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Abstract

Visual processing is segregated into ON and OFF channels as early as in the retina, and the
superficial (output) layers of the primary visual cortex are dominated by neurons preferring
dark stimuli. However, it is not clear how the timing of neural processing differs between
“darks” and “brights” in general, especially in light of psychophysical evidence; it is also
equally not clear how subcortical visual pathways that are critical for active orienting
represent stimuli of positive (luminance increments) and negative (luminance decrements)
contrast polarity. Here, we recorded from all visually-responsive neuron types in the
superior colliculus (SC) of two male rhesus macaque monkeys. We presented a disc (0.51 deg
radius) within the response fields (RF’s) of neurons, and we varied, across trials, stimulus
Weber contrast relative to a gray background. We also varied contrast polarity. There was a
large diversity of preferences for darks and brights across the population. However,
regardless of individual neural sensitivity, most neurons responded significantly earlier to
dark than bright stimuli. This resulted in a dissociation between neural preference and visual
response onset latency: a neuron could exhibit a weaker response to a dark stimulus than to
a bright stimulus of the same contrast, but it would still have an earlier response to the dark
stimulus. Our results highlight an additional candidate visual neural pathway for explaining
behavioral differences between the processing of darks and brights, and they demonstrate

the importance of temporal aspects in the visual neural code for orienting eye movements.
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Significance statement

Objects in our environment, such as birds flying across a bright sky, often project shadows
(or images darker than the surround) on our retina. We studied how primate superior
colliculus (SC) neurons visually process such dark stimuli. We found that the overall
population of SC neurons represented both dark and bright stimuli equally well, as
evidenced by a relatively equal distribution of neurons that were either more or less
sensitive to darks. However, independent of sensitivity, the great majority of neurons
detected dark stimuli earlier than bright stimuli, evidenced by a smaller response latency for
the dark stimuli. Thus, SC neural response latency can be dissociated from response

sensitivity, and it favors the faster detection of dark image contrasts.
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83 Introduction

84
85  Early visual processing is segregated into parallel pathways conveying information about
86 either luminance increments or decrements in visual scenes (Hartline, 1938; Schiller et al.,
87  1986). Such segregation starts in the retina and persists in the early retino-geniculate visual
88  pathway (Hubel and Wiesel, 1961; Schiller et al., 1986). Interestingly, such segregation is also
89 accompanied by asymmetries with which dark and bright stimuli are processed. For
90 example, primate retinal ganglion cells possess asymmetric spatial and temporal properties
91 depending on whether they are part of the ON or OFF pathway (Chichilnisky and Kalmar,
92  2002). Similarly, in the primate lateral geniculate nucleus (LGN), neurons with OFF-center
93 response fields (RF’s) are more sensitive to their preferred stimuli (dark contrasts) than
94  neurons with ON-center RF’s experiencing bright contrasts (Jiang et al., 2015). OFF-center
95 neurons also have higher spontaneous activity and more sustained responses during visual
96 stimulation (Jiang et al., 2015). Ultimately, signals reach the primary visual cortex (V1),
97  where ON/OFF asymmetries are amplified. For example, primate V1 is dominated by “black”
98 responses, especially in the superficial cortico-cortical output layers (Yeh et al., 2009).
99
100  Asymmetries in the processing of dark versus bright stimuli might make ecological sense. For
101  example, the incidence of dark contrasts in natural scenes is not necessarily uniform.
102 Instead, there is a coincidence of dark contrasts with regions of low spatial frequency, high
103  contrast, and far binocular disparities in natural images (Cooper and Norcia, 2015). As a
104  result, rhesus macaque V1 neurons having far preferred binocular disparities tend to also
105  prefer dark contrasts (Samonds et al., 2012). Similarly, in cat V1, there is a systematic

106  contrast-dependent OFF-dominance, matching natural scene statistics (Liu and Yao, 2014),
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107  and cat V1 neurons are more strongly driven by luminance decrements than increments at
108 low spatial frequencies (Kremkow et al., 2014). Interestingly, cat studies revealed that ON
109  and OFF domains in the LGN also exist in the V1 projections (Jin et al., 2008), with area

110  centralis representations being dominated by dark preferences. Moreover, OFF-dominated
111 LGN (Jinetal., 2011) and V1 (Komban et al., 2014) neurons respond earlier than ON-

112  dominated ones. These last observations on OFF and ON channel timing are consistent with
113  alarge body of psychophysical literature for better and faster processing of dark stimuli (e.g.
114  Komban et al., 2011; Komban et al., 2014).

115

116  Having said that, whether monkey superior colliculus (SC) neurons differentially process dark
117  stimuli remains unclear. In the mouse SC, the majority of superficial layer neurons prefer
118  dark stimuli (De Franceschi and Solomon, 2018), consistent with the RF subfield structure of
119  these neurons (Wang et al., 2010). Yet, it is not clear whether such dark preference still

120  exists in the deeper SC layers, and whether it is accompanied by differences in visual

121  response latencies. Moreover, differences in the ecological environments and

122  neuroanatomical organizations of mice and other species do not trivially predict how

123 primate SC neurons might behave with respect to luminance contrast polarity. Therefore, we
124  exhaustively characterized all visually-responsive rhesus macaque monkey SC neurons (that
125 s, also including intermediate and deeper layer neurons). We were particularly motivated by
126  our recent observations of differential effects of contrast polarity on microsaccades

127  (Malevich et al., 2021).

128

129  In contrast to LGN, V1, and SC results from other species, we did not find a dominant

130  preference for dark stimuli in the primate SC. Rather, there was significant diversity, with
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131  approximately half of the neurons being more sensitive to bright stimuli. Moreover, at high
132  contrasts, SC neurons tended to prefer bright rather than dark stimuli, with this trend

133  disappearing for the lowest contrasts. Despite such diversity, what we did find was that the
134  majority of SC neurons had significantly shorter visual response latencies to dark stimuli.

135 Thus, there was a dissociation between visual response latency and visual response

136  sensitivity, reminiscent of a similar dissociation that we observed in the case of spatial

137  frequency tuning (Chen et al., 2018). Such a dissociation was sufficient to account for at least
138  some saccadic reaction time dependencies on stimulus luminance polarity in our

139  experiments.

140
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141  Materials and methods

142

143
144  Experimental animals and ethics approvals

145  We recorded superior colliculus (SC) neural activity from two adult, male rhesus macaque
146  monkeys (M and A) aged 9 and 10 years, and weighing 9.5 kg and 10 kg, respectively. We
147  also measured saccadic reaction times from the same two animals plus a third one (F; aged
148 11 years and weighing 14 kg). The experiments were approved by ethics committees at the
149  regional governmental offices of the city of Tubingen.

150

151
152  Laboratory setup and animal preparation

153  The experiments were conducted in the same laboratory as that described in our recent

154  studies (Bogadhi et al., 2020; Bogadhi and Hafed, 2022). Briefly, the monkeys were seated in
155  adarkened booth approximately 72 cm from a calibrated and linearized CRT display

156  spanning approximately 31 deg horizontally and 23 deg vertically. For monkey F only, the
157  display was an LCD device running at 138 Hz (AOC AG273QX2700, 27”), as in (Malevich et al.,
158  2021). Data acquisition and stimulus control were managed by a custom-made system based
159  on PLDAPS (Eastman and Huk, 2012). The system integrated a DataPixx display control

160 device (VPixx Technologies, Inc.) with the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997;
161  Kleiner et al., 2007) and an OmniPlex neural data processor (Plexon, Inc.).

162

163  The monkeys were prepared for behavioral training and electrophysiological recordings

164  earlier (Tian et al., 2018; Buonocore et al., 2019; Skinner et al., 2019; Malevich et al., 2020).


https://doi.org/10.1101/2022.08.03.502615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.03.502615; this version posted September 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

165  Specifically, each monkey was implanted with a head-holder, and monkeys M and A were
166  also implanted with a scleral search coil in one eye. The search coil allowed tracking eye

167 movements using the magnetic induction technique (Fuchs and Robinson, 1966; Judge et al.,
168  1980), and the head-holder comfortably stabilized head position during the experiments.
169  Eye movements in monkey F were recorded with a video-based eye tracker (EyeLink1000;
170  desktop mount; 1 KHz sampling rate). For the present experiments, monkeys M and A also
171  each had a recording chamber centered on the midline and tilted 38 deg posterior of

172  vertical, allowing access to both the right and left SC (Bogadhi and Hafed, 2022).

173

174
175 Behavioral tasks

176  For the recording data in monkeys M and A, we employed a gaze fixation task in which we
177  presented static disc of 0.51 deg radius within the visual response field (RF) of a recorded
178  neuron. Each trial started with the onset of a black (0.11 cd/m?) fixation spot at screen

179  center. After 550-800 ms of stable fixation on the spot, the disc appeared and remained on
180 for at least “500 ms. In each trial, the disc could have a Weber contrast of 5%, 10%, 20%,
181  50%, or 100%. We defined Weber contrast as |/s-Iv|/Is, where s is the disc’s luminance value
182  and Iy is the gray background’s luminance value. We often described the contrast as a

183  percentage for convenience (e.g. 5% contrast). Importantly, across trials, the disc could have
184  either positive or negative luminance polarity relative to the gray background, meaning that
185  Is could be either higher (positive polarity) or lower (negative polarity) than /lp. The gray

186  background had a luminance (/») of 25.09 cd/m?. We collected approximately 50 trials per
187  condition per neuron.

188


https://doi.org/10.1101/2022.08.03.502615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.03.502615; this version posted September 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

189  For some neurons in both monkeys (sometimes in the very same sessions as in the above
190 task), we also ran an immediate orienting version of the stimulus polarity task. That is, at the
191 time of disc onset, we extinguished the fixation spot (which was now white instead of black)
192  simultaneously. This instructed the monkeys to generate an immediate orienting saccade
193  towards the disc. We used this task to confirm that initial visual responses in the main task
194  above were not dictated by the black fixation spot at display center, since the current task
195  had a white fixation spot and showed similar observations (see Results), and also to obtain
196  saccadic reaction time data for additional behavioral analyses (see below). Also note that,
197 for neurophysiological analysis purposes, we only analyzed the initial visual response in this
198  task. Saccade-related responses were deferred to another unrelated project focusing on SC
199 motor bursts, and they are not described here. Finally, to reduce trial counts in this task, we
200 only tested three contrast levels (10%, 50%, and 100%). We collected approximately 50 trials
201  per condition per neuron.

