stronger peri-saccadic LFP ne-

gativity. For example, compare the sites directly

straddling the horizontal meridian (least saturated

blue and least saturated red), especially in the

peri-saccadic interval.

(E and F) Same as Figures 2C and 2D, but for the

memory condition, again showing stronger nega-

tivity in the upper visual field (themissing bar for <2

deg eccentricity means no data). Error bars in all

panels indicate SEM.
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subsided to similar levels for either upper or lower visual field SC

neurons, even though delay-period LFP amplitudes were still

differentiated (Figures 3A, 3C, 3E, and S3A). Thus, combined

with Figure 3 aforementioned, and across both the visual and

memory conditions, I observed yet another interesting dissocia-

tion between delay-period SC spiking and LFP dependencies,

beyond the peri-saccadic dissociation of Figures 1, 2, and 4.

In summary, my results suggest that peri-saccadic local SC

network activity: (1) reflects the strong sensory preference for

the upper visual field (Figures 1, 2, and 3); (2) is accompanied

by weaker spiking bursts (Figures 1, 2, and 6); and (3) is a func-

tion of SC topography (Figures 3, 4, and 5). Thus, sensory tuning

in SC movement commands21 extends to the domain of visual

field asymmetries.
6 iScience 28, 112021, March 21, 2025
DISCUSSION

If SC peri-saccadic LFP modulations

directly reflect spiking activity in sac-

cade-related motor bursts, as might be

generally assumed,25 then I should have

observed weaker peri-saccadic nega-

tivity for the upper visual field SC rep-

resentation, concomitant with weaker

motor bursts.14,17 I found the opposite:

peri-saccadic LFP modulations reflected

the SC’s sensory, rather thanmotor, pref-
erence. I believe that these results add to our recent evidence21

of sensory tuning in SC motor bursts.

The fact that LFP’s can be dissociated from spiking activity

has been observed before, even in the SC itself, albeit in the

context of signal timing. Specifically, in stimulus-evoked re-

sponses, LFP modulations normally lead stimulus-driven

spiking in both the SC26 and frontal eye fields (FEF),38 sug-

gesting that the spiking activity might reflect the local net-

work’s processing of incoming sensory signals. On the

other hand, peri-saccadically, LFP modulations lag the

onset of spiking motor bursts.26,38,39 Thus, the timing relation-

ship between LFP’s and spiking is flipped peri-saccadically. In

my case, I found an even more remarkable dissociation: peri-

saccadic LFP modulations reflected the SC’s stimulus-evoked



Figure 5. Direction-dependence of peri-saccadic LFP modulations

in the absence of a visible saccade target

This figure bins all electrode tracks from Figure 4 as a function of the direction

from horizontal represented by the recorded SC neurons. For baseline-shifted

peri-saccadic LFP measurements (during the interval of 0–50 ms from mem-

ory-guided saccade onset), there was a stronger LFP negativity in the upper

visual field representation of the SC than in the lower visual field representa-

tion. This was confirmed statistically when I grouped all upper visual field

electrode tracks into one group and all lower visual field electrode tracks into

another (p = 0.003; t = �3.0302; n = 49 and 81 for upper and lower visual field

electrode tracks, respectively; t test). Similarly, a one-way ANOVA across the

shown angular direction bins revealed a significant effect of direction from the

horizontal meridian (p = 0.0123; F(11,222) = 2.27; n = 223). Error bars denote

SEM.
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preferences (whether in LFP’s or spiking) and not the

motor burst preferences. Thus, SC sensory preferences

for the upper retinotopic visual field seem omnipresent

in LFP’s.

I also observed a secondary dissociation between SC

spiking activity and LFP’s in my analyses. Specifically, well

before saccade onset, firing rates were similar across different

visual field locations represented by the recorded SC sites,

both for memory-guided saccades (Figure 6B) as well as for

visually-guided saccades (ref.14,17). However, the LFP levels

at these pre-saccadic times (near the end of the delay period)

were clearly dependent on visual field location (Figures 3, 4A,

and 4B). These differences in LFP’s as a function of visual field

location could represent a latent signal, which may not be

overtly visible in the spiking, but which can be ‘‘uncovered’’

under specific behavioral scenarios. For example, using a tri-

geminal blink reflex to trigger premature eye movements dur-

ing delay periods, Jagadisan and Gandhi40 discovered that

classic ‘‘motor neurons’’ of the SC possessed a hidden visual

signal present within them. It would be interesting to try to

experimentally disrupt the working memory phase of mem-

ory-guided saccade paradigms (for example, by using strate-

gically timed visual stimulation41–43) to try to discover a func-
tional significance for the latent LFP effects that I observed in

Figure 3.

Returning back to the peri-saccadic LFP’s, which represent

the main topic of my study, I interpret my results as being

consistent with our recent observations of a sensory signal

embedded within SC motor bursts.21 In line with this, we do

know that SC motor bursts vary as a function of visual field

location.14,17 However, there is one difference that is worth

noting here: while SC visual responses are stronger for upper

visual field stimuli,14 saccade-related motor bursts are

weaker.14,17 This suggests a model in which SC network ac-

tivity is actively reformatted18,19 between the visual and motor

epochs, and I believe that such reformatting could happen for

a variety of reasons beyond saccade control. For example,

one kind of reformatting could help downstream areas to

correctly distinguish between SC visual and motor bursts,

which is important in order to avoid unwanted saccades at

the time of ‘‘visual’’ spikes.20,21,44,45 My results add another

distinct possibility: the reformatting could be relevant for cor-

ollary discharge and its influences on peri-saccadic vision.

That is, if there is a sensory signal present in the SC peri-sac-

cadically,21 and if this signal is not relevant for controlling

the eye movements themselves,17 then this signal could

be part of what is relayed46–49 from the SC to other brain

areas. In turn, this signal could alter peri-saccadic vision in

strategic ways.15,50 Interestingly, we recently found that

peri-saccadic visual sensitivity becomes momentarily better

in the upper visual field, which is opposite from how it be-

haves without saccades.15 Thus, a peri-saccadic sensory

signal in the SC could be used to transitorily alter well-known

visual field perceptual asymmetries.51–53

I am also intrigued by the fact that I observed the same peri-

saccadic effects with memory-guided saccades. This suggests

that topographic location in the SC’s functional map of the visual

field is what matters, and it is also consistent with the idea that

visual location is itself an important ‘‘feature’’ for vision. This

observation is also in line with the idea that LFP’s might reflect

local anatomy and connectivity,28–32,34,35 especially if one were

to consider that the SC might amplify its anatomical representa-

tion of the upper visual field.14 Indeed, for recording sites away

from the eye movement endpoints, peri-saccadic LFP modula-

tions are much smaller in amplitude54 than what I observed here.

