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Abstract: 41 

A neural correlate for saccadic reaction times (SRTs) in the gap saccade task is the 42 

level of low-frequency activity in the intermediate layers of the superior colliculus (iSC) 43 

just before visual target onset: greater levels of such preparatory iSC low-frequency 44 

activity precede shorter SRTs. The frontal eye fields (FEF) are one likely source of iSC 45 

preparatory activity, since FEF preparatory activity is also inversely related to SRT. To 46 

better understand the FEF’s role in saccade preparation, and the way in which such 47 

preparation relates to SRT, in two male rhesus monkeys we compared iSC preparatory 48 

activity across unilateral reversible cryogenic inactivation of the FEF. FEF inactivation 49 

increased contralesional SRTs, and lowered ipsilesional iSC preparatory activity. FEF 50 

inactivation also reduced rostral iSC activity during the gap period. Importantly, the 51 

distributions of SRTs generated with or without FEF inactivation overlapped, enabling 52 

us to conduct a novel population-level analyses examining iSC preparatory activity just 53 

before generation of SRT-matched saccades. When matched for SRTs, we observed 54 

no change during FEF inactivation in the relationship between iSC preparatory activity 55 

and SRT-matched saccades across a range of SRTs, even for the occasional express 56 

saccade. Thus, while our results emphasize that the FEF has an overall excitatory 57 

influence on preparatory activity in the iSC, the communication between the iSC and 58 

downstream oculomotor brainstem is unaltered for SRT-matched saccades. 59 

 60 

  61 
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Significance statement: 62 

How does the brain decide when to move? Here, we investigate the role of two 63 

oculomotor structures, the superior colliculus (SC) and frontal eye fields (FEF), in 64 

dictating visually-guided saccadic reaction times (SRTs). In both structures, higher 65 

levels of pretarget preparatory activity precede shorter SRTs. Here, we show that FEF 66 

inactivation increases SRTs and decreases SC preparatory activity. Surprisingly, 67 

providing one examines SRT-matched saccades, a population-level analysis of SC 68 

preparatory activity showed a negligible impact of FEF inactivation. Thus, while the FEF 69 

is one important source of preparatory input to the SC, it does not alter the dynamics of 70 

how iSC preparatory activity relates to a given SRT. 71 

  72 

 73 
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Introduction 84 

The time to respond to a behavioral event can be highly variable. Even for simple tasks 85 

requiring saccades towards suddenly appearing visual targets, saccadic reaction times 86 

(SRTs) range from those approaching the minimal sensory-to-motor delays in the case 87 

of express saccades to others that are two to three times longer (Saslow 1967; Fischer 88 

et al. 1984; Paré and Munoz 1996). One neural correlate of SRT variability in such tasks 89 

is the level of low-frequency activity in the intermediate layers of the caudal superior 90 

colliculus (iSC) just before the arrival of visual information arising from target 91 

presentation. Across a variety of tasks which manipulate top-down signals, 92 

systematically greater levels of low-frequency iSC activity precede progressively shorter 93 

SRTs (Dorris et al. 1997; Basso and Wurtz 1998; Krauzlis 2003; Rezvani and Corneil 94 

2008; Marino et al. 2015). Briefly, we will refer to such low-frequency iSC activity as 95 

preparatory activity and emphasize that it is a “pre-target” signal that precedes sensory-96 

related transients. Importantly, although the level of preparatory activity correlates with 97 

SRT (accounting for ~20-25% of the trial-by-trial variance in SRT), it does not correlate 98 

to other saccadic parameters like saccade endpoint or peak velocity (Basso and Wurtz 99 

1998). 100 

 101 

The goal of the current study is to investigate how inactivation of the frontal eye fields 102 

(FEF) alters the relationship between iSC preparatory activity and SRT while monkeys 103 

generate visually-guided saccades in a gap-saccade task. The FEF are a source of top-104 

down information to the iSC (Sommer and Wurtz 2000, 2001; Wurtz et al. 2001), and 105 

FEF preparatory activity is also negatively correlated with SRT (Everling and Munoz 106 
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2000). Here, we combine unilateral cryogenic inactivation of the FEF with iSC recording. 107 

Cryogenic inactivation allowed us to follow the changes in iSC activity within minutes of 108 

FEF inactivation. This combination of techniques allows us to address two questions. 109 

First, we address the importance of FEF integrity on iSC preparatory activity. Second, 110 

and more importantly, we examine the relationship between iSC preparatory activity and 111 

SRT when the oculomotor system is in an altered state. FEF inactivation increases 112 

contralesional SRTs (Sommer and Tehovnik 1997; Dias and Segraves 1999; Peel et al. 113 

2014; Kunimatsu et al. 2015) but how such increased SRTs relate to iSC preparatory 114 

activity is unknown. Are SRTs increased simply because FEF inactivation decreases 115 

preparatory activity? If so, then the relationship between iSC preparatory activity and 116 

SRT would simply shift to higher SRTs, so that preparatory activity would remain the 117 

same for saccades of matched SRTs. Alternatively, perhaps more preparatory activity is 118 

required to generate a saccade of a given SRT, to compensate for the loss of FEF 119 

signaling along parallel circuits to the oculomotor brainstem that bypass the iSC 120 

(Leichnetz 1980, 1981; Keating and Gooley 1988a; Segraves 1992), or to an increase in 121 

activity in the rostral iSC, given the presumed reciprocal inhibitory relationship between 122 

fixation-related and preparatory activity in the rostral and caudal iSC, respectively 123 

(Dorris and Munoz 1995; Dorris et al. 1997; Munoz and Istvan 1998; Munoz and 124 

Fecteau 2002; Takahashi et al. 2010).  125 

 126 

Our choice of a gap saccade task is advantageous: although the changes in saccadic 127 

behavior are less than those observed for delayed saccades (Peel et al. 2014), the 128 

distributions of SRTs made with or without FEF inactivation overlap considerably. This 129 
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allows us to investigate how iSC preparatory activity relates to a matched-range of 130 

SRTs with and without FEF inactivation, both within single neurons and across the 131 

recorded population. Use of this task also allows us to investigate the impact of FEF 132 

inactivation on the time at which iSC preparatory activity begins to accumulate, which 133 

we can compare to recent findings of ours showing that FEF inactivation delays the 134 

onset of saccade-related activity in delayed saccade tasks (Peel et al. 2017). We found 135 

that FEF inactivation increased SRTs and decreased both preparatory activity in the 136 

caudal iSC and fixation-related activity in the rostral iSC, but surprisingly did not change 137 

the onset of such activity. Further, the level of iSC preparatory activity did not change 138 

providing one examines SRT-matched saccades. Thus, although FEF inactivation 139 

decreases iSC preparatory activity and increases SRT, the function relating iSC 140 

preparatory activity to SRT is unaltered during FEF inactivation. Hence, a saccade of 141 

the same SRT, including those generated at express-saccade latencies, can be 142 

generated providing other non-FEF sources compensate for the loss of FEF signaling. 143 

By extension, the FEF appears to have a negligible role in the integration of preparatory 144 

and visual signals that precedes the initiation of short-latency saccades generated in 145 

this task. 146 

 147 

Methods 148 

Subjects and surgical procedures 149 

Two male rhesus monkeys (Macaca mulatta, DZ, and OZ weighing 9.8, and 8.6 kg 150 

respectively) were prepared for head immobilization, cryogenic inactivation of FEF and 151 

electrophysiological recordings from the iSC. All training, surgical, and experimental 152 
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procedures were in accordance with the national Council on Animal Care policy on the 153 

use of laboratory animals (Olfert et al. 1993) and approved by the institutional Animal 154 

Use Subcommittee. We monitored the monkeys' weights daily and their health was 155 

under the close supervision of the university veterinarians.  156 

 157 

Each animal underwent two surgeries. In both surgeries, anesthesia was induced with 158 

ketamine and a loading dose of propofol and maintained with a drip infusion of propofol 159 

and midazolam. Heart rate, blood pressure, respiratory rate, and body temperature 160 

were monitored closely during the surgery. Antibiotics (cefazolin) were administered 161 

pre- and post-operatively, and anti-inflammatories (metacam) and analgesics 162 

(buprenorphine) were administered post-operatively. In addition, dexamethasone was 163 

administered post-operatively to minimize the potential of brain swelling following the 164 

insertion of the cryoloops.  165 

 166 

The goal of the first surgery was to prepare the animal for head-immobilized 167 

measurements of eye movements, and extracellular recording within the iSC. A head 168 

holder and a recording chamber were embedded in an acrylic implant, with the 169 

recording chamber positioned over a 19 mm craniotomy that permitted a surface normal 170 

approach to the iSC. During the experiments, a grid was placed within the recording 171 

chamber to standardize our exploration of the iSC. Following recovery of more than 1 172 

week, the animals were trained on a variety of oculomotor tasks.  173 

 174 
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The goal of the second surgery was to implant stainless steel cryoloops bilaterally with 175 

two stainless steel cryoloops in the inferior and superior aspects of each arcuate sulcus 176 