202

203  For exploring a potential behavioral consequence of faster detection of dark stimuli by SC
204  neurons (which we describe in Results), we tested our three monkeys on the saccadic

205 reaction time version of the task, which we just described above. For monkeys M and A, we
206 analyzed reaction times from the same sessions as those collected during neurophysiological
207  recordings. Stimulus locations were, thus, dictated by recorded neurons’ response field (RF)
208 locations. For monkey F, we ran behavior-only sessions. In this case, we randomly varied
209  stimulus locations across 4 diagonals, with an eccentricity of 8.9 deg. We analyzed a total of
210  457-773 saccades per condition per monkey for our behavioral reaction time analyses.

211

212
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213 Neurophysiological procedures

214  For most experiments, we recorded SC neurons using linear electrode arrays inserted across
215 the SC depth (24 channel V Probes; Plexon, Inc.). For some experiments, we also used single
216  tungsten electrodes, in which we targeted and isolated individual neurons online during the
217  experiments. In all cases, including the single electrode sessions, we also performed offline
218  sorting to re-isolate neurons for inclusion in the data analysis pipeline (Pachitariu et al.,

219  2016). Sorting and general data analysis pipeline details were similar to those described

220 recently (Bogadhi and Hafed, 2022).

221

222  Before collecting data from our main tasks, we first identified the SC by running RF mapping
223  tasks. These included delayed and memory-guided saccades (Chen et al., 2015; Chen and
224  Hafed, 2017). The mapping tasks allowed us to select the stimulus location for our main

225  experiments, and also to confirm that our neurons possessed visual responses (or stimulus-
226  triggered inhibition). For the simultaneous recordings of multiple neurons with electrode
227  arrays, we picked a disc location that we felt lay within the RF’s of most neurons that we
228  could identify online. This was possible given that our electrodes were penetrating the SC
229  surface at a quasi-orthogonal angle, meaning that the RF’s at different depths generally had
230 similar locations. Also note that for all analyses, we were always interested in comparing
231  responses to bright and dark discs at the very same location. That is, our comparison of

232  interest was the luminance polarity at a given RF location for a given neuron. In separate
233  experiments, we mapped RF’s with positive and negative luminance polarity spots, but these
234  data will be described in detail separately. For the present purposes, suffice it to say that all
235  RF’s had sensitivity to both black and white targets at their center, justifying our current

236  comparison of response sensitivity at a single given RF location per neuron.

10
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237

238  Across all experiments, we recorded from neurons with extrafoveal eccentricities (e.g. 2.1-
239 20 deg preferred eccentricity across the population), meaning that we often presented
240  stimuli far from the fixation spot.

241

242
243  Eye movement data analysis

244  We detected saccades and microsaccades as described previously (Chen and Hafed, 2013;
245  Bellet et al., 2019). We used the detections for two primary purposes. First, in the recording
246  tasks, we excluded all trials in which there were microsaccades occurring within an interval
247  from -50 ms to +50 ms relative to stimulus onset. This allowed us to measure baseline visual
248  responses that were not modulated by the known influences of microsaccades on SC activity
249  (Hafed and Krauzlis, 2010; Chen et al., 2015; Chen and Hafed, 2017). We also performed the
250 same filtering for behavioral analyses of saccadic reaction times. Second, for the behavioral
251  analyses, we used saccade detection to measure saccadic reaction times towards the dark
252  and bright stimuli.

253

254  To identify a response saccade and subsequently analyze its reaction time, we required that
255 it had alatency of 50 to 500 ms from stimulus onset, and that it was directed towards the
256  stimulus (this latter criterion was easy to achieve because we used computer-controlled
257  reward windows around the target to allow rewarding the monkeys based on successful
258  saccade generation towards the target). In all neural and behavioral analyses, we also

259  excluded trials with blinks or other movement artifacts near stimulus onset. Statistically, we

260 were interested in whether contrast or luminance polarity affected saccadic reaction times.

11
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261 Therefore, we performed a 1-way non-parametric ANOVA (Kruskal-Wallis test) in each

262  monkey testing for the effect of contrast (d.f.: 2), when collapsing across luminance

263  polarities, on the monkey’s reaction times. Similarly, we also performed a Kruskal-Wallis test
264  exploring the effect of luminance polarity (d.f.: 1), when collapsing across contrasts, on

265  reaction times.

266

267
268  Neural data analysis

269  We analyzed a total of 221 SC neurons (109 from monkey M and 112 from monkey A) from
270  the fixation task. We also analyzed 225 neurons from the immediate saccade version of the
271  task (113 from monkey M and 112 from monkey A). Ninety of the neurons in the second task
272  (allin monkey A) were also recorded from the fixation variant of the task.

273

274  The bulk of our analyses was on neurons exhibiting a positive visual response to stimulus
275 onset (that is, an increase in firing rate relative to baseline shortly after stimulus onset). We,
276  therefore, first tested for the presence of a positive visual response (or burst) after stimulus
277  appearance. In each neuron, we defined a baseline interval as the final 50 ms before

278  stimulus onset. We then defined a visual response interval as the time interval 10-200 ms
279  after stimulus onset. Across all repetitions of a given stimulus condition (e.g. 100% contrast;
280 positive polarity), we measured average firing rate in the response interval and statistically
281 compared it to average firing rate in the baseline interval. If the response interval firing rate,
282  across repetitions of a given condition, was statistically significantly larger (one-tailed, paired
283  t-test; p<0.025) than baseline firing rate, and if this significance occurred for both polarity

284  conditions (dark and bright) and with absolute Weber contrasts of 50% and 100%, then we

12
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285 considered the neuron to have a positive visual response to stimulus onset. We did not

286 include lower contrast trials (whether positive or negative polarity) in assessing for the

287  presence of visual responses because some neurons, even when having strong visual bursts
288  for high contrast stimuli, did not respond to such lower contrasts. Across our population in
289  the fixation task, we had a total of 172 neurons (92 from monkey M and 80 from monkey A)
290 exhibiting visual bursts after stimulus onset with the above criteria. For the immediate

291  saccade version of the task, we only analyzed neurons with a positive visual burst in the

292  interval 10-180 ms after stimulus onset; this resulted in a total of 213 neurons (109 from
293  monkey M and 104 from monkey A).

294

295  For a subset of neurons, stimulus onset caused a transient decrease in firing rate from

296  baseline, rather than an increase. We performed analyses of these neurons as well, from the
297  fixation task only. To assess the neurons as having a transient decrease in firing rate that was
298 time-locked to stimulus onset, we repeated the same procedure above, but we now checked
299 for a statistically significant decrease in firing rate in the response interval, rather than an
300 increase. We analyzed 15 neurons with transiently decreasing firing rates immediately after
301  stimulus onset (9 from monkey M and 6 from monkey A).

302

303 To obtain contrast sensitivity curves from the neurons with visual bursts, we measured the
304 peakvalue of the average firing rate curve in a response interval after stimulus onset. Since
305 visual response latency in the SC varies with stimulus contrast (Li and Basso, 2008; Marino et
306 al.,, 2012; Marino et al., 2015), we tailored the measurement interval for each contrast as
307 follows: 15-105 ms after stimulus onset for 100% contrast; 20-110 ms after stimulus onset

308 for 50% contrast; 20-115 ms after stimulus onset for 20% contrast; 35-125 ms after stimulus

13
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309 onset for 10% contrast; and 45-135 ms after stimulus onset for 5% contrast. Note that we
310 used the same measurement intervals for all neurons and also for both positive and negative
311  polarity stimuli. Even though we found a difference in response latency between positive
312 and negative polarity stimuli (as described in Results below), our measurement intervals

313  were large enough to encompass (and exceed) any such latency differences. Therefore, our
314  estimates of contrast sensitivity for brights and darks were not biased by using similar

315 measurement intervals for both types of stimuli (especially because we were searching for
316  only the peak firing rate). After measuring firing rates in the above intervals for each

317  contrast, we plotted the measured firing rates as a function of absolute contrast. We then fit
318 contrast sensitivity curves using the following equation:

319
cN .
320 fe)=R v +B (Equation 1)

321

322  where fis the estimated firing rate, c is stimulus contrast, C50 is semi-saturation contrast, R
323 is the dynamic range of the response, N is the sensitivity/slope of the contrast sensitivity
324  curve, and B is the baseline firing rate (which we just measured across all trials from the

325 same baseline interval mentioned above; final 50 ms before stimulus onset). We then

326 compared the fit parameters R, C50, and N for either bright or dark stimuli to assess whether
327  there were differences in contrast sensitivity between them in the SC. We did this by

328 computing parameter modulation indices as a function of luminance contrast polarity. For
329 example, to compare how R was modulated by luminance polarity, we calculated the R

330 parameter for bright stimuli minus the R parameter for dark stimuli, and we divided this

331 difference by the sum of R values for bright and dark stimuli. This gave us a value between -1

332 and +1. We then plotted histograms of parameter modulation indices across the population.

14
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333

334  For assessing the time course of changes of contrast sensitivity in the sustained interval long
335 after stimulus onset (that is, after the initial visual burst), we again obtained fits of equation
336 1 but now based on measurements after the initial visual burst. To do so, we exploited the
337 fact that our firing rate estimates were already averaging across time (because of a

338 convolution of spike times with a gaussian of ¢ 40 ms). Therefore, for each time after 80 ms
339  after stimulus onset and before 220 ms, we used instantaneous average firing rate as a

340 measure to input to the fit of equation 1 for a given contrast. This allowed us to obtain time
341  courses of semi-saturation contrast (C50), sensitivity/slope (N), and dynamic range (R) during
342  the sustained interval long after stimulus onset. Note that even though the intervals that we
343  chose for the sustained response analysis slightly overlapped with the intervals that we

344  picked up for the initial visual burst analyses mentioned above, the latter analyses were

345 performed on the peak values of the average firing rates, which definitely belonged to the
346  earlier phases of the neural responses (and typically occurred earlier than 80 ms); that is, the
347 initial visual burst intervals were just ranges meant to catch the peak response. Also note
348 that the above contrast sensitivity fits were only performed on the fixation version of the
349  task because we could obtain a longer period of sustained response than in the immediate
350 saccade version of the task.