Finally, my analyses of memory-guided saccades revealed

an interesting property of delay-period LFP modulations in

the SC. It was previously known that invoking working mem-

ory during the memory-guided saccade paradigm causes an

elevation of SC LFP levels right after the transient, sensory-

evoked LFP negativity.25 Not only did I replicate these obser-

vations here (Figures 3B and 3D), but I also found that this LFP

hallmark of working memory allocation in the SC is strongly

dependent on visual field location (Figures 3D–3F and S3B).

I believe that this is an interesting discovery, especially

because it can help clarify some previously documented

idiosyncrasies of memory-guided oculomotor behavior.

For example, memory-guided saccades tend to always

have a systematic bias to land slightly above the true remem-

bered target locations.55–57 Similarly, eye position and other

oculomotor properties can be biased upward under darkness
iScience 28, 112021, March 21, 2025 7



A

D

E F

C

B Figure 6. Weaker motor bursts in the upper

visual field in the absence of a visible

saccade target

(A and B) Like the insets of Figures 1D and 1E but

for the memory-guided saccade task. Note how

the firing rates long before saccade onset did not

depend on visual field location, even though the

LFP effects did (Figures 3, 4A, and 4B). This sug-

gests another dissociation between SC LFP’s and

spiking activity, beyond the dissociation I high-

lighted previously for peri-saccadic intervals (e.g.,

Figures 1, 2, S1, and S2).

(C and D) Like Figures 2A and 2B but for memory-

guided saccades. Motor bursts in the upper visual

field were weaker than in the lower visual field,

which is opposite the peri-saccadic LFP asym-

metries (Figures 4 and 5).

(E) Similar to Figures 1C, 1F, 3E, 3F, 5, and S1,

except that I now measured firing rates in the final

50 ms before saccade onset. Pre-saccadic firing

rates were weaker in the upper than in the lower

SC visual field representation, and this happened

even with saccades toward a blank (memory-

guided saccades). I confirmed this with a t test

comparing all upper visual field neurons in the

database in one group to all lower visual field

neurons in the other (p = 0.0039; t = �2.9369;

n = 49 and 81 for upper and lower visual field

electrode tracks, respectively). I also performed a

one-way ANOVA across all shown angular direc-

tion bins, again with a significant effect (p =

0.0329; F(11,211) = 1.97; n = 223).

(F) Same as (E) but now for the measurement in-

terval 0–50 ms from saccade onset. Again, peri-

saccadic firing rates were weaker in the upper

visual field for memory-guided saccades (p =

0.0037; F(11,211) = 2.62; n= 223; one-way ANOVA

across all shown angular direction bins). Note that

the overall firing rates were generally higher than in

(E) (same y axis ranges in the two panels), which is

expected because motor bursts are known to

reach peak firing rates some time peri-saccadi-

cally rather than pre-saccadically.3,36 Error bars

denote SEM.
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conditions.58,59 It would be interesting in future studies to

relate my observations about upper/lower visual field asym-

metries in delay-period LFP’s to these oculomotor phenom-

ena. More importantly, it would be interesting to explore

whether such SC asymmetries can explain biases and asym-

metries in working memory paradigms that do not explicitly

require an overt oculomotor response. If biases emerge in

these paradigms that are congruent with the SC LFP biases

that I found, then this can help support the idea that the SC

may be considered to be a driver for cognitive processes,

like covert visual attention.

In all,my resultsmotivate further studiesof peri-saccadic visual

field asymmetries, both perceptually and at the neuronal level.

Limitations of the study
In this study, I only had access to single-electrode recordings

(Methods). Therefore, I could not simultaneously record LFP’s
8 iScience 28, 112021, March 21, 2025
across different SC layers. Such simultaneous recordings

could allow performing current source density (CSD) ana-

lyses,27,60,61 which could in turn help clarify exactly what

electrophysiological processes near electrode contacts are

captured by the SC LFP’s. For example, we can potentially

discover a plausible interpretation for the dissociations be-

tween spiking and LFP asymmetries that I observed in my

current study. I believe that this is a worthwhile future direc-

tion. For example, using simultaneous depth recordings, we

recently did find that different SC functional layers had slightly

different patterns of peri-saccadic LFP deflections,21 suggest-

ing that CSD analyses would indeed reveal candidate sources

and sinks across the depth of the SC.

It might also be worthwhile in the future to consider sponta-

neous saccades, or saccades in complete darkness. This can

allow furtherdissociationbetweenmotor bursts andsensory stim-

ulation, and it canalso allowavoiding the relatively unnatural delay
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period that is employed in classic laboratory visually-guided and

memory-guided saccade tasks. On the other hand, spontaneous

saccades forego experimental control over instantaneous cogni-

tive state, requiring more careful planning of data analyses.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Ziad Hafed (ziad.m.

hafed@cin.uni-tuebingen.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Data: all data reported in this paper will be shared by the lead contact

upon request.

d Code: this paper does not report original code.

d Additional information:anyadditional information required to reanalyze the

data reported in thispaper is available from the leadcontact upon request.

ACKNOWLEDGMENTS

I was funded by the Medical Faculty of the University of T€ubingen. I also

acknowledge support from the Open Access Publication Fund of the Univer-

sity of T€ubingen.

AUTHOR CONTRIBUTIONS

Z.M.H. designed the experiments, analyzed the data, and wrote the paper.

DECLARATION OF INTERESTS

The author declares no competing interests.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
B Experimental models

d METHOD DETAILS

B Database details

B Delayed, visually-guided and memory-guided saccade tasks

B Electrophysiological signals used

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Data analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.

2025.112021.