[inferior arm (IA), superior arm (SA)]. We customized the cryoloops based on an 177 

anatomical magnetic resonance image (MRI) obtained from each monkey, implanting in 178 

each case a ~3 X 7 mm and ~3 X 5 mm (depth X length) cryoloop in the IA and SA, 179 

respectively. We performed a small 2.25 cm² craniotomy at the stereotaxic coordinates 180 

of the arcuate sulcus spur to allow for insertion of both IA and SA cryoloops. In this 181 

study we have only used unilateral IA cooling in both monkeys as this increases trial 182 

yield during cooling and produces ~70% of the SRT deficits caused by combined 183 

unilateral cooling of the IA and SA (Peel et al. 2014). 184 

 185 

Experimental procedures  186 

Monkeys were seated in a custom-made primate chair with their head immobilized and 187 

faced a rectilinear grid of >500 red LEDs covering ± 35˚ of the horizontal and vertical 188 

visual field. The visual angle subtended by the LEDs was 0.36˚. The eye movements 189 

were recorded using a single, chair-mounted eye tracker (EyeLink II, resolution = 0.05˚, 190 

sampling rate 500Hz). All experiments were conducted in a dark, sound-attenuated 191 

room. The behavioral tasks were controlled by customized real-time LabView programs 192 

on a PXI controller (National Instruments) at a rate of 1 kHz. Extracellular single-unit 193 

activity was recorded with epoxylite insulated tungsten microelectrodes (0.5–2 MΩ at 1 194 

kHz; FHC, Bowdoin, ME) lowered through 23-gauge guide tubes and advanced to the 195 

dorsal surface of the SC using a microdrive (NAN instruments). Neural activity was 196 
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amplified, filtered, and stored for off-line sorting via a Plexon MAP system (Plexon, 197 

Dallas, TX). 198 

 199 

An experimental dataset consisted of pre-cooling, peri-cooling, and post-cooling 200 

sessions, with each session containing 60-120 correct trials (requiring between 180-360 201 

trials total; with a minimum of 15 trials per location during the gap task). After the pre-202 

cooling session, the cooling pumps were turned on allowing the flow of chilled methanol 203 

through the lumen of the cryoloops. The peri-cooling session was initiated when 204 

cryoloop temperature reached and stayed stable at 3°C. Once sufficient data was 205 

collected for the peri-cooling session, cooling pumps were turned off, which allowed the 206 

cryoloop temperature to rapidly return towards body temperature. When cryoloop 207 

temperature exceeded 35˚C, the post-cooling session was initiated. It took 30-40 208 

minutes to collect a full experimental dataset for a recorded neuron including the 209 

transition periods from pre-cooling to peri-cooling and from peri-cooling to post-cooling 210 

(which took ~3 minutes). To control for time dependent factors like satiation and to help 211 

increase statistical power, we pooled data from pre-cooling and post-cooling session 212 

and termed this the FEFwarm condition. Data collected during FEF inactivation was 213 

termed as coming from the FEFcool condition. Importantly, qualitatively similar results to 214 

those presented in the Results section were obtained when we compared FEFcool with 215 

data collected from either the pre- or post-cooling condition alone (in doing so, 216 

approximately the same amount of data contributed to either the FEFwarm or FEFcool 217 

datasets). Thus, pooling data across pre- and post-cooling session did not alter the 218 

main conclusions drawn from the data.  219 
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 220 

Behavioral tasks 221 

Monkeys performed intermixed visually-guided gap and no-gap saccades to peripheral 222 

targets placed either in the center of the neuron's response field (RF) or in the 223 

diametrically opposite location. As this study concerns saccade preparatory activity in 224 

caudal iSC and fixation activity in rostral iSC, we only present data from the gap 225 

saccade task. Monkeys fixated the central fixation LED for 750-1000ms until it 226 

disappeared. On gap trials, after a blank period of 200ms (gap interval), during which 227 

the monkeys maintained central fixation, a peripheral target appeared for 150ms to 228 

which the monkeys had to saccade as quickly as possible. No-gap trials were the same 229 

but without a 200ms gap interval, i.e., fixation LED disappearance coincided with 230 

peripheral target’s appearance. Saccades made within 500ms after peripheral target 231 

appearance within a circular spatial window (diameter 60% of target's visual 232 

eccentricity) received fluid reward. The large tolerance window was based on the 233 

expected spatial deficits that follow FEF inactivation (Sommer and Tehovnik 1997; Dias 234 

and Segraves 1999; Peel et al. 2014). However, subsequent analysis (see results) 235 

revealed only small changes in end-point saccadic scatter during FEF inactivation. 236 

 237 

A recent study suggested that low frequency activity in the caudal iSC during a delayed 238 

saccade task may carry additional information about saccade kinematics in addition to 239 

preparatory signals (Jagadisan and Gandhi 2017). An important distinction is that 240 

knowledge of saccade goal preceded the buildup of low-frequency activity in the 241 

Jagadisan and Gandhi study, whereas low-frequency activity in our study is assessed 242 
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when the eventual goal could be either to the left or right. Previous work in a related 243 

task did not find any correlation between low-frequency activity and saccade metrics or 244 

kinematics (Basso and Wurtz 1998).  245 

 246 

All behavioral analyses were carried out using customized MATLAB programs 247 

(MATLAB, The MathsWorks Inc., MA). Eye position traces were filtered using a 3rd 248 

order low pass butterworth filter and differentiated to produce eye velocity. Eye velocity 249 

was used to determine the onset and offset times of saccades with a velocity criterion of 250 

30°/s and the maximum instantaneous velocity between saccade onset and offset was 251 

deemed as peak velocity. The eye position at saccade offset was used to calculate the 252 

mean saccade amplitude (horizontal and vertical) and end-point scatter which 253 

represented the mean angular distance between the displacements of mean and 254 

individual saccade end points from the central fixation position (White et al. 1994). We 255 

analyzed the first saccade following fixation LED disappearance. Visual inspection of 256 

the data off-line confirmed the validity of automatic marking. Trials with SRT <50ms 257 

were classified as anticipatory and discarded. Fixation offset was calculated as the 258 

mean horizontal and vertical eye positions relative to the fixation point in a 100ms 259 

period prior to saccade onset.  260 

 261 

Neuron classification  262 

We estimated the instantaneous firing rate of a recorded neuron with a continuous spike 263 

density function for each trial, generated by convolving the spike train with a 264 

postsynaptic activation function with a rise time of 1ms and a decay time of 20ms 265 
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(Thompson et al. 1996). Use of a different convolution function (e.g., a 10ms gaussian 266 

kernel) did not alter any of the results. We classified our sample of neurons broadly 267 

based on a previous study (Dorris et al. 1997). Caudal iSC neurons were classified as 268 

saccade-related if they had a peak firing rate >100 spikes/s around saccades (-20ms to 269 

20ms relative to saccade onset) made into the RF. Saccade-related neurons were 270 

further classified as build-up neurons or burst neurons based on the presence or 271 

absence, respectively, of preparatory activity (PREP) attained just before the arrival of 272 

visual information. For a given saccade-related neuron, the average activity was 273 

computed in three different time epochs:  baseline activity was sampled between -274 

500ms to -200ms before target onset; PREP activity was sampled between -70 to 275 

+30ms relative to target onset, and the final level of PREP activity (Final PREP) was 276 

sampled in the last 20ms of PREP epoch (+10 to +30ms relative to target onset). In our 277 

sample of neurons, the visual transient did not arrive until at least 40ms after target 278 

onset in any of the neurons based on Poisson burst onset detection method described 279 

elsewhere (mean visual onset time across neurons= 45ms ± 3ms (mean ± STD; 280 

minimum average visual onset time=40ms; Hanes et al. 1995; Peel et al. 2017). A 281 

neuron was deemed to exhibit significant PREP activity if the average PREP activity 282 

was higher than average baseline activity during the gap-saccade task (p< 0.05; 283 