351

352  For estimating visual response latency in both tasks, we measured the firing rate of a given
353  neuron in a baseline interval (final 50 ms before stimulus onset) across all trials. Then, for
354  each condition (e.g. bright luminance polarity; 20% contrast), we marched forward in time
355  after stimulus onset until 300 ms (typically, the algorithm converged on a visual burst much

356 earlier, of course). As soon as the lower bound of the 95% confidence interval around the
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357 average firing rate of the neuron across trial repetitions exceeded the average baseline

358 activity (and continued to do so for at least 30 ms), we flagged the time as the response
359 latency of the neuron. Whenever this algorithm failed to detect the response latency in at
360 least one of the luminance polarities for a given stimulus contrast level, we excluded the
361 neuron from further analysis in that contrast level. This explains the varying numbers of
362 neurons reported in some figures (e.g. the different panels of Fig. 4 in Results). We then
363 compared such response latency across contrasts and stimulus polarities. Note that we

364 focused on relative latency differences across luminance polarities in our analyses. This is
365 important to note because firing rate estimates (in our case, convolution of spike times with
366 a Gaussian kernel) necessarily blurs the exact response onset times of the neurons.

367 However, our approach of estimating response latencies described above still captured the
368 latency differences that we were interested in documenting, and it simplified the detection
369  of visual response latencies for neurons with non-zero baseline firing rates.

370

371 To statistically test for differences in latencies between luminance polarities at a given

372  contrast level, we used non-parametric permutation tests on the pairwise mean latency
373  differences, with 10000 permutations. That is, we obtained the permutation distribution by
374  shuffling the polarity labels of the latencies for 10000 times while maintaining their pairwise
375 relationship and calculating their pairwise difference. Monte Carlo p-values were obtained
376 by assessing the probability of getting larger than or equal to absolute latency differences in
377  the permutation distribution than the absolute latency difference of the original data. We
378 ran the tests separately for each monkey to ensure that our pooling of data in figures for
379 visualization purposes was justified.

380
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381 We also used a similar approach to test for statistically significant effects of upper versus
382 lower visual field RF location on the latency differences between luminance polarities. This
383 time, we obtained the latency differences between the responses to bright and dark stimuli,
384  and then subtracted this measurement for the upper visual field neurons from the

385 measurement for the lower visual field neurons. We defined lower and upper visual field
386 neurons based on the location of the stimulus (which was placed close to the location of the
387  RF hotspot location). Thus, negative values in the final measurement would indicate a larger
388 difference between dark and bright stimuli in the upper visual field than in the lower visual
389 field. After that, we ran permutation tests by shuffling the labels of the upper and lower
390 visual field neurons for 10000 times. To assess the significance of the results, we calculated
391 the Monte Carlo p-value. The same procedure was applied to assess the absolute values of
392  sensitivity differences (see next paragraph) between dark and bright stimuli in the upper and
393  lower visual fields.

394

395 To compare visual response latency to sensitivity, we also measured peak firing rate in the
396 initial visual response interval (as defined for each contrast above) of the neuron. First, to
397 test whether there was an effect of luminance polarity on sensitivity, we used permutation
398 tests in the same way as we did for the latency analysis described above, but this time on
399 the pairwise mean peak response differences, separately for each monkey and contrast

400 level. We then checked whether there was a dissociation between response latency and
401  sensitivity (i.e. response strength) for black and white stimuli, as we previously saw for

402  spatial frequency stimuli (Chen et al., 2018). We did so by sorting the neurons according to
403 the difference in response latencies between brights and darks, and then checking whether

404 the same sorting applied to the difference in response sensitivities. Further, we pooled the
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405  data across monkeys and calculated Pearson’s correlation coefficients between differences
406 in peak visual responses and differences in visual response latencies, separately for each of
407  the contrast levels (see Results).

408

409 For the immediate saccade version of the task, we only analyzed initial visual bursts (50-130
410 ms after stimulus onset) and not sustained intervals. This was because the response saccade
411  occurred too soon after the initial visual bursts. We assessed both response sensitivity and
412  response latency (as described above) to confirm that we got similar results to those from
413  the fixation task.

414

415  For the neurons with transient decreases in firing rate, we assessed response latency in a
416  similar way to the neurons with visual bursts, but we looked for statistically significant

417  decreases in firing rate after stimulus onset, rather than increases.

418

419 In some figures, for illustration and visualization purposes, we elected to show example

420 population firing rates from individual monkeys. For example, we did this in Fig. 8A, B in
421  Results. To obtain such population firing rates, we obtained the normalized average firing
422  rate of each neuron, per monkey and condition. That is, for each neuron, we found the peak
423  visual response in the interval 0-100 ms after stimulus onset for the 100% contrast stimuli,
424  regardless of the stimulus polarity. Then, for each contrast and polarity, we normalized the
425 neuron’s average firing rate by that peak visual response value. This resulted in a series of
426  average normalized curves for the neuron across conditions. After that, we averaged all of

427  the normalized firing rate curves of each monkey’s neurons in a given condition. This gave us
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428  apopulation summary of responses, maintaining the relative changes in responses across
429  conditions. We used a similar approach in Fig. 11B, D.
430

431
432  Experimental design and statistical analyses

433  We recorded neurons in an unbiased manner by collecting data in parallel (with linear

434  electrode arrays) in most sessions and then sorting the neurons offline. This allowed us to
435  minimize sampling bias. In each variant of the task, we also analyzed >80 neurons per

436  monkey. This provided a large enough sample to assess the reliability of our interpretations.
437  Within each neuron, we ensured collecting approximately 35-50 repetitions per condition
438  (after filtering out bad trials and so on) to allow robust within-neuron statistics. Similarly, in
439  our behavioral analyses, we collected thousands of saccades. In all cases, we randomly

440 interleaved stimulus presentations across trials, to avoid any blocking effects.

441

442  We provided descriptive statistics in all figures, showing numbers of observations and

443  measures of variability. Also, in most of our critical analyses (e.g. Figs. 4-6 in Results), we
444  showed the full distributions of data points that we had.

445

446  Since the replicate of interest was neurons, our numbers of sampled neurons were

447  sufficient. The use of two monkeys in recording was valuable to increase neuron counts, and
448  to also demonstrate repeatability across individuals. Our results were highly similar in the
449  two animals (e.g. Fig. 8A, B in Results). When they did differ, we showed each individual

450 monkey’s results separately (e.g. Fig. 11 in Results), and this was highly useful for us to
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451  interpret the behavioral results. Moreover, we collected behavior from a third monkey

452  exactly to improve our interpretation of our individual monkey behavioral phenomena.

453

454  All statistical tests are reported and justified in Results at appropriate points in the text. As
455  stated above, we statistically analyzed each monkey’s data individually, confirming that each
456  monkey showed the same effects (unless otherwise stated; for example, in Fig. 11 in

457  Results).

458
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459 Results

460

461 We investigated how monkey superior colliculus (SC) neurons respond to dark and bright
462  visual stimuli. In our primary task, the monkeys fixated while we presented a small disc that
463  was either higher or lower in luminance than the gray background of the display. We varied
464  the contrast of the disc from the background luminance, and we assessed contrast

465  sensitivity curves separately for positive and negative luminance polarities. We first analyzed
466 the neurons that exhibited visual bursts (that is, increases in firing rate) after stimulus onset,
467 and we investigated visual burst strength, visual burst latency, as well as sustained response
468  dynamics for dark and bright stimuli. The results for these neurons are described next,

469 followed by an analysis of a smaller number of neurons for which stimulus onsets caused
470 transient decreases in firing rates, rather than increases.

471

472
473  Diverse preferences for darks and brights across SC neurons

474  We first asked whether neurons tended to be more sensitive to darks or brights across the
475  population. For each recorded neuron, we plotted firing rate as a function of time from

476  stimulus onset, and we assessed the strength of the visual burst as a function of luminance
477  contrast polarity. Figure 1A-C shows the responses of three example neurons (from the

478  same monkey, A) to a 100% contrast stimulus. The black lines show responses to the

479  negative polarity stimulus (darker than background), and the light gray lines show responses
480 to the positive polarity stimulus (brighter than background). In all cases, the negative and
481  positive polarity stimuli were of the same size and presented at the same location. They also

482  had the same absolute Weber contrast, and their presentation sequence was randomly
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483  counterbalanced across trials. As can be seen, there was a diversity of neural preferences
484  across the three neurons: neuron 1 (Fig. 1A) was more sensitive to the positive polarity

485  stimulus than to the negative polarity stimulus; neuron 2 was, more or less, equally sensitive
486  to the two stimuli (Fig. 1B); and neuron 3 was clearly more sensitive to the dark stimulus
487  (Fig. 1C). We also plotted full contrast sensitivity curves for the same neurons (Fig. 1D-F) by
488 relating peak visual response strength to stimulus contrast (Methods). Consistent with Fig.
489  1A-C, there was a diversity of preferences for darks and brights across the three neurons in
490 their full contrast sensitivity curves.

491

492  These observations held across the population of 172 neurons that we analyzed. For each
493  neuron, we fit a contrast sensitivity function (equation 1; see Fig. 1D-F for examples) by

494  optimizing three parameters characterizing how the neuron altered its visual response with
495  Weber contrast: R reflected the dynamic range of the response, C50 characterized the semi-
496  saturation contrast of the neuron, and N characterized the steepness of the contrast

497  sensitivity curve (slope parameter). We performed such a fit for either positive or negative
498  luminance polarity stimuli. We then obtained a parameter modulation index, describing, for
499  each neuron, to what extent each parameter of the fit was different between positive and
500 negative luminance polarity stimuli. For example, for dynamic range (parameter R in

501 equation 1), we obtained the R value for bright stimuli minus the R value for dark stimuli in
502 each neuron, and we then divided this difference by the sum of R values for the two stimulus
503 types (Methods). This gave us an index in which 1 meant that the neuron responded

504 maximally only to bright stimuli and -1 meant that the neuron responded maximally only to
505 dark stimuli. An R parameter modulation index value of O, instead, indicated equal visual

506 response dynamic ranges for bright and dark stimuli. We then plotted histograms of the
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507 parameter modulation indices across the population. As can be seen in Fig. 2, all three

508 modulation indices of the contrast sensitivity function fits had distributions straddling 0, and
509 with large diversity across the population. Some neurons clearly preferred bright stimuli,
510 others clearly preferred dark stimuli, and yet others were equally sensitive to darks and
511  brights (near 0 in the histograms of Fig. 2). The vertical lines in Fig. 2 indicate the mean
512  (solid) and median (dashed) parameter modulation index values across neurons, and they
513  were all close to 0. Approximately half of the neurons were more sensitive to bright stimuli
514  (whether in terms of dynamic range, semi-saturation contrast, or slope of the contrast

515 sensitivity function), and the other half were more sensitive to dark stimuli.