Received: November 8, 2024

Revised: January 4, 2025

Accepted: February 11, 2025

Published: February 13, 2025

REFERENCES

1. Robinson, D.A. (1972). Eye movements evoked by collicular stimulation in

the alert monkey. Vis. Res. 12, 1795–1808.
2. Gandhi, N.J., and Katnani, H.A. (2011). Motor functions of the superior col-

liculus. Annu. Rev. Neurosci. 34, 205–231. https://doi.org/10.1146/an-

nurev-neuro-061010-113728.

3. Munoz, D.P., and Wurtz, R.H. (1995). Saccade-related activity in mon-

key superior colliculus. I. Characteristics of burst and buildup cells.

J. Neurophysiol. 73, 2313–2333.

4. Munoz, D.P., and Wurtz, R.H. (1995). Saccade-related activity in monkey

superior colliculus. II. Spread of activity during saccades. J. Neurophysiol.

73, 2334–2348.

5. Lee, C., Rohrer, W.H., and Sparks, D.L. (1988). Population coding of

saccadic eye movements by neurons in the superior colliculus. Nature

332, 357–360. https://doi.org/10.1038/332357a0.

6. Wurtz, R.H., and Goldberg, M.E. (1971). Superior colliculus cell responses

related to eye movements in awake monkeys. Science 171, 82–84.

7. Arai, K., Keller, E.L., and Edelman, J.A. (1994). Two-dimensional neural

network model of the primate saccadic system. Neural Netw. 7,

1115–1135.

8. Katnani, H.A., and Gandhi, N.J. (2011). Order of operations for decoding

superior colliculus activity for saccade generation. J. Neurophysiol. jn,

00265. https://doi.org/10.1152/jn.00265.2011.

9. Katnani, H.A., and Gandhi, N.J. (2012). The relative impact of microstimu-

lation parameters on movement generation. J. Neurophysiol. 108,

528–538. https://doi.org/10.1152/jn.00257.2012.

10. Cynader, M., and Berman, N. (1972). Receptive-field organization of mon-

key superior colliculus. J. Neurophysiol. 35, 187–201.

11. Hafed, Z.M., Hoffmann, K.P., Chen, C.Y., and Bogadhi, A.R. (2023). Visual

Functions of the Primate Superior Colliculus. Annu. Rev. Vis. Sci. 9,

361–383. https://doi.org/10.1146/annurev-vision-111022-123817.

12. Chen, C.Y., Hoffmann, K.P., Distler, C., and Hafed, Z.M. (2019). The Foveal

Visual Representation of the Primate Superior Colliculus. Curr. Biol. 29,

2109–2119.e7. https://doi.org/10.1016/j.cub.2019.05.040.

13. Ottes, F.P., Van Gisbergen, J.A., and Eggermont, J.J. (1986). Visuomotor

fields of the superior colliculus: a quantitative model. Vis. Res. 26,

857–873.

14. Hafed, Z.M., and Chen, C.Y. (2016). Sharper, Stronger, Faster Upper Vi-

sual Field Representation in Primate Superior Colliculus. Curr. Biol. 26,

1647–1658. https://doi.org/10.1016/j.cub.2016.04.059.

15. Fracasso, A., Buonocore, A., and Hafed, Z.M. (2023). Peri-Saccadic

Orientation Identification Performance and Visual Neural Sensitivity Are

Higher in the Upper Visual Field. J. Neurosci. 43, 6884–6897. https://doi.

org/10.1523/JNEUROSCI.1740-22.2023.

16. Malevich, T., Zhang, T., Baumann, M.P., Bogadhi, A.R., and Hafed, Z.M.

(2022). Faster Detection of ‘‘Darks’’ than ‘‘Brights’’ by Monkey Superior

Colliculus Neurons. J. Neurosci. 42, 9356–9371. https://doi.org/10.1523/

JNEUROSCI.1489-22.2022.

17. Zhang, T., Malevich, T., Baumann, M.P., and Hafed, Z.M. (2022). Supe-

rior colliculus saccade motor bursts do not dictate movement kine-

matics. Commun. Biol. 5, 1222. https://doi.org/10.1038/s42003-022-

04203-0.

18. Ayar, E.C., Heusser, M.R., Bourrelly, C., and Gandhi, N.J. (2023). Distinct

context- and content-dependent population codes in superior collic-

ulus during sensation and action. Proc. Natl. Acad. Sci. USA 120,

e2303523120. https://doi.org/10.1073/pnas.2303523120.

19. Heusser, M.R., Jagadisan, U.K., and Gandhi, N.J. (2023). Drifting popula-

tion dynamics with transient resets characterize sensorimotor transforma-

tion in the monkey superior colliculus. Preprint at bioRxiv. https://doi.org/

10.1101/2023.01.03.522634.

20. Jagadisan, U.K., and Gandhi, N.J. (2022). Population temporal

structure supplements the rate code during sensorimotor transfor-

mations. Curr. Biol. 32, 1010–1025.e9. https://doi.org/10.1016/j.

cub.2022.01.015.
iScience 28, 112021, March 21, 2025 9

mailto:ziad.m.hafed@cin.uni-tuebingen.de
mailto:ziad.m.hafed@cin.uni-tuebingen.de
https://doi.org/10.1016/j.isci.2025.112021
https://doi.org/10.1016/j.isci.2025.112021
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref1
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref1
https://doi.org/10.1146/annurev-neuro-061010-113728
https://doi.org/10.1146/annurev-neuro-061010-113728
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref3
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref3
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref3
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref4
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref4
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref4
https://doi.org/10.1038/332357a0
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref6
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref6
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref7
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref7
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref7
https://doi.org/10.1152/jn.00265.2011
https://doi.org/10.1152/jn.00257.2012
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref10
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref10
https://doi.org/10.1146/annurev-vision-111022-123817
https://doi.org/10.1016/j.cub.2019.05.040
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref13
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref13
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref13
https://doi.org/10.1016/j.cub.2016.04.059
https://doi.org/10.1523/JNEUROSCI.1740-22.2023
https://doi.org/10.1523/JNEUROSCI.1740-22.2023
https://doi.org/10.1523/JNEUROSCI.1489-22.2022
https://doi.org/10.1523/JNEUROSCI.1489-22.2022
https://doi.org/10.1038/s42003-022-04203-0
https://doi.org/10.1038/s42003-022-04203-0
https://doi.org/10.1073/pnas.2303523120
https://doi.org/10.1101/2023.01.03.522634
https://doi.org/10.1101/2023.01.03.522634
https://doi.org/10.1016/j.cub.2022.01.015
https://doi.org/10.1016/j.cub.2022.01.015


iScience
Article

ll
OPEN ACCESS
21. Baumann, M.P., Bogadhi, A.R., Denninger, A.F., and Hafed, Z.M. (2023).