Wilcoxon sign rank test; pooled across both target directions).  284 

 285 

We also recorded neural activity from the rostral iSC. There are differences in opinion 286 

regarding the role of the rostral iSC in visual fixation (see also Goffart et al. 2012). 287 

Previous recordings from the gap saccade task in the rostral iSC (Dorris and Munoz 288 
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1995, Dorris et al. 1997) used the term “fixation-related”, hence our use of the term in 289 

this manuscript. For rostral iSC fixation-related neurons, we calculated the same 290 

parameters as the caudal iSC buildup neurons: baseline activity sampled between -291 

500ms to -200ms before target onset; PREP activity sampled between -70 to +30ms 292 

relative to target onset and final level of PREP activity (Final PREP) sampled in the last 293 

20ms of PREP epoch. We defined rostral iSC neurons as fixation-related if they fulfilled 294 

the criterion of exhibiting tonic average firing rate of >10spikes/s during both baseline 295 

and PREP epoch during gap saccade task along with a significant decrease in activity 296 

at saccade onset (Dorris et al. 1997). Although neurons in the rostral iSC also encode 297 

microsaccades (Hafed et al. 2009; Krauzlis et al. 2017), very few microsaccades were 298 

generated during the time intervals of interest in this task (Watanabe et al. 2014).  299 

 300 

PREP-SRT correlation 301 

We performed trial-by-trial linear regression (Pearson’s correlation) between final PREP 302 

and contralateral SRT in buildup neurons and compared the correlation coefficient (r), y-303 

intercept and slope of this relationship across FEF inactivation. A linear regression 304 

between PREP and SRT yielded qualitatively similar results. For the rostral iSC fixation 305 

neurons, a trial by trial linear regression between either final PREP or PREP with SRT 306 

did not yield significant correlations.  307 

 308 

Detection of onset of preparatory activity 309 

A recent study reported that the change in SRT following FEF inactivation during a 310 

delayed saccade task related best to changes in the onset time of saccadic 311 
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accumulation (Peel et al. 2017). Here, we also investigated if there were changes in the 312 

onset time of PREP accumulation. To detect the onset time of PREP accumulation on a 313 

neuron-by-neuron basis, we implemented a piecewise two-piece linear regression of 314 

PREP iSC activity using an approach similar to Peel and colleagues (2017). The 315 

objective of this analysis was to find the two linear regressions that best fit the 316 

convolved average iSC PREP activity before the onset of the visually-related activity 317 

following target onset. The first linear regression is based on activity from 200ms before 318 

the gap onset to a candidate inflection point; the second linear regression is based on 319 

activity from this candidate inflection point to the peak of PREP activity during the final 320 

PREP epoch (10-30ms after visual target onset). For rostral iSC fixation neurons 321 

exhibiting a decrease in activity during the gap interval, the second linear regression ran 322 

from the candidate inflection point to the trough of PREP activity. Candidate inflection 323 

points were tested every millisecond from 200 ms before gap onset to 30 ms after target 324 

onset. The onset of preparatory activity was taken as the inflection point that minimized 325 

the summed squared error between convolved iSC activity and the two linear 326 

regressions. 327 

 328 

Experimental design and statistical analysis 329 

In this study, we compare both behavior (SRT, peak velocity, saccade amplitude and 330 

end-point scatter of saccades) and neuronal activity across FEF inactivation. Single 331 

session comparisons (FEFwarm vs FEFcool) of either behavior or single neuron activity 332 

were performed using a Wilcoxon rank sum test at a p level of 0.05. For buildup 333 

neurons, we compared activity during the baseline, PREP, and final PREP intervals, 334 
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and also calculated the onset time of PREP accumulation. We also compared the slope 335 

of PREP, which was calculated by differentiating the spiking activity in the PREP 336 

interval. For the rostral iSC, slope and onset times of the PREP activity was compared 337 

over the same time epochs. To assess changes in SRT and neural activity across the 338 

sample of recorded iSC neurons following FEF inactivation, we performed paired group 339 

level comparisons using a Wilcoxon sign rank test at a p level of 0.05. We also 340 

implemented a novel population-based analysis comparing population PREP activity for 341 

SRT matched saccades across FEF inactivation. The logic and description of this 342 

analysis is described in the Results.  343 

 344 

Results 345 

We report single unit activity from the left iSC of 2 monkeys (DZ and OZ) while the left 346 

FEF was reversibly inactivated by cryogenic means, when animals were engaged in the 347 

gap saccade task. Cryogenic inactivation was restricted to the cryoloop in the inferior 348 

arm of the arcuate sulcus. Previous work of ours (Peel et al. 2014) investigated the 349 

comparative effects of cooling either or both of the cryoloops in the inferior and superior 350 

arm of the arcuate, and reported that the effects of inferior cryoloop cooling alone was 351 

~70% of the magnitude of cooling both the superior and inferior cryoloops together. 352 

Even with cooling just the inferior arm cryoloop, SRTs were affected to both the least 353 

and most eccentric targets that we studied, which were determined by the response 354 

fields of isolated iSC neurons. 355 

 356 
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We performed 54 inactivation sessions in monkey DZ and 35 inactivation sessions in 357 

monkey OZ.  In each session for a neuron to be further analyzed, between 15-30 valid 358 

trials per target location in each of the pre-, peri- and post-cooling sessions were 359 

deemed necessary. Across all the inactivation sessions (n=89 sessions), 48 caudal iSC 360 

saccade-related neurons (27 from monkey DZ and 21 from monkey OZ) could be 361 

isolated for long enough to collect sufficient pre-, peri-, and post-cooling data. Of these 362 

48 neurons, 35 exhibited significant preparatory activity (PREP), and were classified as 363 

buildup neurons (18 and 17 neurons from monkey DZ and monkey OZ, respectively). 364 

Response fields centers for the buildup neurons ranged between 4°/6° to 20°/20° in 365 

horizontal/vertical coordinates relative to fixation point with the mean response center of 366 

9° ± 3.7° (horizontal, mean ± sd) and 2.5° ± 5.8° (vertical). Fixation-related activity was 367 

also recorded from 17 rostral iSC neurons (9 and 8 neurons from monkey DZ and OZ, 368 

respectively). 369 

 370 

Consistent with previous reports (Peel et al. 2014, 2016, 2017), unilateral cryogenic 371 

FEF inactivation increased contraversive SRTs within and across all sessions (Fig. 1B, 372 

D; monkey Dz: across sessions pre- to peri-cooling: 44±22ms increase in SRT; 373 

p=1.62e-10, z-val=-6.3935; peri- to post-cooling: 28±21ms decrease in SRT; p=3.54e-374 

10, z-val=-6.2730; monkey Oz: across sessions pre- to peri-cooling: 16±17ms increase 375 

in SRT; p= 7.88e-05, z-val= -3.9479; peri- to post-cooling: 9±13ms decrease in SRT; p= 376 

5.36e-04, z-val= -3.4618). In contrast to previous reports, such inactivation did not 377 

consistently increase ipsiversive SRTs (Fig. 1A, C; monkey DZ: across sessions pre- to 378 

peri-cooling: 4±12ms increase in SRT; p= 0.02, z-val= -2.1828; peri- to post-cooling: 379 
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8±12ms increase in SRT; p= 1.51e-05, z-val= 4.3270; monkey OZ: across sessions pre- 380 

to peri-cooling: 1±11ms increase in SRT; p= 0.39, z-val= 0.8518; peri- to post-cooling: 381 

6±7ms increase in SRT; p= 6.72e-05, z-val= 3.9856). The failure to observe ipsiversive 382 

SRT increases may be due to differences in target configuration and behavioral task 383 

(e.g., 2 potential targets here versus 32 potential targets in the visually-guided saccades 384 

tasks reported in (Peel et al. 2014), or the use of a visually-guided saccade task here 385 

versus the use of delayed saccade tasks in (Peel et al. 2014, 2016, 2017)).  386 

 387 

We also compared saccade metrics and kinematics across all the sessions. We did not 388 

observe any change in horizontal saccade amplitude across FEF inactivation for all 389 

sessions (n=89 sessions, mean difference in horizontal amplitude=0.07°±0.61°; 390 

p=0.3964, z-val=0.8480; Sign test). Vertical saccade amplitude showed a significant, 391 

albeit small, decrease (mean difference in vertical amplitude=-0.37°±0.82°; p=0.0015, z-392 

val=-3,18; Sign test). The mean endpoint scatter of saccades did not change in 59 out 393 

of 89 sessions (p>0.05; Wilcoxon rank sum test) and across all sessions also showed 394 

only a small but significant increase from 1.04±0.30° to 1.27±0.34° (p=2.42e-08, z-val=-395 