516

517 Therefore, in the SC, we noticed a substantial diversity of sensitivity preferences for darks
518 and brights across the population (unlike in LGN and V1). This suggests that stimuli of both
519 positive and negative luminance polarities can indeed be represented well by SC neural
520 populations.

521

522
523  Earlier detection of darks by SC neurons, regardless of preference

524  Unlike response sensitivity, for which we saw diverse preferences for brights and darks (Figs.
525 1, 2), SC neurons exhibited systematically shorter visual response latencies for dark stimuli,
526 independently of their visual response strengths at a given contrast. Consider, for example,
527  the same three neurons of Fig. 1A-C. In each of them, visual responses occurred earlier for
528 the dark stimuli than for the bright stimuli, as can be visually assessed from the spike rasters
529  and the firing rate density plots below them. This happened even for neuron 1, which

530 preferred bright stimuli (Fig. 1A). It also happened at different contrast levels (Fig. 3), even
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531 though stimulus contrast expectedly modulated the response strength and latency of each
532  neuron. For example, at 20% contrast, all three neurons from Fig. 1 still responded earlier to
533  dark than bright stimuli, despite the weakened and delayed visual responses relative to the
534  100% contrast conditions. Thus, at each contrast level, there was an apparent dissociation
535 between visual response sensitivity and visual response latency in these three neurons, not
536 unlike what we recently observed when we presented different spatial frequencies to SC
537 neurons (Chen et al., 2018).

538

539 To investigate this dissociation further, we estimated, for each neuron, the onset of the
540  visual burst as the first time point at which the lower bound of the 95% confidence interval
541 of the neuron’s average firing rate was elevated for a prolonged period of time above its
542  baseline activity (Methods). Even though estimating neural response latencies from firing
543  rate measures like we did might blur the actual absolute values of the response latencies,
544  due to convolution kernels with spike times, this approach was still sufficient to capture the
545 latency differences across luminance polarities that we were interested in (Methods).

546  Therefore, for each contrast, we subtracted each neuron’s visual response latency for dark
547  stimuli from its visual response latency for bright stimuli, and we sorted the neurons

548  according to this difference. An example of such sorting can be seen in the top panel of Fig.
549  4A for the 100% contrast stimuli. Note how a majority of neurons (76.7%; 128 out of 167)
550 had an earlier visual response for dark stimuli (evidenced by a positive latency difference in
551 the figure). This is in contrast to the diversity of preferences for darks and brights seen in
552  Figs. 1-3. In fact, with the very same sorting of the neurons as in the top panel, we next
553  plotted (bottom panel of Fig. 4A) the same neurons’ differences in peak visual burst

554  strengths between darks and brights (Methods). The neurons were no longer as properly
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555 ordered as in the top panel, suggesting that the latency effect in the top panel was not

556 trivially explained by a systematic difference in response sensitivity between darks and

557  brights. For example, both neurons 126 and 156 (highlighted in Fig. 4A with small diagonal
558 arrows) possessed clearly stronger responses for bright stimuli than dark stimuli (positive
559 difference in the bottom panel), but they both had a later response latency for bright stimuli
560 (positive difference in the top panel). Therefore, visual responses to dark stimuli still

561 occurred earlier than visual responses to bright stimuli even when neurons preferred bright
562  stimuli.

563

564  We also made similar observations for the other stimulus contrasts that we tested (Fig. 4B-
565 E). Note that for each panel in Fig. 4, we indicated the total number of neurons included into
566  each analysis, which varied across panels (that is, across contrast levels). This happened
567  because some neurons may not have met our inclusion criteria for estimating visual

568 response latencies, resulting in slightly different neuron counts across the different panels
569 (Methods). For example, for the particularly low contrast stimuli (e.g. 5% and 10%), some
570 neurons did not exhibit any significant visual bursts at all (Methods), so they were not

571 included in the figure. Having said that, in all contrasts, there was a majority of neurons
572  responding earlier to dark than bright stimuli (top row in each panel of Fig. 4) regardless of
573  the relative strengths of their visual responses (bottom row).

574

575  We confirmed this observation statistically with permutation tests, conducted on pairwise
576 latency differences separately for each contrast level and for each monkey (Methods). In
577 monkey M, there were significantly longer latencies for bright stimuli in all contrasts (100%

578 and 50% contrasts: mean differences = 3.18 ms and 3.56 ms, respectively, Monte Carlo p-
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579  values <0.0001; 20% contrast: mean difference = 1.62 ms, Monte Carlo p-value = 0.0448;
580 10% contrast: mean difference = 2.03 ms, Monte Carlo p-value = 0.0152; and 5% contrast:
581 mean difference = 4.5 ms, Monte Carlo p-value < 0.001). In monkey A, latencies were

582  significantly longer for bright stimuli in 100%, 50%, and 5% contrasts (mean differences =
583 2.97 ms, 4.31 ms, and 4.91 ms, respectively; Monte Carlo p-values: < 0.0001, < 0.0001, and
584  0.0059, respectively); no significant differences were found in 20% and 10% contrasts (mean
585 differences = 1.39 ms and 0.27 ms, respectively; Monte Carlo p-values: 0.0548 and 0.7587,
586 respectively), but the same trends were still there (also see Fig. 5E). Thus, faster detection of
587  dark than bright stimulus contrasts is a general property of SC neurons.

588

589  Of course, our results do not deny that high visual response sensitivity is normally associated
590  with short visual response latencies. For example, with the sorting of neurons shown in Fig. 4
591 based on their response latency differences (top row), there was still a hint of an additional
592  trend: neurons with a smaller latency difference between dark and bright stimuli tended to
593  be the neurons preferring bright stimuli (bottom row). For example, compare the first and
594 last quartiles in the bottom panel of Fig. 4A: more bright-preferring neurons occurred in the
595 first quartile (having O or negative latency differences) than in the last quartile (having

596 positive latency differences). This suggests that there were divergent forces influencing

597 visual response latency: a neuron strongly preferring bright stimuli might have had its high
598 response strength for bright stimuli (at a given contrast level) counterbalance the normally
599 earlier detection of dark stimuli. Indeed, when we evaluated response latency as a function
600 of both stimulus contrast (a proxy for visual response strength in the neurons) and

601 luminance polarity, we found that both factors clearly influenced the neurons’ visual

602 response latencies. This is shown in Fig. 5A, B for an example neuron, and in Fig. 5C for the
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603  population. In Fig. 5A, high contrast stimuli evoked stronger and, therefore, earlier visual
604  responses than low contrast stimuli, as expected (Boehnke and Munoz, 2008; Marino et al.,
605 2012; Marino et al., 2015; Hafed and Chen, 2016; Chen et al., 2018). With high contrast dark
606  stimuli, the same neuron exhibited even earlier visual bursts than for high contrast bright
607  stimuli (Fig. 5B). Across the population, cumulative histograms of estimated visual response
608 latencies (Fig. 5C), as well as their averages and standard errors of the mean (Fig. 5D),

609 revealed that increasing stimulus contrast systematically decreased response latencies, as
610 expected (Boehnke and Munoz, 2008; Marino et al., 2012; Marino et al., 2015; Chen et al.,
611 2018), but also that visual response latencies were always systematically shorter, at a given
612  contrast, for dark than bright stimuli (consistent with Fig. 4; also see Fig. 6 below). This

613  polarity effect on response latencies had an order of magnitude of a few milliseconds

614  difference between dark and bright response latencies (Fig. 5E), similar to results in the cat
615 LGN (Jinetal., 2011) and V1 (Komban et al., 2014). Therefore, both stimulus contrast (a
616  proxy for response sensitivity) and stimulus polarity (conferring a temporal advantage for
617  darks) dictated our SC neurons’ visual response latencies.

618

619

620 Interaction between stimulus contrast and the processing of darks and brights

621 by SC neurons

622  The results of Fig. 5E were particularly intriguing to us, in the sense that the lowest contrast
623  stimuli (5%) were associated with a seemingly bigger effect of visual response latency

624  difference between darks and brights than the more visible 10% and 20% contrast targets.
625  One possibility could be that at 5% contrast, there were fewer bright-preferring neurons.

626  We, therefore, next asked whether there was an interaction between luminance contrast
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627 level and the preference of neurons for darks or brights. To do so, we replotted the data
628 above as scatter plots of visual response latency for brights versus darks in Fig. 6A-E and as
629  scatter plots of visual response sensitivity for brights versus darks in Fig. 6F-K. The latency
630 plots confirmed our earlier observations that there was systematically faster detection of
631  dark contrasts across all contrasts. For sensitivity, there was an interaction between contrast
632 level and SC population preference. At high contrasts (e.g. Fig. 6F, G), the population was
633  biased toward preferring bright stimuli (despite responding faster for dark stimuli), whereas
634  at 5% contrast (Fig. 6K), this bias disappeared and tended to be in the opposite direction;
635 neuron 1in Figs. 1D, 3A also demonstrates this effect: even though the neuron preferred
636  brights in its plateau firing rate of the contrast sensitivity curve, its (weak) response at 5%
637  contrast was still higher for dark targets. Thus, there was an interaction between contrast
638 level and sensitivity to darks in our SC neurons. While this pattern is different from natural
639  image statistics (Cooper and Norcia, 2015) and cat V1 properties (Liu and Yao, 2014), in the
640 sense that we found more bright-preferring than dark-preferring neurons at high contrast, it
641  does suggest that the larger latency effect magnitude in Fig. 5E at 5% contrast might have
642  been driven by a larger number of dark-preferring neurons at this contrast level.

643

644  Statistically, we confirmed that there were contrast-dependent sensitivity preference

645  differences between brights and darks. We applied the same pairwise latency difference
646  procedure described above, but now to pairwise peak visual response differences

647 (Methods). In monkey M, SC visual responses to brights were significantly stronger than

648  responses to darks in the 100%, 50%, and 20% contrast conditions (mean differences = 11.69
649  spikes/s, 8.92 spikes/s, and 4.26 spikes/s, respectively; Monte Carlo p-values: < 0.0001, <

650 0.001, and 0.0187, respectively); the differences were not significant for 10% and 5%
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651  contrasts, and their trends were in the opposite direction (mean differences = -0.09 spikes/s
652  and -2.35 spikes/s, respectively; Monte Carlo p-values: 0.9611 and 0.1712, respectively). In
653 monkey A, the neurons were significantly more sensitive for brights in all but the lowest
654  contrast (100%, 50%, 20%, 10%, and 5% contrasts: mean differences = 6.73 spikes/s, 7.35
655  spikes/s, 6.52 spikes/s, 6.92 spikes/s, and 0.81 spikes/s, respectively; Monte Carlo p-values:
656 0.0106, 0.002, 0.0028, < 0.001, and 0.8652 respectively).