Sensory tuning in neuronal movement commands. Proc. Natl. Acad. Sci.

USA 120, e2305759120. https://doi.org/10.1073/pnas.2305759120.

22. Willeke, K.F., Tian, X., Buonocore, A., Bellet, J., Ramirez-Cardenas, A.,

and Hafed, Z.M. (2019). Memory-guided microsaccades. Nat. Commun.

10, 3710. https://doi.org/10.1038/s41467-019-11711-x.

23. Edelman, J.A., and Goldberg, M.E. (2001). Dependence of saccade-

related activity in the primate superior colliculus on visual target presence.

J. Neurophysiol. 86, 676–691. https://doi.org/10.1152/jn.2001.86.2.676.

24. Mohler, C.W., and Wurtz, R.H. (1976). Organization of monkey superior

colliculus: intermediate layer cells discharging before eye movements.

J. Neurophysiol. 39, 722–744.

25. Ikeda, T., Boehnke, S.E., Marino, R.A., White, B.J., Wang, C.A., Levy, R.,

andMunoz, D.P. (2015). Spatio-temporal response properties of local field

potentials in the primate superior colliculus. Eur. J. Neurosci. 41, 856–865.

https://doi.org/10.1111/ejn.12842.

26. Bourrelly, C., Massot, C., and Gandhi, N.J. (2023). Rapid Input-Output

Transformation between Local Field Potential and Spiking Activity during

Sensation but not Action in the Superior Colliculus. J. Neurosci. 43,

4047–4061. https://doi.org/10.1523/JNEUROSCI.2318-22.2023.

27. Massot, C., Jagadisan, U.K., and Gandhi, N.J. (2019). Sensorimotor trans-

formation elicits systematic patterns of activity along the dorsoventral

extent of the superior colliculus in the macaque monkey. Commun. Biol.

2, 287. https://doi.org/10.1038/s42003-019-0527-y.

28. Mitzdorf, U. (1985). Current source-density method and application in

cat cerebral cortex: investigation of evoked potentials and EEG phe-

nomena. Physiol. Rev. 65, 37–100. https://doi.org/10.1152/physrev.

1985.65.1.37.

29. Rasch, M.J., Gretton, A., Murayama, Y., Maass, W., and Logothetis, N.K.

(2008). Inferring spike trains from local field potentials. J. Neurophysiol. 99,

1461–1476. https://doi.org/10.1152/jn.00919.2007.

30. Buzsaki, G., Anastassiou, C.A., and Koch, C. (2012). The origin of extracel-

lular fields and currents–EEG, ECoG, LFP and spikes. Nat. Rev. Neurosci.

13, 407–420. https://doi.org/10.1038/nrn3241.

31. Buzsaki, G. (2004). Large-scale recording of neuronal ensembles. Nat.

Neurosci. 7, 446–451. https://doi.org/10.1038/nn1233.

32. Logothetis, N.K., and Wandell, B.A. (2004). Interpreting the BOLD signal.

Annu. Rev. Physiol. 66, 735–769. https://doi.org/10.1146/annurev.phys-

iol.66.082602.092845.

33. Zanos, T.P., Mineault, P.J., and Pack, C.C. (2011). Removal of spurious

correlations between spikes and local field potentials. J. Neurophysiol.

105, 474–486. https://doi.org/10.1152/jn.00642.2010.

34. Zanos, S., Zanos, T.P., Marmarelis, V.Z., Ojemann, G.A., and Fetz, E.E.

(2012). Relationships between spike-free local field potentials and spike

timing in human temporal cortex. J. Neurophysiol. 107, 1808–1821.

https://doi.org/10.1152/jn.00663.2011.

35. Waldert, S., Lemon, R.N., and Kraskov, A. (2013). Influence of spiking ac-

tivity on cortical local field potentials. J. Physiol. 591, 5291–5303. https://

doi.org/10.1113/jphysiol.2013.258228.

36. Hafed, Z.M., and Krauzlis, R.J. (2012). Similarity of superior colliculus

involvement in microsaccade and saccade generation. J. Neurophysiol.

107, 1904–1916. https://doi.org/10.1152/jn.01125.2011.

37. Pesaran, B., Pezaris, J.S., Sahani, M., Mitra, P.P., and Andersen, R.A.

(2002). Temporal structure in neuronal activity during working memory in

macaque parietal cortex. Nat. Neurosci. 5, 805–811. https://doi.org/10.

1038/nn890.

38. Monosov, I.E., Trageser, J.C., and Thompson, K.G. (2008). Measurements

of simultaneously recorded spiking activity and local field potentials sug-

gest that spatial selection emerges in the frontal eye field. Neuron 57,

614–625. https://doi.org/10.1016/j.neuron.2007.12.030.

39. Sendhilnathan, N., Basu, D., and Murthy, A. (2017). Simultaneous analysis

of the LFP and spiking activity reveals essential components of a visuomo-
10 iScience 28, 112021, March 21, 2025
tor transformation in the frontal eye field. Proc. Natl. Acad. Sci. USA 114,

6370–6375. https://doi.org/10.1073/pnas.1703809114.

40. Jagadisan, U.K., and Gandhi, N.J. (2016). Disruption of Fixation Re-

veals Latent Sensorimotor Processes in the Superior Colliculus.

J. Neurosci. 36, 6129–6140. https://doi.org/10.1523/JNEUROSCI.

3685-15.2016.