5.5785; Wilcoxon sign rank test). Next, we compared peak saccade velocity across 396 

sessions and found a reduction in peak saccade velocity in 63 out of 89 sessions during 397 

FEF inactivation (p<0.05; Wilcoxon rank sum test). Across sessions, mean saccade 398 

peak velocity decreased significantly (14% decrease, p=3.32e-15, z-val=7.8780; 399 

Wilcoxon sign rank test). We also compared fixation offsets across sessions and found 400 

a small but significant shift in horizontal eye position towards the side of FEF 401 

inactivation (i.e., leftward shifts; monkey Dz: 0.38±0.16°; p=5.49e-13, z-val=7.2124, 402 
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Sign test; monkey Oz: 0.16±0.27°; p=0.04, z-val=2.0284, Sign test). Further, only 403 

monkey Dz exhibited a significant vertical upward shift in eye position (0.13±0.39°; 404 

p=0.0017, z-val=-3.1299, Sign test; monkey Oz: 0.14±0.60°; p=0.73, z-val=0.3381, Sign 405 

test). In 55 out of 89 sessions and 29 out of 89 sessions we observed significant 406 

horizontal and vertical offsets of eye positions during fixation (p<0.05; Wilcoxon rank 407 

sum test, respectively). Although we observed significant changes in fixation position 408 

during FEF inactivation, such changes were quite small, and trial-by-trial fixation 409 

positions overlapped considerably in the FEF warm versus cool condition, similar to that 410 

reported previously in another study (Peel et al. 2016). Overall, although FEF 411 

inactivation induced changes in fixation offset, saccade metrics, and saccade 412 

kinematics, such changes were relatively modest compared to the larger effects of FEF 413 

inactivation on SRT. Further, given previous findings, it is unlikely that such modest 414 

changes in fixation offset or saccade properties relate to any associated changes in 415 

preparatory activity recorded prior to the arrival of visual information in the iSC (see 416 

below).  417 

 418 

FEF inactivation reduced preparatory activity in ipsilesional caudal iSC 419 

We next investigated how the increase in SRT during FEF inactivation related to 420 

changes in iSC preparatory (PREP) activity. Such activity precedes the arrival of visual 421 

information into the iSC, and hence is driven strictly by top-down factors such as the 422 

expectation of target appearance and/or bottom-up factors like fixation disengagement 423 

due to the 200 ms gap (Reuter-Lorenz et al. 1991; Munoz and Wurtz 1992; Tam and 424 

Ono 1994; Dorris and Munoz 1995; Paré and Munoz 1996). Figures 2A-C show activity 425 
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aligned to contralateral target presentation for three example caudal iSC buildup 426 

neurons, to emphasize the diversity of effects accompanying FEF inactivation. 427 

Contraversive SRTs increased significantly during FEF inactivation in all three examples 428 

(p=4.62e-05, z-val=-4.737; p=1.14e-07, z-val=-5.3022 and p=0.01, z-val=-2.55, 429 

respectively; wilcoxon rank sum test; horizontal boxplots in Figs. 2A-C). Note how the 430 

activity of these neuron started to rise ~100ms before target onset (or ~100ms after FP 431 

offset), and then sharply increased ~40ms after target presentation due to the arrival of 432 

visual information from the contraversive target. The activity of all caudal iSC neurons 433 

sharply decreased ~40 ms after ipsilateral target presentation (results not shown). In 434 

this manuscript, we are primarily interested in the initial rise of iSC activity during the 435 

gap period, prior to the arrival of visual information (zoomed interval in Figs. 2A-C). As 436 

expected, all aspects of activity within this interval (e.g., activity during baseline, PREP, 437 

final PREP and rate of accumulation of PREP activity) did not differ significantly on trials 438 

with ipsi- versus contraversive targets (p < 0.05 for all comparisons, Wilcoxon rank sum 439 

test).  440 

 441 

For the neurons shown in Figs. 2A & B, FEF inactivation significantly reduced the final 442 

level of the PREP from 69 spikes/s and 116 spikes/s during the FEFwarm condition to 443 

47 spikes/s and 94 spikes/s during the FEFcool condition, respectively (p=0.004, z-444 

val=2.8593 and p=0.003, z-val=2.9758, respectively; Wilcoxon rank sum test). The 445 

slope of the accumulation of PREP also decreased significantly for these neurons 446 

(p=0.0017, z-val=3.1405 and p =0.02, z = 2.9758, respectively; Wilcoxon rank sum test) 447 

although baseline activity did not change (p=0.19, z-val=-1.3055 and p=0.4773, z-448 
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val=0.7107, respectively; Wilcoxon rank sum test).  In contrast, for the neuron shown in 449 

Fig. 2C, none of the baseline (p=0.27, z-val=-1.1005), PREP activity (p=0.98, z-val=-450 

0.0155), final PREP (p=0.41, z-val=0.8214), or slope of accumulation of PREP (p=0.33, 451 

z-val=0.9764) changed significantly during FEF inactivation (Wilcoxon rank sum test) 452 

despite a significant increase in contraversive SRT during this session (141ms to 453 

160ms, p=0.01, z-val=-2.55; Wilcoxon rank sum test). Across our sample of 35 neurons, 454 

at the single neuron level, 11 (25%), 14 (40%), 14 (40%) and 6 (17%) neurons exhibited 455 

significant decreases in baseline, PREP, final PREP and slope of PREP, respectively (p 456 

< 0.05, Wilcoxon rank sum test). 457 

 458 

Next, we analyzed the changes in PREP activity in caudal iSC neurons at the group 459 

level. Across our sample of 35 neurons, FEF inactivation did not significantly alter 460 

baseline activity (Fig. 2D, p = 0.12, z-val=1.5724; Wilcoxon sign rank test), but lowered 461 

overall PREP activity (Fig. 2E, p =1.7e-005, z-val=4.2913), the rate of accumulation of 462 

PREP activity (Fig. 2F, p =8.3e-004, z-val=3.3413) and the final PREP attained just 463 

prior to the arrival of visual information (Fig. 2G; p =2.3e-005, z-val=4.2258). Thus, FEF 464 

inactivation produced a widespread decrease in PREP activity in the caudal iSC.   465 

 466 

A recent study showed that cyrogenic FEF inactivation delayed the onset of saccadic 467 

activity in a delayed saccade task (Peel et al. 2017). We wondered if the onset of PREP 468 

activity during the gap interval would also be modified during FEF inactivation. There did 469 

not appear to be any obvious changes in the onset of PREP activity in the 470 

representative neurons shown in Fig. 2A-C. To quantify this across our sample, we 471 
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performed a two-piece linear regression analysis to detect the onset of PREP 472 

accumulation (see Methods) and found no change in the onset time of PREP activity 473 

across our sample of neurons, relative to the offset of the fixation point (FEFwarm: 115 474 

± 59 ms; FEFcool: 109 ± 57 ms; neuron-by-neuron change: -3 ± 68 ms; p=0.81; z-val=-475 

0.4472; Wilcoxon sign rank test).   476 

 477 

FEF inactivation reduced fixation-related activity in ipsilesional rostral iSC 478 

One theory regarding intra-collicular communication states that the rostral and caudal 479 

portions of the iSC are mutually antagonistic (Munoz and Istvan 1998; Munoz and 480 

Fecteau 2002; Takahashi et al. 2010). Given this, could the observed decreases in 481 

PREP activity in the caudal iSC during FEF inactivation be related to increases in 482 

fixation-related activity in the rostral iSC? We recorded from 17 ipsilesional rostral iSC 483 

neurons that met the classification of fixation-related neurons (9 and 8 neurons from 484 

monkey DZ and monkey OZ, respectively), and compared baseline, PREP, slope of 485 