657

658 In the same vein, for each neuron, we plotted the visual response latency difference against
659 the peak response difference in Fig. 6L-P. We used the same conventions as in Fig. 4: a

660 positive response latency difference indicating a faster response to dark stimuli, and a

661 positive peak response difference meaning higher sensitivity to bright stimuli. If the results
662  of Figs. 4, 5 were solely determined by response sensitivity at each contrast level, then all
663  neurons should have occupied the shaded quadrants of these plots. In contrast, only a

664  minority of neurons occupied these quadrants, particularly at high contrast. For example, in
665  Fig. 6L, even neurons with >50 spikes/s difference in peak sensitivity in favor of bright stimuli
666  were still significantly faster to detect dark stimuli. Interestingly, at 5% contrast, there were
667 significantly fewer bright-preferring neurons, again providing a plausible explanation for the
668 relatively large effect size in response latency seen in Fig. 5E at 5% contrast versus 10% and
669  20% contrast.

670

671

672

673
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674 Interaction between visual field location and the faster detection of darks by SC

675 neurons

676  The above results indicate that there is faster detection of dark than bright stimuli by SC

677 neurons, in general. However, it is also known that SC visual responses preferentially process
678  the upper visual field (Hafed and Chen, 2016), consistent with the notion that eye

679 movements support orienting towards or away from extra-personal stimuli largely occupying
680 the upper visual field (Previc, 1990). If that is indeed the case, then it might be expected that
681  differential temporal processing of dark versus bright stimuli might be magnified in the SC’s
682  upper visual field representation. For example, birds of prey, or other threats, across a

683  daylight sky would normally cast dark contrasts on retinal images, and they need to be

684  detected efficiently by SC neurons. We, therefore, also asked whether the results of Fig. 4
685  could depend on the visual field locations of our recorded neurons.

686

687  We repeated the analyses of Fig. 4, but this time after separating neurons based on upper
688 and lower visual field RF locations. The results are shown in Fig. 7 (for the highest contrast
689  stimuli only, for simplicity). There was indeed a larger latency difference between dark and
690  bright stimulus responses in the upper visual field neurons than in the lower visual field

691 neurons (top panel). That is, the latency advantage for dark stimuli was magnified in the case
692  of upper visual field SC neurons. We tested this observation statistically by using a

693  permutation test with 10000 shuffles. Here we should note that although we pooled the

694  data of both monkeys for visualization purposes in Fig. 7, we performed the statistical

695  procedures only on data collected from monkey A. This was because there was a strongly
696  unbalanced sampling of neurons in the upper and lower visual fields in monkey M (68 and 21

697  upper and lower visual field neurons in this monkey, versus a more balanced distribution of
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698 24 and 33 neurons in monkey A). In monkey A, there was a significant difference between
699  upper and lower visual field effects (mean difference = -4.09 ms, Monte Carlo p-value =
700 0.0099, Methods). Therefore, a known visual response latency advantage for the upper

701  visual field in SC neurons (Hafed and Chen, 2016) was accompanied, at least in one monkey,
702 by a larger difference between dark and bright stimulus responses. This result is consistent
703  with the ecological likelihood of dark contrasts in natural environments (Liu and Yao, 2014;
704  Cooper and Norcia, 2015), and also with the role of the SC’s visual processing machinery in
705  supporting the sampling of extra-personal visual space by orienting eye movements (Previc,
706  1990; Hafed and Chen, 2016; Fracasso et al., 2022).

707

708 Note also that the same dissociation between response latency and response sensitivity
709  occurredin Fig. 7 as in Fig. 4: the bottom panel in Fig. 7 shows that with the same ordering
710 of the neurons as in the top panel, response sensitivity was not systematically ordered in
711  either the upper or lower visual fields, consistent with the results of Fig. 4. Interestingly, the
712  absolute value of the difference in response strength between dark and bright stimuli was
713  also higher in the upper visual field neurons than in the lower visual field neurons (monkey
714  A; mean difference = -13.3 spikes/s; Monte Carlo p-value = 0.0166, permutation test). This
715  suggests that both latency differences (top panel) and absolute values of sensitivity

716  differences (bottom panel) between dark and bright stimuli were amplified in the upper
717  visual field representation of the SC, adding to a growing body of evidence of visual field
718 asymmetries in the primate SC (Hafed and Chen, 2016; Hafed, 2021; Fracasso et al., 2022).
719

720
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721  Independence of the faster SC detection of darks from the luminance polarity at

722 fixation

723  Finally, we wondered whether the black fixation spot at display center (Methods) might have
724  dictated our results above. Such an effect would be unlikely because our neurons were

725  extra-foveal; our stimuli were, therefore, generally far from the fixation spot (Methods).

726  However, to unambiguously rule such an effect out, we repeated the same experiment with
727  two slight modifications. First, the fixation spot was now white instead of black (Methods). If
728  the black fixation spot was the reason for the faster detection of dark stimuli in the results of
729  Figs. 1, 3-7 above, then this effect should be altered with a white fixation spot. Second, the
730 fixation spot was now removed at the same time as stimulus onset, allowing the monkeys to
731  generate immediate, visually-guided saccades. We analyzed 213 neurons recorded with this
732 variant of the task (81 were also recorded in the original fixation task). We will describe

733 saccadic reaction times as a function of contrast and luminance polarity in more detail

734  below. However, for now, our aim was to replicate the visual burst results shown above. For
735  each neuron, we normalized the neuron’s average firing rate by the peak visual response for
736  100% contrast stimuli in the interval 0-100 ms after stimulus onset (Methods). We then

737  averaged all of the normalized firing rate curves of each monkey’s neurons (Fig. 8A, B). We
738 separated the neurons of each monkey in this analysis to demonstrate the repeatability of
739  our results across the animals, and also because subsequent saccadic behavior later in the
740  trials differed between them, as we clarify in more detail below.

741

742  Both animals had clear visual responses in the task, consistent with the results of the fixation
743  variant (Figs. 1, 3-7). Most importantly, these responses were also clearly still occurring

744  earlier for dark stimuli than for bright stimuli (Fig. 8A, B). To summarize these results on an
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745  individual neuron basis, we replicated the same analyses of Fig. 4 (Fig. 8C-E; we combined
746  the neurons of both monkeys here because of how similarly they behaved in Fig. 8A, B). We
747  did this for all three stimulus contrast levels that we tested in this variant of the task

748  (Methods). For all contrasts, most neurons still detected dark contrasts earlier than bright
749  contrasts, irrespective of neural sensitivity (Fig. 8C-E), just as in Figs. 1, 3-7. Permutation
750  tests run on the latency differences confirmed this observation for all contrasts (in monkey
751 M, 100% and 50% contrasts: mean differences = 4.97 ms and 4.42 ms, respectively, Monte
752  Carlo p-values < 0.0001; 10% contrast: mean difference = 1.62 ms, Monte Carlo p-value =
753  0.0185; in monkey A, 100% and 50% contrasts: mean differences = 3.71 ms and 3.35 ms,
754  respectively; Monte Carlo p-values < 0.0001; 10% contrasts: mean difference = 2.52 ms;
755  Monte Carlo p-value < 0.001). Note that the effect sizes were also of the same order of
756  magnitude as those shown in Fig. 5E. Therefore, the results of Figs. 1-7 were not trivially
757  caused by the use of a black fixation spot at screen center. Moreover, the results still

758  persisted in a more reflexive behavioral task, in which prolonged fixation was not enforced
759  in the face of a salient eccentric stimulus onset.

760

761

762  Different temporal dynamics of firing rates in the sustained interval for darks

763  and brights

764  The results so far have focused on initial visual bursts. However, with prolonged fixation (as
765  in our primary task of Figs. 1-7), we also observed significant differences in SC neural

766  response dynamics in the sustained interval (long after stimulus onset) for bright and dark
767  stimuli. In particular, bright stimuli were generally associated with secondary elevations of

768  firing rate above those of dark stimuli. To illustrate this, Fig. 9A, B shows the responses of
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769  four example neurons to high contrast stimuli (100%). Two neurons are from monkey A (Fig.
770  9A), and two neurons are from monkey M (Fig. 9B). In the first three neurons (neurons 5-7 in
771  Fig. 9A, B), after the initial visual bursts, bright stimuli evoked stronger sustained activity
772  than dark stimuli (see pink intervals highlighting the sustained interval). The stimuli were still
773  present within the RF’s of the neurons in all cases, but there was an altered response

774  dynamic after the initial visual bursts, particularly for bright stimuli. Even the fourth neuron
775  (neuron 8 in Fig. 9B), which showed relatively weak sustained activity, still showed a

776  subdued secondary peak in firing rate after the initial visual burst for bright stimuli (also see
777  Fig. 11 below for more details on monkey M’s secondary bursts for bright stimuli).

778

779  To characterize this altered dynamic of neural responses as a function of time in more detail,
780  we took each firing rate curve after 80 ms from stimulus onset (that is, after the initial visual
781  bursts). We then estimated contrast sensitivity curves at each time point. Each time sample
782  of afiring rate curve is already a kind of average over some discrete measurement interval
783  (due to the convolution of spike times with a gaussian kernel to generate firing rates).

784  Therefore, we took each sample of the firing rate curve of a neuron in the sustained interval,
785 and we used it to fit contrast sensitivity curves from equation 1 at each time point. This gave
786  us a series of contrast sensitivity curves as a function of time. We then plotted the time

787  courses of the parameters R, C50, and N of the fits during the sustained interval, and we did
788  this for either bright or dark stimuli. The results across the entire population of neurons are
789  shown in Fig. 9C. As can be seen, all parameters were varying differently between darks and
790  brights in the interval around approximately 100-200 ms after stimulus onset (that is, during
791  sustained visual response intervals), consistent with the example neurons of Fig. 9A, B. The

792  biggest effect was in the R parameter, which was stronger for brights than darks, suggesting
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793  higher sustained firing rates for brights after the ends of the initial visual bursts. Both C50
794  and N gradually changed in a manner that was consistent with higher thresholds and

795  shallower contrast sensitivity functions in the sustained interval. That is, the contrast

796  sensitivity of the neurons was generally the highest in the initial visual burst intervals, and it
797  gradually degraded in sustained intervals (other than the R parameter elevation for bright
798  stimuli). This makes sense given that sustained intervals were generally associated with

799  much lower firing rates than in the initial visual burst intervals (and were therefore less likely
800 to be strongly differentially modulated by stimulus properties). In any case, during the

801 sustained interval, and unlike in the initial phases of SC visual responses, there was a

802 generalized elevation of firing rates for bright stimuli compared to dark stimuli for all

803  contrasts. As we show later, this effect was strong enough in monkey M, to the extent that it
804  appeared to dominate this monkey’s saccadic reaction time patterns in the immediate,

805  visually-guided saccade version of the task.