41. Buonocore,A., andHafed,Z.M. (2023). The inevitability of visual interruption.

J. Neurophysiol. 130, 225–237. https://doi.org/10.1152/jn.00441.2022.

42. Khademi, F., Zhang, T., Baumann, M.P., Malevich, T., Yu, Y., and Hafed,

Z.M. (2024). Visual Feature Tuning Properties of Short-Latency Stimulus-

Driven Ocular Position Drift Responses during Gaze Fixation. J. Neurosci.

44, e1815232024. https://doi.org/10.1523/JNEUROSCI.1815-23.2024.

43. Malevich, T., Buonocore, A., and Hafed, Z.M. (2020). Rapid stimulus-

driven modulation of slow ocular position drifts. Elife 9, e57595. https://

doi.org/10.7554/eLife.57595.

44. Heusser, M.R., Bourrelly, C., and Gandhi, N.J. (2022). Decoding the Time

Course of Spatial Information from Spiking and Local Field Potential Activ-

ities in the Superior Colliculus. eNeuro 9, ENEURO.0347-22.2022. https://

doi.org/10.1523/ENEURO.0347-22.2022.

45. Buonocore, A., Tian, X., Khademi, F., and Hafed, Z.M. (2021). Instanta-

neous movement-unrelated midbrain activity modifies ongoing eye move-

ments. Elife 10, e64150. https://doi.org/10.7554/eLife.64150.

46. Sommer, M.A., and Wurtz, R.H. (2002). A pathway in primate brain for in-

ternal monitoring of movements. Science 296, 1480–1482. https://doi.org/

10.1126/science.1069590.

47. Sommer,M.A., andWurtz, R.H. (2004). What the brain stem tells the frontal

cortex. I. Oculomotor signals sent from superior colliculus to frontal eye

field via mediodorsal thalamus. J. Neurophysiol. 91, 1381–1402. https://

doi.org/10.1152/jn.00738.2003.

48. Sommer,M.A., andWurtz, R.H. (2004). What the brain stem tells the frontal

cortex. II. Role of the SC-MD-FEF pathway in corollary discharge.

J. Neurophysiol. 91, 1403–1423. https://doi.org/10.1152/jn.00740.2003.

49. Sommer, M.A., and Wurtz, R.H. (2006). Influence of the thalamus on

spatial visual processing in frontal cortex. Nature 444, 374–377. https://

doi.org/10.1038/nature05279.

50. Baumann, M.P., Denninger, A.F., and Hafed, Z.M. (2025). Perisaccadic

perceptual mislocalization strength depends on the visual appearance of

saccade targets. J. Neurophysiol. 133, 85–100. https://doi.org/10.1152/

jn.00368.2024.

51. Barbot, A., Xue, S., and Carrasco, M. (2021). Asymmetries in visual acuity

around the visual field. J. Vis. 21, 2. https://doi.org/10.1167/jov.21.1.2.

52. He, S., Cavanagh, P., and Intriligator, J. (1996). Attentional resolution and

the locus of visual awareness. Nature 383, 334–337. https://doi.org/10.

1038/383334a0.

53. Rubin, N., Nakayama, K., and Shapley, R. (1996). Enhanced perception of

illusory contours in the lower versus upper visual hemifields. Science 271,

651–653.

54. Chen, C.Y., and Hafed, Z.M. (2017). A neural locus for spatial-frequency

specific saccadic suppression in visual-motor neurons of the primate su-

perior colliculus. J. Neurophysiol. 117, 1657–1673. https://doi.org/10.

1152/jn.00911.2016.

55. White, J.M., Sparks, D.L., and Stanford, T.R. (1994). Saccades to remem-

bered target locations: an analysis of systematic and variable errors. Vis.

Res. 34, 79–92. https://doi.org/10.1016/0042-6989(94)90259-3.

56. Willeke, K.F., Cardenas, A.R., Bellet, J., and Hafed, Z.M. (2022). Severe

distortion in the representation of foveal visual image locations in short-

term memory. Proc. Natl. Acad. Sci. USA 119, e2121860119. https://doi.

org/10.1073/pnas.2121860119.

57. Baumann, M.P., and Hafed, Z.M. (2024). Two-dimensional perisaccadic

visual mislocalization in rhesus macaque monkeys. Preprint at bioRxiv.

https://doi.org/10.1101/2024.11.20.624548.

58. Snodderly, D.M. (1987). Effects of light and dark environments on ma-

caque and human fixational eye movements. Vis. Res. 27, 401–415.

https://doi.org/10.1073/pnas.2305759120
https://doi.org/10.1038/s41467-019-11711-x
https://doi.org/10.1152/jn.2001.86.2.676
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref24
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref24
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref24
https://doi.org/10.1111/ejn.12842
https://doi.org/10.1523/JNEUROSCI.2318-22.2023
https://doi.org/10.1038/s42003-019-0527-y
https://doi.org/10.1152/physrev.1985.65.1.37
https://doi.org/10.1152/physrev.1985.65.1.37
https://doi.org/10.1152/jn.00919.2007
https://doi.org/10.1038/nrn3241
https://doi.org/10.1038/nn1233
https://doi.org/10.1146/annurev.physiol.66.082602.092845
https://doi.org/10.1146/annurev.physiol.66.082602.092845
https://doi.org/10.1152/jn.00642.2010
https://doi.org/10.1152/jn.00663.2011
https://doi.org/10.1113/jphysiol.2013.258228
https://doi.org/10.1113/jphysiol.2013.258228
https://doi.org/10.1152/jn.01125.2011
https://doi.org/10.1038/nn890
https://doi.org/10.1038/nn890
https://doi.org/10.1016/j.neuron.2007.12.030
https://doi.org/10.1073/pnas.1703809114
https://doi.org/10.1523/JNEUROSCI.3685-15.2016
https://doi.org/10.1523/JNEUROSCI.3685-15.2016
https://doi.org/10.1152/jn.00441.2022
https://doi.org/10.1523/JNEUROSCI.1815-23.2024
https://doi.org/10.7554/eLife.57595
https://doi.org/10.7554/eLife.57595
https://doi.org/10.1523/ENEURO.0347-22.2022
https://doi.org/10.1523/ENEURO.0347-22.2022
https://doi.org/10.7554/eLife.64150
https://doi.org/10.1126/science.1069590
https://doi.org/10.1126/science.1069590
https://doi.org/10.1152/jn.00738.2003
https://doi.org/10.1152/jn.00738.2003
https://doi.org/10.1152/jn.00740.2003
https://doi.org/10.1038/nature05279
https://doi.org/10.1038/nature05279
https://doi.org/10.1152/jn.00368.2024
https://doi.org/10.1152/jn.00368.2024
https://doi.org/10.1167/jov.21.1.2
https://doi.org/10.1038/383334a0
https://doi.org/10.1038/383334a0
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref53
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref53
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref53
https://doi.org/10.1152/jn.00911.2016
https://doi.org/10.1152/jn.00911.2016
https://doi.org/10.1016/0042-6989(94)90259-3
https://doi.org/10.1073/pnas.2121860119
https://doi.org/10.1073/pnas.2121860119
https://doi.org/10.1101/2024.11.20.624548
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref58
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref58