PREP activity and the final level of PREP activity across FEF inactivation. Figure 3A-C 486 

shows three examples of rostral iSC fixation-related neurons that were highly active 487 

during the baseline interval, but then became both less active during the gap interval 488 

and silent around the time of a saccade. For all three neurons, FEF inactivation 489 

decreased the level of baseline activity (Figs 3A-C). A further reduction in PREP activity 490 

was observed in the neurons shown in Figs. 3A and 3B, but not in the neuron shown in 491 

Fig. 3C. Further, FEF inactivation decreased the post-saccadic activity on the neuron 492 

shown in Fig. 3C, even though the saccade target was extinguished by the time the 493 

saccade was generated. 494 
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 495 

Next, we analyzed the changes in rostral iSC neurons at the group level. Across our 496 

sample of 17 neurons, FEF inactivation significantly altered baseline (Fig. 3D, p = 0.01, 497 

z-val=2.4379; Wilcoxon sign rank test), and PREP activity (Fig. 3E, p =0.007, z-498 

val=2.6746). However, the rate of accumulation of PREP activity (Fig. 3F, p =0.38, z-499 

val=-0.8758) and the final PREP attained just prior to the arrival of visual information 500 

(Fig. 3G; p =0.19, z-val=1.3018) were not changed due to FEF inactivation.  501 

 502 

One caveat of the above analysis is that rostral iSC neurons are sensitive to stimulus 503 

location (in this case, the fixation point) relative to instantaneous eye position (Hafed et 504 

al. 2009). Could the decrease in the baseline and PREP activity in rostral iSC during 505 

FEF inactivation arise from small changes in fixation position during FEF inactivation 506 

(Peel et al. 2016), which alter the position of the fixation point relative to the line of 507 

sight? We performed the following analysis to test this possibility. We developed a 508 

matching algorithm where we extracted pairs of trials from FEFwarm and FEFcool 509 

conditions where the comparative difference in the instantaneous eye position during 510 

the baseline and PREP interval was  0.2°, and then compared the fixation-related 511 

activity. After correcting for potential differences in fixation offset in this manner (15 and 512 

10 sessions out of 17 showed non-significant fixation offsets during baseline and PREP 513 

epoch, respectively; Wilcoxon sign rank test at p of 0.05), the decrease in fixation-514 

related activity during FEF inactivation persisted during both baseline (n=15, p = 0.01, z-515 

val=2.4422; Wilcoxon sign rank test) and PREP epochs (n=10, p = 0.02, z-val=2.1915; 516 

Wilcoxon sign rank test) epochs. Thus, in contrast to what would have been expected 517 
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based on a reciprocal inhibitory relationship between the caudal and rostral iSC, FEF 518 

inactivation reduced, rather than increased, fixation-related activity in the rostral iSC.  519 

 520 

We also analyzed the onset of the decrease in fixation-related activity during the gap 521 

interval across FEF inactivation. Like the result obtained for PREP activity, we found no 522 

change in the onset time of PREP activity across our sample of neurons relative to the 523 

offset of the fixation point (FEFwarm: 94 ± 79 ms; FEFcool: 68 ± 98 ms; neuron-by-524 

neuron change: -26 ± 125 ms; p=0.62; z-val=1.3416; Wilcoxon sign rank test).   525 

 526 

FEF inactivation produced a diversity of effects on the trial-by-trial relationship 527 

between PREP activity and the subsequent SRT 528 

We now return to the observation that FEF inactivation reduced PREP activity in the 529 

caudal iSC and examine how this related to the eventual SRT. In particular, we were 530 

interested in whether FEF inactivation altered the trial-by-trial relationship between 531 

PREP and SRT, and whether the level of PREP activity attained prior to a SRT-matched 532 

saccade increased, decreased, or stayed the same. Addressing these issues will shed 533 

light on the nature of how preparatory activity in the iSC relates to saccade initiation 534 

during FEF inactivation. We address these issues first at a neuron-by-neuron level, and 535 

then conduct a novel population-based analysis. 536 

 537 

Consistent with previous studies (Dorris et al. 1997; Rezvani and Corneil 2008), prior to 538 

FEF inactivation most neurons exhibited a significantly negative trial-by-trial correlation 539 

between the final level of PREP activity and SRT, meaning that greater levels of PREP 540 
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activity preceded shorter-SRT saccades. We term this the PREP-SRT relationship. This 541 

negative correlation reached significance in 21 of 35 (60%) of neurons before FEF 542 

inactivation. Examples of the PREP-SRT relationship are shown in Figs. 4A-C (red 543 

dots), showing data from the same neurons as shown in Fig. 2. Figure 4A&C show 544 

example of neurons where the PREP-SRT relationship was significant before FEF 545 

inactivation; Fig. 4B shows an example of a neuron that did not exhibit this relationship 546 

when the FEF was warm. Across our sample, the r2 value of this relationship was 0.195 547 

± 0.21 (mean ± STD, range 0 to 0.8165), similar to previously published results.  548 

 549 

How then did the relationship between PREP activity and the subsequent SRT change 550 

during FEF inactivation, considering the overall reduction in the level of PREP activity? 551 

We were particularly interested in how many neurons retained a significant PREP-SRT 552 

relationship, whether there was any change in the amount of SRT variance explained by 553 

PREP variance, and whether there were any changes in the parameters of a linear fit 554 

through the PREP-SRT relationship (e.g., slope, y-intercept).  555 

 556 

Surprisingly, FEF inactivation produced a diversity of effects on the PREP-SRT 557 

relationship, with the relationship either remaining (Fig. 4A, blue lines), emerging (Fig. 558 

4B), or disappearing (Fig. 4C). The example in Fig. 4C is interesting, because FEF 559 

inactivation did not change PREP activity in this neuron (Fig. 2C), but did abolish the 560 

PREP-SRT relationship. Across our sample, 14 of 35 (40%) neurons exhibited a 561 

significant PREP-SRT correlation during FEF inactivation, representing a decrease of 562 

20% compared to the percentage of significant neurons during the FEF warm condition. 563 
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Of these 14 neurons, 11 exhibited a significant PREP-SRT relationship in the FEF warm 564 

and FEF cool conditions (e.g., like the neuron in Fig. 4A), whereas 3 other neurons 565 

exhibited the relationship only in the FEF cool condition (e.g., like the neuron in Fig. 4B).  566 

 567 

Across the sample of iSC neurons, the correlation coefficient (r value) of the PREP-SRT 568 

correlation did not differ across the FEF warm versus cool conditions, regardless of 569 

whether we considered all 35 neurons (Fig. 4D; p=0.93, z-val=-0.0819; Wilcoxon sign 570 

rank test), or only the subset of neurons exhibiting a significant PREP-SRT correlation 571 

on an individual neuron basis in both FEFwarm and FEFcool condition (the filled black 572 

symbols in Fig. 4D; p=0.28, z-val=1.0669). For the 11 neurons that exhibited a 573 

significant correlation in both the FEF warm and FEF cool conditions, we found 574 

significant increases in both the y-intercept (Fig. 4E, p=0.002; z-val=-2.8451; Wilcoxon 575 

sign rank test) and a steepening of the slope (Fig. 4F, p=0.04; z-val=2.0449). 576 

Effectively, these changes mean that the linear regressions were pivoting around the 577 

lower SRT ranges, so that progressively greater levels of PREP activity preceded 578 

longer-SRT saccades (like in Figure 4A). We emphasize that this observation pertains 579 

only to that subset of iSC neurons exhibiting a significant correlation in both the 580 

FEFwarm and FEFcool conditions.  581 

 582 

Taken together, the effect of FEF inactivation on the PREP-SRT relationship was 583 

somewhat inconsistent: although this relationship was maintained in a subset of 584 

neurons, it was either gained or lost during FEF inactivation in others. Given this 585 

neuron-by-neuron diversity, it is difficult to draw any conclusions in how PREP activity in 586 
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the caudal iSC relates to saccade initiation when the FEF is inactivated. We therefore 587 

conducted the following population-based analysis, to specifically examine iSC activity 588 

in relation to saccades generated across a matching range of SRTs. 589 

 590 

Across the population, the final level of iSC preparatory activity is unaltered 591 

during FEF inactivation providing one examines SRT-matched saccades 592 

The logic of our population-based analysis is shown in Fig. 5. This analysis, which 593 

exploits the overlap in SRT distributions during the FEF warm and FEF cool conditions, 594 

was conducted separately for each monkey. First, we constructed the SRT distributions 595 

for the FEF warm and FEF cool conditions (red and blue histograms respectively, in 596 