806

807
808 Earlier detection of dark stimuli also by inhibited SC neurons

809 In all of the above analyses, we focused solely on neurons exhibiting positive visual

810 responses (that is, increases in firing rates above baseline). However, with our offline neuron
811 sorting pipelines (Methods), we also isolated a fewer number of neurons that exhibited

812  transient decreases in activity after stimulus onset rather than increases. These neurons

813  were obtained from similar recording sites to those from which we isolated neurons with
814  visual bursts (we used linear electrode arrays primarily orthogonal to the SC surface;

815 Methods). The neurons were, therefore, from similar topographic locations to those

816  associated with the neurons reported in Figs. 1-9. When we analyzed these inhibited
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817 neurons in more detail, we found that their transient, stimulus-induced decreases in firing
818 rates were still sensitive to luminance polarity. For example, in Fig. 10A, B, we show two
819  example neurons from one of our electrode penetrations in monkey M. The two neurons
820 showed classic visual responses (to black stimuli); moreover, their RF’s (shown in the insets
821 for data collected with the presentation of black small spots during fixation) were spatially
822 localized and overlapping with each other. From the very same electrode penetration, Fig.
823  10C shows a third sample neuron that was recorded simultaneously with the two other

824  neurons; it was thus in the same SC topographic region as the two neurons of Fig. 10A, B.
825  The neuron of Fig. 10C was inhibited instead. Most interestingly, this neuron clearly

826  “responded” to a high contrast dark stimulus earlier than to a bright stimulus of the same
827  contrast, with the only difference from the results of Figs. 1-9 being that the response in this
828  case was a transient reduction from baseline activity rather than an increase. Across the
829  population of such inhibited neurons (n=15 neurons), we repeated the same latency

830 analyses of Fig. 4 above. That is, we assessed the relative time of “response” between bright
831 and dark contrasts (Methods). As can be seen from Fig. 10D, the majority of such inhibited
832  neurons also reacted to dark stimuli earlier than to bright stimuli, just like with the neurons
833  possessing visual bursts. Similar observations were also made for the lower contrast stimuli.
834 Interestingly, all 15 inhibited neurons had their “response” to stimulus onset slightly later
835  than classic visual bursts in other neurons (compare the visual bursts in Fig. 10A, B to the
836 inhibition time in Fig. 10C; the inhibition occurred slightly later than the bursts). Therefore,
837 even inhibited neurons in the SC detected dark contrasts faster than bright contrasts.

838

839

840
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841 Saccadic reaction times can be significantly shorter for dark stimuli

842  Finally, prior work has demonstrated a tight relationship between SC visual response

843  properties and saccadic reaction times (Boehnke and Munoz, 2008; Marino et al., 2012;

844  Marino et al., 2015; Hafed and Chen, 2016; Chen et al., 2018). Specifically, both visual

845  response sensitivity (Boehnke and Munoz, 2008; Marino et al., 2012; Marino et al., 2015;
846  Hafed and Chen, 2016; Chen et al., 2018) and visual response latency (Chen et al., 2018) can
847  predict such reaction times. Therefore, given the faster response latencies of SC neurons for
848  dark stimuli that we found, we wondered whether this effect was sufficient to be associated
849  with faster saccadic reaction times to such stimuli (even when response sensitivity was, on
850 average, similar for darks and brights, as shown in Fig. 2; or even slightly favoring brights at
851  high contrasts, as shown in Fig. 6). We tested our two monkeys and a third one on the

852 immediate visually-guided saccade task; we used the same sessions as in Fig. 8 for monkeys
853 M and A, and we ran separate behavior-only sessions for monkey F. The monkeys simply
854  generated a saccade as soon as the target appeared (the fixation spot also disappeared at
855  target onset, as mentioned above for Fig. 8 and in Methods). We measured saccadic reaction
856  times and plotted them as a function of stimulus contrast and stimulus luminance polarity.
857

858  All monkeys showed faster reaction times for higher contrast stimuli, as expected (Marino et
859 al., 2012; Marino et al., 2015) (p < 3x1071% in each monkey individually, Kruskal-Wallis test
860 exploring the effect of contrast on reaction time, when collapsing across luminance

861  polarities). Interestingly, two out of the three monkeys (A and F) also showed consistently
862  faster reaction times for the darker stimuli, like with the SC visual bursts. These results are
863  shown in Fig. 11A, C, E; monkeys A and F were faster to react to dark stimuli at all contrasts.

864  Monkey M, on the other hand, had faster reaction times for the bright stimuli (Fig. 11C). All
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865  of these results (of luminance polarity effects on reaction times) were significant (p < 2.5x10®
866  in each monkey individually, Kruskal-Wallis test exploring the relationship between

867 luminance polarity and reaction time, when collapsing across contrasts); the effect sizes

868  (shown for each condition in Fig. 11A, C, E) were also substantial. In addition, the effect sizes
869  in monkeys A and F were of the same order of magnitude as the effect sizes of the visual

870 response latency differences between darks and brights seen in Fig. 5E.

871

872  We were particularly intrigued by the discrepancy in the reaction times of monkey M with
873  respect to dark and bright stimuli. On the one hand, it might suggest that SC visual response
874  latency (e.g. Figs. 4, 5) is not the only determinant of saccadic reaction times, which is

875 indeed plausible. For example, we earlier found that SC visual response latency and visual
876  response sensitivity together provided a better correlate of reaction times than either

877  parameter alone (Chen et al., 2018). Therefore, since about half of the neurons in our

878  population were more sensitive to bright stimuli anyway (Fig. 2), despite the faster detection
879  of darks, it could be that this particular monkey’s reaction times were more dictated by SC
880 visual response sensitivity than by visual response latency. On the other hand, it could

881  additionally be the case that the later elevation of responses for bright stimuli that we saw in
882  Fig. 9 was more pronounced in this monkey, potentially suggesting stronger top-down

883  control for bright stimuli. In that case, bright stimuli could be preferentially processed by this
884  monkey. Indeed, in a previous behavioral study in which we investigated the properties of
885  saccadic inhibition as a function of luminance contrast polarity, this monkey reacted

886  differently to full field white versus black visual flashes from the two other monkeys in the
887  very initial oculomotor response to flash onset, again reacting faster for bright than dark

888 flashes (Malevich et al., 2021) (see their Fig. 3). Therefore, we decided to check how this
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889  monkey’s neurons, in particular, reacted to white stimuli long after the initial visual bursts,
890 and we were able to do so from our fixation variant of the task.

891

892  We plotted each monkey’s population visual responses for dark and bright stimuli in the

893 fixation variant of the task, allowing us to explore the longer sustained interval. These results
894  are shownin Fig. 11B, D. Even though monkey M’s neurons still detected dark stimuli earlier
895  than bright stimuli in the initial visual response period (consistent with all of our results

896  shown earlier), this monkey’s elevation of sustained visual activity for the bright stimuli (e.g.
897  Fig. 9) was particularly pronounced when compared to monkey A (note the secondary peak
898 in population firing rate for bright stimuli in Fig. 11D for monkey M, which was stronger than
899 the same peak in monkey A). We also even saw hints of this secondary elevation in Fig. 8B in
900 theimmediate, visually-guided saccade variant of the task, with a sharper elevation for

901  bright stimuli right after the initial visual burst and leading up to the saccade-related burst;
902 however, of course, in this task, this sharper elevation for brights was harder to properly
903 analyze in the saccade task because of how quickly the motor burst came.

904

905 Therefore, the results of Fig. 11 suggest that saccadic reaction times can indeed be faster for
906  dark than bright stimuli, consistent with the faster detection of dark stimuli by SC neurons,
907 and that even violations of such an observation (as in the case of monkey M) are still related
908 to the SCvisual responses (in this case, the sustained responses after the initial visual bursts
909  subside).

910

911 Inall, our results in this study indicate that SC neurons robustly detect dark stimuli faster

912  than bright stimuli; that sustained visual responses in the SC instead favor bright stimuli; and
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913 that saccadic reaction times can reflect the faster detection of dark stimuli in the SC’s initial
914  visual bursts and/or the later elevation for bright stimuli.
915

916
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917 Discussion

918

919  We evaluated the sensitivity of monkey SC neurons to luminance contrast polarity. We
920 found that there was a diversity of preferences for darks and brights across the population
921  (Figs. 1, 2). However, irrespective of preference (as defined by visual neural sensitivity), most
922  neurons detected dark contrasts earlier than bright contrasts (Figs. 3-8, 10). Such earlier
923  detection of dark stimuli was correlated with faster reaction times for such stimuli in 2 out of
924 3 monkeys (Fig. 11). And, even in the third monkey, this monkey’s observed opposite

925 reaction time effect could be related to sustained modulations of SC neural activity, which
926  exhibited a strong secondary elevation particularly for bright stimuli after the initial visual
927  bursts (Figs. 9, 11).

928

929  Our results demonstrate that the primate SC does not necessarily exhibit identical ON/OFF
930 sensitivity asymmetries for brights and darks as LGN and V1, refuting the idea that the

931  primate SC simply inherits its visual properties from V1. For example, V1 neurons mostly
932  prefer dark contrasts (Yeh et al., 2009), unlike in our SC population, and it would be

933 interesting to further investigate whether deep V1 layers, projecting to the SC, violate this
934  property or not. In fact, at high contrasts, our SC neurons significantly preferred bright,
935 rather than dark, stimuli even while having faster response latencies to the dark ones (Fig.
936 6A,F,L).