iScience
Article

ll
OPEN ACCESS
59. Goffart, L., Quinet, J., Chavane, F., and Masson, G.S. (2006). Influence of

background illumination on fixation and visually guided saccades in the

rhesus monkey. Vis. Res. 46, 149–162. https://doi.org/10.1016/j.visres.

2005.07.026.

60. Stitt, I., Galindo-Leon, E., Pieper, F., Engler, G., and Engel, A.K. (2013).

Laminar profile of visual response properties in ferret superior colliculus.

J. Neurophysiol. 110, 1333–1345. https://doi.org/10.1152/jn.00957.2012.
61. Schroeder, C.E., Mehta, A.D., and Givre, S.J. (1998). A spatiotemporal

profile of visual system activation revealed by current source density anal-

ysis in the awake macaque. Cerebr. Cortex 8, 575–592. https://doi.org/10.

1093/cercor/8.7.575.

62. Mays, L.E., and Sparks, D.L. (1980). Dissociation of visual and saccade-

related responses in superior colliculus neurons. J. Neurophysiol. 43,

207–232.
iScience 28, 112021, March 21, 2025 11

https://doi.org/10.1016/j.visres.2005.07.026
https://doi.org/10.1016/j.visres.2005.07.026
https://doi.org/10.1152/jn.00957.2012
https://doi.org/10.1093/cercor/8.7.575
https://doi.org/10.1093/cercor/8.7.575
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref62
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref62
http://refhub.elsevier.com/S2589-0042(25)00281-0/sref62


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB R2021b Mathworks https://www.mathworks.com/

products/matlab.html
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, I analyzed data from the same experimental database as that described in our earlier publication.14 Thus, no new ex-

periments were conducted for the current report. However, for completeness, I briefly describe the experimental models used in the

original study.

Experimental models
The original database consisted of SC neuronal recordings from two adult (7 years old), male rhesus macaque monkeys (macaca

mulatta) performing standard visual and oculomotor tasks. Similar results are expected to occur in female monkeys, meaning that

sex is not a relevant factor the present experiments.

All of the original experiments were approved by ethics committees at the regional governmental offices of the city of T€ubingen14

(Regierungspräsidium T€ubingen, under licenses ZP 3/09 and CIN 3/13).

METHOD DETAILS

Database details
The recordings were performed using penetration of the SCwith a single, tungstenmicroelectrode (�1–1.5MOhm) per session. In the

previous publication,14 we analyzed spiking activity (firing rates) and local field potential (LFP) modulations in the stimulus-evoked

epoch, to characterize visual responses in the SC. We also analyzed spiking activity in the saccade-related motor burst epoch,

but only when the saccade target was visible (in the delayed, visually-guided saccade task; see below). Here, I analyzed LFP mod-

ulations in the peri-saccadic motor burst epoch; these modulations were never analyzed or documented previously. I also used the

LFP results to motivate testing spiking motor bursts for saccades in the absence of a visual target (in the memory-guided saccade

task; see below). Again, these analyses were not documented previously elsewhere. Finally, I analyzed LFP’s during the delay period,

while the monkeys were waiting for the instruction to release their visually-guided or memory-guided saccades.

In what follows, I briefly describe the behavioral tasks relevant for this study, as well as the neurophysiological signals used. I also

detail the analysis methods that I followed in the current study.

Delayed, visually-guided and memory-guided saccade tasks
I analyzed SC spiking activity and LFP modulations around the time of saccadic eye movements generated by the monkeys during

two distinct behavioral tasks.

In the first task, the saccades were visually-guided, and delayed by an explicit instruction. Specifically, the monkeys first fixated a

small white spot presented over a gray background for 300–1000 ms. Then, another small white spot appeared at an eccentric loca-

tion, and it remained on until the end of the trial. 500–1000 ms after the onset of the eccentric spot, the initial fixation spot was ex-

tinguished, instructing the monkeys to generate a visually-guided (albeit delayed) saccade to the (still visible) eccentric spot.

In the second task variant, the memory-guided saccade paradigm, the eccentric spot was only presented for �50 ms. Then, after

some memory delay (300–1000 ms), the initial fixated spot was removed, instructing the monkeys to generate a memory-guided

saccade toward the remembered location of the brief flash. The target reappeared only after a few hundred milliseconds of stable

post-saccadic fixation. Thus, the saccade in this task variant was now generated without a visible target (toward a blank). It should

also be noted here that visual stimuli were presented using a CRT display, with very short phosphor persistence time constants, and

with the targets appearing over a relatively bright gray background.14 Therefore, it was not the case that there were residual visual

signals at the saccade target location by the time that the memory-guided saccades were actually triggered.

The saccade target location was at a fixed position per session in the memory-guided saccade task, which was chosen based on

the mapped response field (RF) hotspot location.14 The latter was inferred from the delayed, visually-guided saccade task, in which

we varied target location from trial to trial.12,14 However, in the analyses of the current study, I picked only saccades toward the RF

hotspot location,14 especially because we do know that peri-saccadic LFP modulations are much weaker at SC sites far away from
e1 iScience 28, 112021, March 21, 2025
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the movement endpoints.54 Indeed, I used exactly the very same trials per session as those used to describe the motor bursts of the

visually-guided saccades in the previous study.14

Electrophysiological signals used
I analyzed firing rates and LFP modulations from all sessions in which we could observe saccade-related motor bursts. Thus, our

single-electrode penetrations targeted the intermediate and deeper layers of the SC, with the great majority of our sites containing

visual-motor neurons.14,17

The firing rates were obtained from the spike times using convolution with a Gaussian kernel having 10 ms standard deviation

parameter.