Figs 5A&C), pooling SRTs across all contraversive trials in which PREP activity was 597 

also recorded. The increases in SRTs during FEF inactivation are shown by the 598 

rightward shift of the blue compared to red histograms (monkey DZ: p=8.18e-046; z-599 

val=14.2079; monkey OZ:p=8.84e-009; z-val=5.7516; Wilcoxon ranksum test). We then 600 

identified a 50ms range where the SRT distribution in the FEFwarm and FEF cool 601 

conditions overlapped, with at least 5% of the total trials within each 10 ms bin. The 602 

range of overlapping SRTs was 110 to 160ms for monkey DZ (shaded region, Fig. 5A) 603 

and 120 to 170ms for monkey OZ (shaded region, Fig. 5C). After identifying the 604 

appropriate range, we then subdivided the SRTs into partially overlapping sub-605 

populations, constructing 7 subpopulations of 20ms bins incrementing by 5ms (e.g., 606 

110-130ms, 115-135ms,…until 140-160ms for monkey DZ). Using the trials 607 

corresponding to the individual SRTs within each bin, we pooled iSC activity across all 608 

neurons, and then constructed population averages. For example, the spike density 609 
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functions shown for the 110-130ms bin for monkey DZ (leftmost functions in Fig. 5B) 610 

were constructed from activity recorded from all iSC neurons on trials where the SRT 611 

fell into this range. This analysis allowed us to construct comparable snapshots of iSC 612 

PREP activity across the population attained before various ranges of SRTs in either 613 

the FEF warm or FEF cool conditions.  614 

 615 

The population spike density functions arising from this analysis are shown in Figs. 616 

5B&D for monkey DZ and monkey OZ, respectively. Data are aligned on target onset 617 

(dotted vertical line) and is zoomed in on the time epoch encompassing the baseline 618 

and PREP intervals (e.g., visual and saccade-related activity not shown). We 619 

emphasize the following features from this analysis. First, regardless of whether the 620 

FEF was inactivated or not, the final level of PREP activity, extracted from 10 to 30ms 621 

after target onset, decreased with increasing SRTs (e.g., see arrows pointing to final 622 

PREP activity during FEF inactivation (blue profiles) in Figs. 5B&D); this is another way 623 

of representing the inverse relationship between PREP and SRT. Second, when 624 

matched for SRT, the population iSC PREP activity appears largely unaltered during 625 

FEF inactivation: note from Fig. 5B (monkey DZ) and Fig. 5D (monkey OZ) how the blue 626 

and red activity profiles overlap almost perfectly for all the SRT bins. To quantify these 627 

observations, we extracted the baseline, slope of PREP accumulation, and final PREP 628 

level of activity as was done for the single-neuron analysis shown in Fig. 2. Doing so 629 

revealed no significant change in any parameter for any range of SRT during FEF 630 

inactivation (p > 0.05 for all comparisons even when not correcting for multiple 631 

comparisons, Wilcoxon rank sum test).  632 
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 633 

In summary, this population level analysis revealed that the overall level of iSC 634 

preparatory activity was unaltered during FEF inactivation, providing one compares 635 

saccades matched for SRT.  636 

 637 

Rare but precious: preserved iSC activity during express saccades 638 

The SRT ranges studied in the above population analysis did not include express 639 

saccades, which we defined as SRTs between 70-120ms in accordance to previous 640 

studies (Schiller et al. 1987; Paré and Munoz 1996; Dorris et al. 1997; Sparks et al. 641 

2000). As shown by the SRT distributions in Fig. 5A & C, both monkeys still generated 642 

express saccades during FEF inactivation, although their incidence was reduced. To 643 

analyze such rare saccades, we adopted the following SRT-matching logic. First, we 644 

identified those rare trials where a contraversive express saccade was generated during 645 

FEF inactivation. Using the SRT of this “FEF cool” express saccade, we then searched 646 

the FEF warm data recorded from the same iSC neuron for trials where a matching 647 

“FEF warm” contraversive express saccade was generated with a SRT within ± 3ms. 648 

Across our entire sample, we obtained 191 such matches (165 from monkey DZ and 26 649 

from monkey OZ). We then pooled iSC activity across all matches to produce 650 

population-level representations of PREP activity preceding express saccades 651 

generated with the FEF inactivated or not. As shown in Fig. 6A, FEF inactivation had no 652 

effect on the final level of iSC PREP activity (Fig. 6D; p=0.59; z-val=-0.5287; Wilcoxon 653 

sign rank test). However, the level of baseline was significantly increased during FEF 654 

inactivation (Fig. 6B; p=0.0014; z-val=-3.1871; Wilcoxon sign rank test) and the slope of 655 
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PREP accumulation increased (Fig. 6C; p=0.04; z-val=-2.0317; Wilcoxon sign rank test. 656 

This increase in baseline activity resembles that observed for the lowest SRT bins in the 657 

preceding analysis (i.e., compare baseline activity across inactivation in the left-most 658 

spike density functions in Figs. 5B&D), although a comparison of baseline activity for 659 

the lowest SRT range did not reach significance in either animal.  660 

 661 

In summary, express saccades during FEF inactivation, although reduced in overall 662 

incidence, were associated with higher baseline activity but an unchanged final level of 663 

activity at the end of PREP epoch. 664 

 665 

Discussion 666 

We combined unilateral cryogenic inactivation of the FEF with recordings of low 667 

frequency activity in the ipsilesional iSC, to better understand the coordination of these 668 

structures during saccade preparation, and the way in which iSC preparatory activity 669 

relates to saccade initiation when the FEF is compromised. As expected, FEF 670 

inactivation increased contralateral SRTs (Keating and Gooley 1988b; Sommer and 671 

Tehovnik 1997; Dias and Segraves 1999; Peel et al. 2014; Kunimatsu et al. 2015), and 672 

decreased the overall level of iSC preparatory activity, consistent with a loss of 673 

excitatory inputs into the caudal iSC. At an individual neuron level, we observed a 674 

diversity of effects of FEF inactivation on the inverse relationship between iSC 675 

preparatory activity and SRT, with this relationship being characterized by an increased 676 

intercept and steepness (slope) in some neurons and abolished in others. However, 677 

providing one compares SRT-matched saccades, the collective population output of iSC 678 
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preparatory activity was surprisingly unaltered, even for express saccades. 679 

Complementing these findings, fixation-related activity in the ipsilesional rostral iSC 680 

generally decreased during FEF inactivation, consistent with a loss of excitatory input. 681 

Here, we consider these results in terms of the volume of tissue inactivated by FEF 682 

cooling, the functional contribution of the FEF during saccade preparation in the gap 683 

saccade task, the pathways by which such a contribution could be realized, and the 684 

integration of preparatory and visual signals in an immediate saccade task. 685 

 686 

The extent of cryogenic inactivation of the FEF 687 

The cryoloops placed in the inferior arm of the arcuate sulcus allowed us to reproducibly 688 

inactivate a large volume of brain tissue (~90mm3) anterior to arcuate sulcus, which is 689 

where the FEF is located. Given this, and the saccadic deficits observed during delay- 690 

and memory-guided saccade tasks for the same animals (Peel et al. 2017), we were not 691 

surprised to see that cryogenic inactivation broadly compromised contralateral 692 

oculomotor behaviour in the gap saccade task to targets placed between radial 693 

eccentricities of 7° to 28°. In the gap saccade task, we primarily observed inactivation-694 

induced changes in SRTs, with only small accompanying changes in either saccadic 695 

accuracy or peak velocity. Our observation of changes in fixation offset following FEF 696 

inactivation, which is also observed during delay- and memory-guided saccade tasks 697 

(Peel et al. 2016), suggests that inactivation extended into the ventro-lateral aspect of 698 

arcuate sulcus associated with visual fixation or suppression of saccades (Burman and 699 

Bruce 1997; Izawa et al. 2004, 2009). Further, as the cryoloops were not insulated on 700 

their posterior aspect, it is likely that we inactivated the posterior bank of arcuate sulcus. 701 
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While electrically stimulating these sites evokes saccades, such evoked saccades are 702 

often ipsilaterally-directed, and are much slower than saccades evoked from stimulating 703 

FEF sites (Neromyliotis and Moschovakis 2017). Additionally, ablation of the posterior 704 

bank of arcuate sulcus did not produce the oculomotor deficits we report in this study 705 