937

938  Our results are additionally interesting because they add to a growing literature

939 demonstrating that the primate SCis as visual a brain structure as the SCin other species,

940 like mice, in which the SC is the primary recipient of retinal projections and, indeed, a
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941  primary visual structure. Consistent with this idea, the monkey SC receives a large amount of
942  cortical visual input (Kadoya et al., 1971; Fries, 1984; Lui et al., 1995; Lock et al., 2003;

943  Cerkevich et al., 2014), in addition to direct retinal input (Perry and Cowey, 1984). Thus, the
944  SCin primates should be viewed as being even more visual than, say, the mouse SC. Such a
945  rich visual nature of the primate SC matters a great deal for orienting responses, consistent
946  with how SC visual responses can be linked to various aspects of saccadic behavior, like

947 reaction time (Boehnke and Munoz, 2008; Marino et al., 2012; Marino et al., 2015; Hafed
948 and Chen, 2016; Chen et al., 2018) and landing accuracy (Hafed and Chen, 2016). Such a link
949  to saccadic behaviors was also clearly still evident in our current study (e.g. Fig. 11). In the
950 future, it would be important to relate trial-to-trial variability in saccadic reaction times to
951 trial-to-trial variability in SC, LGN, and V1 visual responses, as was done previously in V1 (Lee
952 etal., 2010), to better appreciate the different functional specializations that exist in early
953  visual responses that occur in multiple brain areas at approximately the same time.

954

955  Our observation that the primate SC can represent dark contrasts well (e.g. Fig. 2) is also
956  consistent with earlier observations that SC neurons detect dark “shadows” (Humphrey,

957  1968; Cynader and Berman, 1972; Updyke, 1974). We are additionally particularly intrigued
958 by the earlier response latencies for dark stimuli that we observed (e.g. Fig. 4), as well as by
959  the altered temporal dynamics of responses during the sustained interval long after stimulus
960 onsets (e.g. Fig. 9). These observations could potentially be used to further interpret earlier
961 reports in the literature about SC visual and visual-motor modulations. For example, in

962 investigating color-related responses in the SC, White and colleagues used a high contrast
963  black target as the comparison stimulus to the colored ones (White et al., 2009). Because of

964  that black stimulus, we predict that the latency differences that these authors observed
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965 relative to colored targets were slightly amplified than what they would have observed had
966 they used a white target as the reference non-colored stimulus. Similarly, Churan and

967  colleagues investigated how SC visual RF’s were modified around the time of saccades

968 (Churan et al., 2011). They found dramatically different effects depending on whether the
969  saccades were made across a gray background or across a dark background. It is intriguing to
970 consider whether (and how) our sustained response effects, amplifying responses for bright
971  stimuli (e.g. Fig. 9), could be related to their observations.

972

973  The fact that SC neurons can be strongly sensitive to dark contrasts is also interesting with
974  respect to spatial frequency tuning in SC neurons. In recent work, we found that SC neurons
975 can be sensitive to minute phase shifts of spatial frequency gratings, as small as 1 minute of
976  arcin amplitude (Hafed et al., 2022). It would be fruitful, in light of these observations and
977  the current work, to investigate RF subfield structure in more detail, for example, to study
978  phase tuning in SC neurons. Indeed, both the current work and these recent results motivate
979  a detailed mapping of RF’s with both bright and dark stimuli, to assess asymmetries beyond
980 just visual response sensitivity and visual response latency. Indeed, prior work with reverse
981  correlation techniques has suggested that there may be informative observations to be

982 made about RF's mapped with bright versus dark stimuli (Churan et al., 2012). In the near
983  future, we hope to report SC RF maps for bright and dark stimuli in detail.

984

985 The altered long term temporal dynamics of firing rates as a function of luminance polarity
986 that we observed (e.g. Fig. 9) also motivate modeling how these dynamics emerge. In V1,
987  various stimulus factors, like contrast, alter not only the initial visual bursts (as might be

988  expected), but also the sustained responses. Moreover, such alterations can be modeled
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989  using variants of linear/nonlinear filters and divisive normalization (Groen et al., 2021). It

990 would be valuable to investigate such models in the SC, and to relate them to asymmetries

991 in ON and OFF channels in both the LGN (Jin et al., 2011) and V1 (Komban et al., 2014).

992

993  Related to this, we would like to investigate, in the near future, how scene statistical

994  regularities, with respect to orienting eye movements, can allow further expansion of our

995  upper versus lower visual field analyses of Fig. 7. In these analyses, we were motivated by

996 the theoretical framework of (Previc, 1990), in which he predicted that SC neurons should

997  over-represent the upper visual field of retinal images because eye movements are relevant

998 for sampling extra-foveal visual space. Thus, in the analyses of Fig. 7, we were driven by our

999 earlier discoveries of significant asymmetries between upper and lower visual field SC
1000 neurons and saccadic performance (Hafed and Chen, 2016; Hafed and Goffart, 2020; Hafed,
1001  2021; Fracasso et al., 2022). Indeed, we found that dark versus bright asymmetries were
1002 amplified in the upper visual field (Fig. 7), and this is ecologically sensible. For example, birds
1003  in the sky normally cast shadows on the retina. However, it would be even more intriguing
1004 to go even deeper when assessing such visual field anisotropies. For example, one could
1005  consider studying SC binocularity in more detail, to investigate whether neurons preferring
1006 far disparities would be more prevalent in the upper visual field representation of the SC or
1007 not. And, if so, would these far-preferring neurons also prefer more dark contrasts, like in
1008 the case of V1 (Samonds et al., 2012)? This is important to consider, especially given how our
1009 neurons seemed to prefer bright stimuli in a contrast-dependent manner (Fig. 6F-K) that was
1010 the opposite of what might be predicted from natural scene statistics (Cooper and Norcia,
1011  2015).

1012
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1013  Finally, we found a small subset of neurons, in the same topographic location as our bursting
1014  neurons, that were inhibited by stimulus onset (Fig. 10). Interestingly, these neurons still
1015 “detected” dark contrasts (by their transient inhibition of firing rate) earlier than bright
1016  contrasts. It would be important to investigate whether such neurons contribute to saccadic
1017  inhibition (Reingold and Stampe, 2002; Buonocore and Mclntosh, 2008; Hafed and

1018 Ignashchenkova, 2013), which we recently found to also depend on stimulus luminance
1019  polarity (Malevich et al., 2021). Our initial intuition with regard to saccadic inhibition,

1020 described in detail in our theoretical proposal elsewhere (Hafed et al., 2021), is that

1021  structures beyond the SC are critical for this phenomenon. However, this does not deny the
1022  potential involvement of SC neurons (particularly those neurons that are transiently

1023  inhibited by stimulus onsets), and future research should investigate the mechanisms of
1024  saccadic inhibition in much more detail, including recording SC neurons with full or localized
1025 flashes of different luminance polarities like in psychophysics. Critical in those studies would
1026  be to quantitatively assess whether the small latency differences in “inhibition” versus

1027  excitatory visual “bursts” that we observed in Fig. 10 are consistent with the timing

1028  properties of saccadic inhibition or not.

1029

1030
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1210

1211 Figure 2 Diversity of contrast sensitivity curve parameters for dark and bright stimuli across SC neurons. (A)
1212 For each neuron, we compared the neuron’s visual response dynamic range (parameter R in equation 1;
1213 Methods) between dark and bright stimuli. A modulation index value of 1 indicates maximal responsiveness to
1214 only bright stimuli, and a value of -1 indicates maximal responsiveness only to dark stimuli. Most neurons
1215 responded to both stimuli (note the rarity of +/-1 modulation index values), but with varying degrees of
1216 sensitivity; some neurons clearly preferred dark stimuli, whereas others clearly preferred bright stimuli (similar
1217  to the examples in Fig. 1). The vertical lines show mean (solid) and median (dashed) modulation index values
1218 across the population, and they were both close to 0: across the population, SC visual responses were equally
1219 sensitive to dark and bright stimuli. (B) Similar observations for the semi-saturation contrast (C50) parameter.
1220 Neurons with positive modulation indices in this case are neurons with higher semi-saturation contrasts for
1221 bright stimuli (that is, they were less sensitive to bright than dark stimuli). Again, the population average and
1222 median semi-saturation contrasts were largely similar between darks and brights (vertical lines), but with large
1223 variability across individual neurons. (C) Similar observations for the slope parameter of the contrast sensitivity
1224 curves. These results are consistent with the example neurons of Fig. 1.
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1229 Figure 3 Earlier visual bursts for dark than bright stimuli at different stimulus contrasts. (A-C) Visual

1230 responses of the three example neurons of Fig. 1 at each of our tested contrasts (different columns). Black
1231 curves indicate dark stimuli, and gray curves indicate bright stimuli. Reducing contrast expectedly weakened
1232 and delayed visual responses for both dark and bright stimuli (compare firing rates across columns; also see Fig.
1233 1D-F). Note, however, that at each contrast level, visual bursts occurred slightly earlier for dark than bright
1234 stimuli, even for neuron 1, which was more sensitive to bright stimuli. Also note that at the weakest contrast
1235 level (5%), both neuron 1 (A) and neuron 3 (C) were more sensitive to light decrements than light increments.
1236 We quantify these observations in subsequent figures and analyses. Error bars denote s.e.m. across trials.
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Figure 4 Faster detection of darks than brights by monkey superior colliculus neurons. (A) For the highest
stimulus contrast, we estimated visual response latency (Methods) separately for dark and bright stimuli in each
neuron. We then subtracted, for each neuron, the visual response latency for dark stimuli from the visual
response latency for bright stimuli (positive would indicate earlier responses for dark stimuli). We then sorted all
neurons based on this difference (top panel). In the bottom panel, we used the very same sorting, but we now
plotted the difference in peak visual response strength between bright and dark stimuli (Methods). Most neurons
had a shorter visual response latency for dark than bright stimuli (top panel; vertical line shows the sorted neuron
index at which response latency differences flipped sign from negative to positive). This happened independently
of response strength; the bottom panel (with the same sorting) did not show a systematic ordering. For example,
the neurons highlighted with diagonal arrows preferred bright stimuli (bottom panel) but still detected dark
stimuli earlier (top panel). (B-E) Similar results for lower contrasts. Of course, with lower and lower contrasts,
the earlier detection of darks was less and less prevalent (see the crossover points in the top row). However, this
was because lower contrasts were already associated with delayed and weakened visual responses (see Fig. 5).
Also note that the lower row shows a decreasing likelihood of bright-preferring neurons as contrast level
decreases, suggesting a contrast-dependent processing of darks and brights in SC neurons (see Fig. 6).
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1259