The LFP’s were obtained from wide-band electrode signals that were sampled at 40 kHz and then filtered in hardware to a band-

width of 0.7Hz-6KHz.We further filtered the signals in software as follows. First, we removed the 50, 100, and 150Hz harmonics of the

line noise using an IIR notch filter. Then, we applied a zero-phase-lag low-pass filter with 300 Hz cutoff frequency. Finally, we down-

sampled the signals to 1 kHz.14

Themotor bursts (firing rates) of the delayed, visually-guided saccades were analyzed previously.14 Thus, I used the same sessions

and same trials as in the previous analyses, but this time looking at LFPmodulations. I had a total of 198 sessions containing saccade-

related activity for these analyses (95 upper visual field electrode tracks and 103 lower visual field electrode tracks).

For thememory-guided saccades, their saccade-related activity was not previously described, either in terms of firing rates or LFP

modulations. I thus analyzed them here, motivated by the peri-saccadic LFP results of the visually-guided saccades. The database

had a total of 131 sessions possessing saccade-related activity in memory-guided saccades (49 upper visual field electrode tracks

and 82 lower visual field electrode tracks). Visually-dependent saccade-related neurons17,21–24,62 were excluded because we were

interested in genuine motor bursts at the time of memory-guided saccades.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis
I used MATLAB (Mathworks) for all data analyses.

First, I plotted peri-saccadic LFP modulations in the delayed, visually-guided saccade task. For each electrode track, I found the

interval from �200 ms to +200 ms from saccade onset. The saccade was always toward the RF hotspot location of the neuron(s)

recorded in the session.14 Then, I averaged the LFP signals across all trial repetitions of the same saccade type. In the figures, I

plotted the mean peri-saccadic LFP signal around saccade onset from across all sessions of a given analysis, and I surrounded

the mean traces with SEM bounds. For example, in Figure 1D, I collected the average peri-saccadic LFP signal of each session in

which the electrode was in the upper visual field representation of the SC. Then, I plotted the average of all such curves across all

sessions in which the electrode track was in the upper visual field representation. This gave the blue curve in Figure 1D. The error

bars represented SEM across the sessions. A similar procedure was applied to obtain the red curve and error bars of Figure 1D.

For some plots (like Figure 1E in Results), I binned the electrode tracks according to the direction fromhorizontal represented by the

encountered neurons. For example, if the SC site represented an eccentricity of 5 deg and direction from horizontal of +10 deg, then

this session’s data was included in the direction bin of 0–20 deg from the horizon, in the upper visual field. This is a similar direction

binning of the SC sites to what we performed earlier in the original publication with the stimulus-evoked LFP responses.14

To summarize the dependence of peri-saccadic LFP modulations on the visual field location, and particularly to demonstrate a

step-like change as a function of direction from the horizon (e.g., Figure 1F in Results), I measured the magnitude of the LFP signal

in the interval 0–50ms after saccade onset. In each session, I averaged the LFP values in this interval. Knowing the preferred direction

of the recorded SC site of the session meant that I now had an LFPmeasurement (y axis value) and a preferred direction (x axis value)

per session. Across sessions, I then binned all sessions according to their RF’s direction from the horizontal meridian (20 deg bins, in

steps of 10 deg; minimum of 10 samples per angular direction bin), and I averaged the LFP magnitudes obtained from all sessions

within each direction bin. This resulted in figures like Figure 1F, with error bars denoting SEM across the sessions. The approach

described here is identical to what we did earlier for visual burst epochs.14 In other analyses, such as in Figure S1, I performed

the same analysis but this time measuring the pre-saccadic LFP value. In this case, my measurement interval was from �50 ms

to 0 ms relative to saccade onset.

To test that there was a statistically significant effect of upper/lower visual field location in the above analyses, I used two ap-

proaches. First, I collected all measurements (e.g., during the interval 0 ms–50ms after saccade onset in Figures 1D and 1F, or during

the interval �50 ms–0 ms from saccade onset in Figure S1), and I classified them as being in either the upper or lower visual field

group. Then, I applied a two-way t-test to check whether there was a statistically significant difference between the upper and lower

visual field electrode track groups. I also ran a one-way ANOVA across all angular direction bins in analyses like those of Figure 1E, to

test whether direction from the horizontal indeed mattered for peri-saccadic LFP’s. I used a similar approach when analyzing spiking

effects (e.g., Figures 6E and 6F).

I also binned sessions according to both eccentricity and direction bins, such as in the example analyses of Figure 2. Here, I group-

ed the sessions into their appropriate bins using a similar approach as above, but now taking into account both the preferred eccen-

tricity of the recorded SC site aswell as its direction from the horizontal meridian. Again, this is the same approach that we used earlier
iScience 28, 112021, March 21, 2025 e2
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for visual response epochs.14 The bin ranges, which are shown in the figures in Results were sometimes not having any sufficient

number of sessions within them. In this case, I did not plot the corresponding bar in the bar plots (e.g., Figure 4E for the eccentricity

bin <2 deg and upper visual field). If this happened, the bin of concern was also not included in the statistical tests because there was

no data available from one of the visual field groups (e.g., the upper visual field group in the example of Figure 4E’s eccentricity bin of

<2 deg). I also applied the same approach for the firing rates (e.g., Figures 2A and 2B).

Statistically, for either the eccentricity dimension (e.g., Figure 2C) or the direction dimension (e.g., Figure 2D), I applied a two-way

ANOVA on all sessions, after grouping them according to the twomain factors of the ANOVA: (1) upper/lower visual field location; and

(2) eccentricity or direction bin. I then reported the p-values for each main factor.