(Rizzolatti et al. 1983). Thus, the oculomotor effects of cyrogenic inactivation in this 706 

study can most likely be attributed to the FEF. 707 

 708 

Reduction in preparatory iSC activity during FEF inactivation relates to a 709 

withdrawal of excitatory inputs rather than a rebalance of iSC activity 710 

There are many potential mechanisms by which large-volume FEF inactivation could 711 

alter the level of iSC preparatory activity and increase contralesional SRTs. Given what 712 

is known about the anatomy and functional content of signals relayed directly from the 713 

FEF to the iSC (Künzle et al. 1976; Segraves and Goldberg 1987; Keating and Gooley 714 

1988c; Stanton et al. 1988; Sommer and Tehovnik 1997; Dias and Segraves 1999; 715 

Everling and Munoz 2000; Opris et al. 2001; Sommer and Wurtz 2001) inactivation of a 716 

region within the FEF may produce a topographically-aligned withdrawal of excitatory 717 

inputs into the corresponding region of the iSC. The loss of excitatory inputs may also 718 

explain the reduction in fixation-related activity in the rostral iSC during fixation, 719 

providing our cooling loops inactivated the lateral region of the FEF associated with 720 

visual fixation (Izawa et al. 2004, 2009). Simultaneously, FEF inactivation may alter 721 

signaling in interconnected cortical (e.g. dorsolateral prefrontal cortex (DLPFC), 722 

supplementary eye fields (SEF), or lateral intraparietal area (LIP)) or subcortical (e.g., 723 

basal ganglia) inputs to the iSC, with the net effect of decreasing excitatory inputs to the 724 
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iSC. Regardless of the exact mechanism, our core findings of reduced preparatory and 725 

fixation-related activity in the caudal and rostral iSC, respectively, relates to recent work 726 

showing that FEF inactivation reduces visual-, delay-period, and saccade-related 727 

activity (Peel et al. 2017).  728 

 729 

Could this generalized reduction in iSC activity relate to a redistribution of activity 730 

toward the contralesional iSC? Several observations argue against this interpretation. 731 

First, ipsilesional SRTs do not decrease during large-volume cryogenic inactivation or 732 

ablation of the FEF (Fig. 1A,C; see also (Peel et al. 2014; Kunimatsu et al. 2015)), in 733 

contrast to the “push-pull” rebalancing of oculomotor activity during small-volume 734 

pharmacological FEF inactivation (Sommer and Tehovnik 1997; Dias and Segraves 735 

1999), Further, contralesional iSC activity did not increase in delayed-saccade tasks 736 

during unilateral FEF inactivation (Peel et al. 2017). We also observed that rostral iSC 737 

activity decreases, rather than increases, upon unilateral FEF inactivation, suggesting 738 

that the decrease in caudal iSC preparatory activity is also not a consequence of rostro-739 

caudal reciprocal inhibitory interactions. These observations from rostral iSC recordings 740 

are consistent with previous observations that the peak velocities of microsaccades 741 

decrease, rather than increase, during FEF inactivation (Peel et al. 2016). Finally, it is 742 

our opinion that caution is warranted in interpreting how the concomitant decrease in 743 

both rostral and caudal iSC activity during FEF inactivation relates to notions regarding 744 

reciprocal inhibition between the rostral and caudal iSC. While we did observe 745 

decreased, rather than increased, rostral iSC activity, as mentioned above, cryogenic 746 

FEF inactivation affects a large volume of tissue that likely inactivated FEF regions that 747 
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project to both the rostral and caudal iSC. If so, FEF inactivation may have simply 748 

produced a generalized topographic withdrawal of excitatory inputs to both the rostral 749 

and caudal iSC without altering how these regions may or may not interact. 750 

 751 

The lack of change in the onset of preparatory activity may relate to low-level 752 

fixation disengagement 753 

The recent work by Peel and colleagues (2017) correlated increases in SRT during FEF 754 

inactivation with delays in the onset of saccade-related accumulation during a delayed-755 

saccade task. Given this finding, it may seem surprising that we did not find any change 756 

in the onset of preparatory activity during FEF inactivation in this study. We speculate 757 

that such differences in the influence of FEF inactivation on onsets may relate to task-758 

related differences in the immediacy of the saccade relative to target presentation, and 759 

to the nature of the input driving the low-frequency iSC activity. The delayed saccade 760 

tasks used by Peel and colleagues (2017) provided target information 1 second before 761 

the disappearance of the fixation point that serves as the GO cue. In delayed saccade 762 

tasks, although sporadic low-frequency iSC activity may be present during the delay 763 

period, the sharp inflection of saccade-related activity that culminates in a high-764 

frequency burst begins around 100 - 200 ms after the Go cue. FEF inactivation delays 765 

this inflection point, perhaps because the monkey subject must process fixation point 766 

disappearance in order to release a saccade program being held in working memory. In 767 

contrast, the majority of RTs in this study fell between 100-200 ms, even during FEF 768 

inactivation. It is thought that the fixed 200 ms interval between fixation point offset and 769 

target presentation potentiates such short RTs by promoting both low-level 770 
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disengagement of visual fixation and top-down advanced motor preparation (Tam and 771 

Ono 1994; Dorris and Munoz 1995; Paré and Munoz 1996). In the gap saccade task, 772 

we speculate that low-level fixation disengagement unrelated to the FEF drives the time 773 

at which preparatory activity in the iSC begins to accumulate. Further, given that a 774 

target appears in the neuron’s response field on half of the trials, saccade-related 775 

accumulation does not obligatorily follow saccadic preparation.  776 

 777 

These considerations, and our findings on comparative difference in the influence of 778 

FEF inactivation the onset of low-frequency SC activity, emphasize differences in the 779 

nature of the processes that might drive low-frequency SC activity; some may be related 780 

to top-down processes that are influenced by the FEF, whereas others may be driven 781 

by low-level processes that are independent of the FEF. Further, the onset of 782 

subsequent saccade-related activity in the gap-saccade task may indeed be delayed 783 

during FEF inactivation, however it becomes very difficult to disentangle visually-related 784 

and saccade-related information in visuomotor neurons in tasks with very short RTs. 785 

Indeed, as discussed in the next section, our data emphasizes that the SRT in the gap 786 

saccade task is largely dictated by the magnitude of preparatory activity attained just 787 

before arrival of the visual transient, rather than the time at which preparatory activity 788 

starts to accumulate during the gap interval.  789 

 790 

The level of preparatory activity reached by the end of the gap interval is 791 

unchanged during FEF inactivation for SRT-matched saccades 792 
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We also addressed, for the first time, if and how the negative relationship between iSC 793 

preparatory activity and SRT is influenced when a major input to iSC is suddenly 794 

removed. At the single neuron level, the effects of FEF inactivation were surprisingly 795 

diverse, with the relationship being abolished in some neurons and systematically 796 

altered (increased slope and y-intercept) in others. This finding resembles similar 797 

reports of a diversity of effects of FEF inactivation on saccade-related activity (Peel et 798 

al. 2017). We have no ready explanation for this diversity of effects. It may be that the 799 

FEF only projects directly to a subset of iSC neurons; however, to our knowledge there 800 

is no anatomical data that speaks directly to this point. 801 

 802 

Despite differences in the effects of FEF inactivation on single neurons, we found that 803 

the level of iSC preparatory activity across the population was unaltered during FEF 804 

inactivation, providing one compares SRT-matched saccades. Our interpretation is that 805 

while FEF is one important source of top-down excitatory input to iSC, it is not the sole 806 

source. Presumably, when inputs from other cortical areas like the DLPFC, SEF and 807 

LIP (Yamamoto et al. 2004; Koval et al. 2011; Chen et al. 2013; Johnston et al. 2014) 808 

and subcortical areas like basal ganglia and cerebellum (Wurtz and Hikosaka 1986; 809 

Hikosaka et al. 1989; Ashmore and Sommer 2013; Ohmae et al. 2017), or the 810 

interaction of such inputs with intrinsic circuits within the iSC (Basso and May 2017), 811 

bring iSC preparatory activity to a particular level, this level is associated with a given 812 

SRT, irrespective of the presence or absence of the FEF. This may be because, in the 813 

gap saccade task studied here, SRT is largely dictated by the merging of the visual 814 

transient with pre-existing preparatory activity (Dorris et al. 2007). Consistent with this, 815 
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the effects of FEF inactivation on the visual transient recorded in the iSC during a 816 

delayed saccade task is relatively modest, with no changes in the timing and only small 817 

decreases in magnitude (Peel et al. 2017). Further, parametric manipulations of either 818 

the level of preparatory activity (Dorris et al. 1997; Basso and Wurtz 1998; Rezvani and 819 