1260  Figure 5 Interaction between contrast and luminance polarity in SC visual response latencies. (A) Visual
1261 responses of an example SC neuron from monkey M for high (100%) and low (5%) contrast bright stimuli (that
1262 is, with luminance higher than the background luminance). Each row of tick marks represents a single trial
1263 repetition, and each tick mark indicates the time of an action potential. The neuron responded earlier to the high
1264 contrast stimulus. (B) In the same neuron, the visual responses to a dark 100% contrast stimulus (that is, with
1265 luminance darker than the background luminance) occurred even earlier than the responses to a bright 100%
1266 contrast stimulus. Thus, both contrast and luminance polarity affected the neuron’s visual response latency. (C)
1267 Cumulative histograms of our estimates of visual response latency across all of our neurons, for both stimulus
1268 contrast (different colors) and stimulus luminance contrast polarity (solid versus dashed lines). High contrasts
1269 were associated with earlier visual response latencies in the SC. In addition, at each contrast, dark stimuli were
1270 systematically associated with earlier visual response latencies. (D) Average visual response latencies for brights
1271 and darks across contrast levels, demonstrating consistently faster responses for dark stimuli. (E) Average
1272 differences in visual response latencies between responses for bright and dark stimuli per contrast level. All
1273 contrast levels were associated with faster detection of dark than bright stimuli. The effect increased in strength
1274 with increasing contrast from 10% to 100%. At the 5% contrast condition, the effect was the strongest, likely
1275 because there were more dark-preferring neurons than at higher contrasts (see the bottom row of Fig. 4 and Fig.
1276 6K, P). Error bars in D, E denote s.e.m. across neurons.
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Figure 6 Contrast-dependent SC processing of dark and bright stimuli. (A-E) Scatterplots of response latencies
to dark versus bright stimuli at each contrast level. The proportion of neurons responding faster to darks
(above the unity line) increased with increasing contrast level. The proportion of neurons responding faster to
darks was also substantially larger at the lowest contrast level (E). (F-K) Scatterplots of peak visual responses to
darks versus brights at each contrast level. With increasing contrast, the proportion of neurons responding
stronger to brights (above the unity line) also increased. (L-P) Correlations between differences in visual
response latencies and differences in peak visual responses for brights and darks. The differences were
obtained in the same way as in Fig. 4: a positive response latency difference indicates a faster response to dark
stimuli, and a positive peak response means higher sensitivity to bright stimuli. The gray quadrants indicate the
regions where preferences in terms of sensitivity and latency coincided: neurons in the upper left quadrant
responded both stronger and faster for brights, and neurons in the lower right quadrant responded both
stronger and faster for darks. There were weak negative correlations between response latency and sensitivity
differences across contrasts, consistent with a known relationship between response latency and sensitivity.
Critically, however, earlier responses to darks were not dictated by sensitivity preferences; if this was the case,
most neurons would have occupied the shaded gray quadrants. Instead, at the highest contrast levels (e.g. L,
M, N), the majority of neurons, which responded earlier for darks, responded stronger for brights (occupying
the upper right quadrants), suggesting that dark stimuli were potent in expediting visual bursts despite the
bursts being non-preferred by the neurons.
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1303 Figure 7 Magnification of response latency and sensitivity differences between dark and bright stimuli in the
1304 upper visual field. We repeated the same analyses of Fig. 4A, but now separating the neurons according to
1305 whether they represented upper or lower visual field locations. The top panel shows that the faster detection of
1306 dark stimuli by SC neurons that we saw in Fig. 4 was amplified for upper visual field neurons. The lower panel
1307 again shows that the effects of the top panel were dissociated from visual response sensitivity (all figure
1308 conventions are similar to Fig. 4). Interestingly, the lower panel shows that the absolute value of visual response
1309  sensitivity difference (between brights and darks) was also higher for upper visual field neurons than for lower
1310 visual field neurons (compare the dynamic ranges of the two curves). Therefore, both visual response latency
1311 and visual response sensitivity effects, in terms of luminance contrast polarity, were magnified in the upper visual

1312 field.
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1317 Figure 8 Faster detection of darks than brights in the SC, independently of central fixation spot appearance.
1318 (A, B) We repeated the same experiment as in Figs. 1-7, but this time with a white fixation spot rather than a
1319 black fixation spot (Methods). Also, here, we removed the fixation spot at stimulus onset, to allow monkeys to
1320 generate visually-guided saccades to the appearing stimuli. In each panel, we averaged each monkey’s stimulus-
1321 aligned firing rates (after normalizing each neuron’s firing rate curve to its peak visual response at high contrast;
1322 Methods). The numbers of neurons are shown in each panel, and error bars denote s.e.m. across neurons. As
1323 can be seen, visual responses still occurred earlier for dark stimuli than for bright stimuli in this task, and in both
1324 monkeys. Note that at around 100 ms from stimulus onset, there was an elevation of firing rates, which was the
1325 beginning of the saccade bursts for the triggered eye movements. Nonetheless, in monkey M, the elevation
1326  looked to be sharper than in monkey A, an observation that we discuss in more detail in Figs. 9, 11 below with
1327 respect to saccadic reaction times. (C-E) We replicated the analyses of Fig. 4 for the three contrasts that we
1328 tested in this task variant. The same conclusions were reached. Most neurons detected dark stimuli earlier than
1329 bright stimuli in their visual response latencies (top row), and this effect was dissociated from individual neuron
1330 sensitivity to either darks or brights (bottom row). All other conventions are similar to Fig. 4.
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1335 Figure 9 Preference for bright stimuli in later sustained intervals of visual neural SC responses. (A) Two example
1336 neurons from monkey A showing how later sustained responses (after the initial visual bursts) were elevated for
1337 bright more than dark stimuli. Responses for 100% contrast stimuli are shown, but similar observations were also
1338 made across contrasts (see C). (B) Two example neurons from monkey M showing similar observations. Note
1339 how neuron 8 had a weaker sustained response for bright stimuli, but it still exhibited a secondary burst (of small
1340 amplitude) for bright stimuli (also see Fig. 11D for this monkey’s population response summary in the sustained
1341 interval). The pink rectangles denote our interval of choice when analyzing sustained visual responses. (C) In such
1342 interval, we obtained millisecond-by-millisecond fits of contrast sensitivity curves for bright and dark stimuli. The
1343 dynamic range parameter of equation 1, R, showed a clear and significant elevation for bright stimuli relative to
1344 dark stimuli across the population (top panel). This was also the case in each monkey individually. The middle
1345 and lower panels show that the thresholds (middle panel) and slopes (lower panel) of contrast sensitivity curves
1346 were getting progressively worse in the sustained interval (relative to initial visual bursts), as expected, but with

1347 little differences between dark and bright stimuli. Error bars in all panels denote s.e.m. (across trials in A, B, and
1348 across neurons in C).
1349

56


https://doi.org/10.1101/2022.08.03.502615
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.03.502615; this version posted September 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

1350
Neuron 9, 100% contrast, dark B Neuron 10, 100% contrast, dark
> 150 gm 150
L e @ ~ L
2deg |{23 Q 2de 25 a
' i : L L
@ w @
0 % Q
Q [0}
@ g .
(=] [=)] w
o c Q
= = =
[ i ‘a
7]
o
™~
n=39
L 1 | ] | 1 |
-50 0 50 100 150 -50 0 50 100 150
Time from stimulus onset (ms) Time from stimulus onset (ms)
Neuron 11, 100% contrast D 100% contrast
é 30 X
X ‘ Bright & S
E Dark 3 = 208 S
2 =
2 2101 &
T 2y <
g 150 %E 0 / E
i PP S£-10 5
To
aZ 2 201
o >
L 1 ] -30 i 1 1 1
-50 0 50 100 150 0 5 10 15
1351 Time from stimulus onset (ms) Neuron index
1352

1353 Figure 10 Faster detection of darks than brights even in SC neurons inhibited by stimulus onset. (A, B) Firing
1354 rates of two example neurons from a single linear electrode array penetration into the SC of monkey M. Both
1355 neurons had visual responses to dark stimuli in the upper left quadrant, with their RF’s (obtained by presenting
1356 small black spots at different locations; insets) being well localized in space, consistent with the SC topographic
1357 representation (Robinson, 1972; Chen et al., 2019). (C) A third neuron recorded simultaneously with the neurons
1358 in A, B. This neuron was inhibited by stimulus onset (also see the RF map in the inset). Nonetheless, the inhibition
1359 was still stimulus-dependent: there was earlier inhibition for dark than bright stimuli, consistent with our earlier
1360 results (e.g. Figs. 1, 4-8). Error bars denote s.e.m. across trials in A-C. (D) Replication of the analysis of Fig. 4A
1361 (top) for all neurons that were inhibited by stimulus onset. Now, we estimated visual response latency by
1362 checking when the neural activity was significantly decreased from baseline. Most neurons were still modulated
1363 earlier by dark than bright stimuli, consistent with our earlier results for visual bursts (e.g. Figs. 1, 4-8). All other
1364 conventions are similar to Fig. 4A.
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1369 Figure 11 Relationship between saccadic reaction times and SC visual response properties for darks and brights
1370 in the SC. (A) Saccadic reaction times as a function of stimulus contrast (x-axis) and luminance polarity (different
1371 lines) in monkey A from the saccade version of our task. Error bars denote s.e.m. across trials. Reaction times

1372 were significantly shorter for dark than bright stimuli at all contrasts, suggesting a potential role for the earlier
1373 SC visual responses for dark stimuli in triggering earlier saccades for such stimuli. (B) This monkey’s neural
1374 responses during the fixation task showed clearly earlier visual bursts for dark stimuli, with equal visual burst
1375 strengths for darks and brights (consistent with Fig. 2). The figure was obtained similarly to Fig. 8A, B. Note also
1376 that the population sustained response (from the peak of the visual burst onward) was larger for brights than
1377 darks (consistent with Fig. 9). Error bars denote s.e.m. across neurons. (C) Monkey M showed the opposite
1378 reaction time effects from Monkey A. (D) In this monkey’s neurons, the secondary burst for bright stimuli in the
1379 fixation variant of the task was particularly prominent (compare to the monkey A neural responses). This suggests
1380 that in this monkey, this secondary preference for bright stimuli might have dominated the monkey’s reaction
1381 times in the saccade task. (E) We tested a third monkey behaviorally, and we replicated the monkey A results.
1382 Therefore, in 2 out of the 3 monkeys, saccadic reaction times were earlier for dark than bright stimuli, consistent
1383 with the neural results of Figs. 1, 4-8, 10.
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