For the memory-guided saccades, I used similar analyses as above. To assess peri-saccadic LFP modulations despite the influ-

ence of working memory on pre-saccadic LFP values (e.g., Figure 4A), I applied a baseline shift to the LFP’s. In particular, for each

session, I obtained the average of the LFP signal during the interval from �300 ms to �200 ms relative to saccade onset. I then sub-

tracted this baseline level from all LFP measurements in the peri-saccadic interval (�200 ms to +200 ms from saccade onset). This

way, all baseline-shifted LFP curves had a value very close to zero well before saccade onset, and, therefore, well before the peri-

saccadic modulations in LFP’s were expected to kick in (Figures 4A–4D).

Finally, for delay-period analyses, I used the same procedures as above. In this case, I plotted LFP curves in the interval from

�300 ms to +200 ms relative to the ‘‘go’’ signal for the saccade (removal of the fixation spot). For summary analyses (e.g.,

Figures 3E, 3F, and S3), I used the following measurement interval: �50 ms to +25 ms relative to the time of the go signal. Thus,

for each session, I averaged the LFP value during this interval, and then analyzed the data across different eccentricities or directions,

and so on. The numbers of sessions, in this and other analyses, were all reported above and in the original publications.14,17 More-

over, the results of all statistical tests are documented in either the main text or in the figure legends.
e3 iScience 28, 112021, March 21, 2025
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Figure S1. Stronger pre-saccadic local field poten6al (LFP) nega6vity in the upper visual field representa6on of 
the primate superior colliculus (SC), related to Fig. 1. This figure shows an analysis similar to that of Fig. 1F, 
except that I now measured the LFP in the final 50 ms before saccade onset, instead of peri-saccadically. There 
was sCll a stronger negaCvity in the upper visual field representaCon of the SC. Error bars denote SEM. 
StaCsCcally, I grouped all upper visual field electrode tracks into one group and all lower visual field electrode 
tracks into another, and I then performed a t-test during the pre-saccadic interval (Methods). The result revealed 
a significant effect (p=0.0022; t=-3.0985; n=95 and 102 for upper and lower visual field tracks, respecCvely), and 
that upper visual field pre-saccadic LFP negaCvity was ~1.6 Cmes larger than lower visual field LFP negaCvity (in 
absolute value). In addiCon, a one-way ANOVA across the shown angular direcCon bins revealed a significant 
effect of direcCon from the horizontal meridian (p=0.0006; F(11,339)=3.05; n=351). Thus, the results of Fig. 1D-
F also held in the pre-saccadic interval when the peri-saccadic LFP modulaCon was sCll just building up. 
 
  



 

 

 
 
Figure S2. Consistency of the results of Fig. 2 in the pre-saccadic interval, related to Fig. 2. I repeated the 
analyses of Fig. 2, but now taking measurements during the final 50 ms before saccade onset. There were similar 
results to those seen in Fig. 2. Note how the LFP asymmetry was generally stronger than the spiking asymmetry 
(compare blue and red bars in each eccentricity or direcCon bin). StaCsCcally, I compared the LFP measurements 
in C using a two-way ANOVA with the two main factors of the ANOVA being visual field locaCon (upper or lower 
visual field) and eccentricity represented by the electrode track locaCon penetraCng the SC. I obtained a 
significant main effect for upper/lower visual field locaCon (p=0.0086; F(1,185)=7.04; n=193) but not for 
eccentricity (p=0.1892; F(3,185)=1.61; n=193). Similarly, for D, I performed a two-way ANOVA with the main 
factors of the ANOVA being upper/lower visual field locaCon and direcCon from the horizon. Again, there was a 
significant main effect of upper/lower visual field locaCon (p=0.0087; F(1,166)=7.05; n=172) but not direcCon 
(p=0.2389; F(2,166)=1.44; n=172). For the spiking acCvity, there was a marginal main effect of upper/lower visual 
field locaCon (p=0.0994; F(1,185)=2.74; n=193) but not eccentricity (p=0.7266; F(3,185)=0.44; n=193) in A; in B, 
there was a significant main effect of upper/lower visual field locaCon (p=0.0119; F(1,166)=6.47; n=172) but not 
direcCon (p=0.8579; F(2,166)=0.15; n=172). Thus, in both the spiking and LFP’s, there were consistent 
asymmetries between the upper and lower visual field electrode track locaCons during pre-saccadic epochs. 
Error bars denote SEM. 
 
 
  



 

 

 
 
Figure S3. Stronger delay-period LFP nega6vity in the upper visual field during visual s6mula6on, and stronger 
delay-period LFP posi6vity in the upper visual field during working memory, related to Fig. 3. (A) I measured 
the LFP value at the end of the delay period in the visually-guided saccade task (from -50 ms to +25 ms relaCve 
to the saccade “go” signal; Methods). Across all sites, there was stronger LFP negaCvity in the upper, rather than 
lower, visual field (Fig. 3). I then binned the electrode sites according to which direcCon from horizontal was 
represented by the recorded SC acCvity (similar to Figs. 2, 4, 6, S2). For all upper visual field direcCon bins, the 
LFP value at the go signal was more negaCve than for the lower visual field direcCon bins. This was confirmed 
staCsCcally using a two-way ANOVA (main factors being upper/lower visual field locaCon and direcCon from the 
horizon): there was a main effect of upper/lower visual field locaCon (p=0.0018; F(1,166)=10.08; n=172) but not 
of direcCon bin (p=0.9038; F(2,166)=0.1; n=172). Thus, there was stronger LFP negaCvity in the SC’s upper, rather 
than lower, visual field representaCon (Fig. 1A-C), even during sustained visual sCmulaCon condiCons (beyond 
the iniCal sensory-evoked transients). (B) In the memory-guided version of the saccade task, there was no visual 
sCmulus driving the recorded neurons at the Cme of the go signal. In this case, the LFP amplitude during the 
delay period became posiCve for all electrode sites (Fig. 3), but there was sCll a strong upper/lower visual field 
effect: across direcCon bins, there was stronger LFP posiCvity for the upper visual field sites than for the lower 
visual field ones (p=0.0193 for the main effect of upper/lower visual field locaCon with F(1,103)=5.65, n=109; 
and p=0.3112 for the main effect of direcCon bin, with F(2,103)=1.18, n=109; two-way ANOVA). Thus, working 
memory altered LFP values in the SC (compare A to B), but there was sCll a clear difference between the upper 
and lower visual field SC representaCons, even in the absence of a visual sCmulus. Error bars denote SEM. 
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