Corneil 2008), the timing of vigor of the visual transient  (Bell et al. 2006; Li and Basso 820 

2008; Marino et al. 2012), or the interaction between these two signals (Dorris et al. 821 

2007) all systematically alter SRT. 822 

 823 

Our observation of an unaltered population profile for preparatory signals also extends 824 

to express saccades. Behavioral (Fischer et al. 1984; Paré and Munoz 1996) and 825 

neurophysiological (Edelman and Keller 1996; Dorris et al. 1997; Sparks et al. 2000) 826 

studies have emphasized a paradoxical nature of these movements: on one hand, they 827 

are the oculomotor expression of a low-level visual grasp reflex, but on the other hand 828 

their prevalence hinges on advanced saccadic preparation mediated by top-down 829 

inputs. FEF inactivation reduced, but did not abolish, the prevalence of express 830 

saccades, indicating that the FEF is an important, but not critical nor exclusive, source 831 

of top-down input favoring express saccade production. This observation complements 832 

and extends lesion work in monkeys (Schiller et al. 1987) and clinical work in stroke 833 

patients (Rivaud et al. 1994) showing a persistent ability to generate express saccades 834 

despite permanent damage to the FEF; the persistent ability to generate express 835 

saccades in the absence of the FEF is not simply due to long-term compensation.  836 

 837 
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Implications of our results on the presumed functioning of the projection from the 838 

FEF to the saccadic brainstem. 839 

Our results permit some speculation on the functional physiology of FEF projections that 840 

bypass the iSC and directly contact the oculomotor brainstem. This bypass pathway, 841 

which was shown by anatomical studies (Leichnetz 1980, 1981; Huerta et al. 1986), is 842 

thought to aid recovery of oculomotor functions following iSC ablations (Schiller 1977; 843 

Keating and Gooley 1988a). In the intact animal however, saccades evoked by FEF 844 

stimulation are abolished if the corresponding topographic location in the iSC is 845 

pharmacologically inactivated (Hanes and Wurtz 2001), suggesting that signals relayed 846 

via the bypass pathway were insufficient to initiate a saccade in an intact animal. In 847 

support of this, antidromically-identified cortico-pontine neurons project mainly to the 848 

omni-pause (OPNs) region of the oculomotor brainstem, rather to the burst generators 849 

within the paramedian pontine or central mesencephalic reticular formation (Segraves 850 

1992).   851 

  852 

We have shown that FEF inactivation reduces iSC preparatory activity and increases 853 

SRT. However, the level of iSC preparatory activity associated with a particular SRT is 854 

unchanged during FEF inactivation. This observation is inconsistent with a role for the 855 

FEF in saccade triggering in the context of our task; had this been then case, then one 856 

would have expected increased iSC preparatory activity for a given SRT, to compensate 857 

for the loss of signaling from the FEF. Instead, providing that other inputs can get the 858 

iSC to a particular level of activity, a saccade of a given SRT will be generated. Thus, 859 

signals relayed via the bypass pathway would appear to have a negligible role in 860 
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integration of visual and preparatory signals into a saccade triggering signal, as the 861 

dynamics by which SC and brainstem circuits trigger a saccade appears to be 862 

preserved during FEF inactivation in this task.   863 
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Figure legends: 1037 

Figure 1: FEF inactivation increased SRTs for contraversive saccades. A & B: Eye 1038 

position traces for an example session across pre- (red), during (blue) and post 1039 

(green) cooling trials for ipsiversive (A: leftward saccades) and contraversive (B: 1040 

rightward saccades) saccades, respectively (left FEF was inactivated). C & D: Each 1041 

line connects mean SRT (± SD) across pre-, during, and post cooling sessions for 1042 

each of the 2 monkeys for ipsiversive (C) and contraversive (D) saccades. Both 1043 

monkeys exhibited increased SRT for contraversive saccades during FEF 1044 

inactivation that rebounded after FEF rewarming. 1045 

Figure 2: FEF inactivation decreased preparatory activity in the ipsilesional iSC. 1046 

(A, B & C) Spike rasters (below) and mean spike density functions (above, mean ± 1047 

SE) showing reduced (A & B) or unchanged preparatory activity (C) during FEF 1048 

inactivation. Inset shows the magnified view of the relevant period of interest. Box 1049 

plots shows the SRT changes for the corresponding behavioral sessions (median, 1050 

25-75 percentile and the range). All the sessions showed significant increases in 1051 

SRT (p<0.05, Wilcoxon rank sum test). Pre- and post-cooling trials pooled as 1052 

FEFwarm (red) and trials during FEF inactivation are shown as FEFcool (blue).  1053 

Across all the neurons (n=35), FEF inactivation did not alter baseline activity (D), 1054 

but reduced PREP activity (E), the slope of PREP activity (F), and the final level of 1055 

PREP activity (G) at p level of 0.05 (Wilcoxon sign rank test). Circles and squares 1056 

represent data from monkey DZ and OZ, respectively; and filled symbols 1057 

represents significant change at individual neuron level. 1058 

Figure 3: FEF inactivation decreased fixational activity in the ipsilesional rostral 1059 
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iSC. (A, B & C) Spike rasters (below) and mean spike density functions (above) 1060 

showing reduced fixational baseline activity for three representative neurons. 1061 

Across all the neurons (n=17), FEF inactivation reduced baseline activity (D), and 1062 

PREP activity (E), but did not alter the slope of PREP activity (F) or the final level of 1063 

PREP activity (G) at p level of 0.05 (Wilcoxon sign rank test). Same format as Fig. 1064 

2 1065 

Figure 4: FEF inactivation changes trial by trial relationship between preparatory 1066 

activity and SRT. (A, B & C) Trial by trial linear regression fits (solid lines) between 1067 

PREP and SRT during FEFwarm (red) and FEFcool (blue) for three example 1068 

neurons shown in Fig.2. Each dot shows data from a single trial. (A) shows an 1069 

increase in y-intercept and steepening of the relationship during FEF inactivation. 1070 

(B) shows emergence of a PREP-SRT relationship during FEF inactivation. (C) 1071 

shows the loss of a PREP-SRT correlation during FEF inactivation. (D) shows the 1072 

changes in the correlation coefficient (r) during FEF inactivation. (E & F) shows the 1073 

changes in y-intercept (E) and slope (F). Circles and squares represent data from 1074 

monkey DZ and OZ, respectively; and filled symbols represents significant change 1075 

at the individual neuron level. Black, red and blue filled symbols indicate neurons 1076 

exhibiting significant PREP-SRT correlation during both FEFwarm and FEFcool 1077 

condition, only FEFwarm condition, or only FEFcool condition, respectively. Unfilled 1078 

symbols indicate non-significant PREP-SRT correlation during both FEFwarm and 1079 

FEFcool condition.  1080 

Figure 5: FEF inactivation did not alter population preparatory activity in the iSC 1081 

for SRT matched saccades. (A & C) shows the SRT histograms for FEFwarm (red 1082 
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and upright) and FEFcool (blue and inverted) conditions for monkey DZ and 1083 

monkey OZ, respectively. The shaded region indicates the 50ms range of SRT in 1084 

both monkeys where enough trials (> 5% trials in each 10ms SRT bins; the 1085 

horizontal black dotted lines) contributed to both FEFwarm and FEFcool conditions. 1086 

(B & D) shows the profiles (Mean ± SE) of population iSC preparatory activity at 1087 

different SRT ranges for monkey DZ and monkey OZ, respectively. Population 1088 

profile for FEFwarm (red) and FEFcool (blue) condition overlapped across the 1089 

range of SRT studied.  1090 

Figure 6: FEF inactivation did not alter the final level of iSC population PREP 1091 

activity for latency matched express saccades. (A) shows the iSC population 1092 

profiles for express saccades with matched pairs of SRT within ± 3ms for FEFwarm 1093 

(red) and FEFcool (blue) conditions. Across our sample, 191 matched trials could 1094 

be extracted from both monkeys.  (B, C & D) shows a significant increase in 1095 

baseline activity (B) and slope of PREP activity (C) but an unaltered final level of 1096 

PREP activity (D) (Wilcoxon sign rank test). 1097 
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