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Abstract 29 

Gaze saccades –rapid shifts of the eyes and head toward a goal— have provided fundamental 30 

insights into the neural control of movement. For example, it has been shown that the superior 31 

colliculus (SC) transforms a visual target (T) code to future gaze (G) location commands after a 32 

memory-delay. However, this transformation has not been observed in ‘reactive’ saccades 33 

made directly to a stimulus, so its contribution to normal gaze behavior is unclear. Here, we 34 

tested this using a quantitative measure of the intermediate codes between T and G, based on 35 

variable errors in gaze endpoints. We demonstrate that a rapid spatial transformation occurs 36 

within the primate’s SC (Maccaca Mulatta) during reactive saccades, involving a shift in coding 37 

from T, through intermediate codes, to G. This spatial shift progressed continuously both across 38 

and within cell populations (visual, visuomotor, motor), rather than relaying discretely between 39 

populations with fixed spatial codes. These results suggest that the SC produces a rapid, noisy, 40 

and distributed transformation that contributes to variable errors in reactive gaze shifts.  41 

Significance Statement  42 

Oculomotor studies have demonstrated visuomotor transformations in structures like the 43 

superior colliculus with the use of trained behavioral manipulations, like the memory-delay and 44 

antisaccades tasks, but it is not known how this happens during normal saccades. Here, using a 45 

spatial model fitting method based on endogenous gaze errors in ‘reactive’ gaze saccades, we 46 

show that the superior colliculus provides a rapid spatial transformation from target to gaze 47 

coding that involves visual, visuomotor, and motor neurons. This technique demonstrates that 48 

SC spatial codes are not stable, and may provide a quantitative diagnostic marker for assessing 49 

the health of sensorimotor transformations. 50 

  51 
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Introduction 52 

Saccades and coordinated  eye-head gaze shifts have been employed extensively to 53 

study the fundamental neural basis of sensorimotor transformations (Mays and Sparks, 1980; 54 

Wurtz and Albano, 1980; Gnadt et al., 1991; Freedman and Sparks, 1997a, b; Freedman, 2008; 55 

Sadeh et al., 2015; Sajad et al., 2015). As a result, the circuitry of the saccade system in humans 56 

is very well described (Fischer, 1986; Pierrot-Deseilligny et al., 1991a, b; Gaymard and Pierrot-57 

Deseilligny, 1999; Munoz and Everling, 2004). Studies in non-human primates have revealed 58 

numerous additional details about the cellular and signal properties. For example, neurons that 59 

are activated during a gaze task in the superior colliculus (SC), frontal eye fields, (FEF) and 60 

lateral intraparietal cortex (LIP) can be categorized into populations of cells with ‘visual’ 61 

responses (briefly delayed burst responses to a visual stimulus), ‘motor’ responses (burst 62 

activity just before and after a saccade) or visuomotor responses, i.e., both visual and motor 63 

(Goldberg and Wurtz, 1972b; Goldberg and Bushnell, 1981; Bruce and Goldberg, 1985; Bruce et 64 

al., 1985; Munoz and Wurtz, 1995a, b; Freedman and Sparks, 1997a; Bisley and Goldberg, 2003; 65 

Gandhi and Katnani, 2011). The timing of these responses thus seems to imply a transformation 66 

between the visual and motor responses in the temporal domain, but demonstrating a 67 

transformation in the spatial domain has proven to be far more difficult and controversial. 68 

Numerous studies have approached this question from the perspectives of 1) effector 69 

specificity (i.e., where and how is a general gaze command apportioned into separate 70 

commands for eye and head motion) and 2) what reference frames are used to code these 71 

variables (e.g., eye, head, or body centered). These questions remain controversial (Caruso et 72 

al., 2018) but the predominant consensus is that higher level structures like SC, LIP, and FEF 73 

primarily code target and/or gaze direction relative to initial eye orientation, with default 74 

effector-specific codes and reference frames developed downstream (Sparks, 1989; Sparks and 75 

Hartwich-Young, 1989; Klier et al., 2001; Sparks, 2002b; Crawford et al., 2011; Steenrod et al., 76 

2013). Consistent with this view, we recently quantified two-dimensional SC and FEF response 77 

fields during naturally variable eye-head gaze shifts, and found that eye-centered coordinates 78 

provided better fits to the data than effector-specific codes and frames of reference (DeSouza 79 

et al., 2011; Sadeh et al., 2015; Sajad et al., 2015).  80 
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The more basic question of whether these structures employ a sensory code (specifying target 81 

location) or a motor code (specifying future gaze location) has also proven difficult to resolve, 82 

particularly in simple ‘reactive saccades’ made directly to a target without delay. Various 83 

studies have suggested that neurons in SC, FEF, and/or LIP encode location (Tian et al., 2000; 84 

DeSouza et al., 2011; Steenrod et al., 2013), the saccade command (Mays and Sparks, 1980; 85 

Freedman and Sparks, 1997a; Horwitz and Newsome, 1999; Knight and Fuchs, 2007; Marino et 86 

al., 2008) , or some time-dependent combination of both (Sadeh et al., 2015; Sajad et al., 2015). 87 

This is especially difficult to test in reactive saccades because they typically are accompanied by 88 

little temporal separation between visual and motor responses, and little spatial separation 89 

between the direction of a visual stimulus and saccade direction(Mays and Sparks, 1980; 90 

Waitzman et al., 1988; Stanford and Sparks, 1994; Munoz and Everling, 2004).  91 

Various other behavioral paradigms have been exploited to dissociate target versus gaze 92 

coding, but each poses its own interpretive challenges, when one attempts to relate their 93 

results to reactive saccades. A memory-delay can be used to produce saccade errors that 94 

dissociate the sensory and motor vectors (Stanford and Sparks 1994; Platt and Glimcher 1998). 95 

In a recent variation of this approach, we tested SC and FEF responses before and after a 96 

memory-guided gaze shifts, and then determined if the resulting RFs produced best fits against 97 

target coordinates versus motor coordinates that accounted for variable gaze errors (Sadeh et 98 

al., 2015; Sajad et al., 2015). The best fits suggested that the visual response encodes target 99 

direction relative to initial eye orientation (Te), whereas the motor response encodes the final 100 

gaze direction relative to initial eye orientation (Ge). This transformation did not occur in a 101 

single discrete step, but rather proceeded through intermediate codes along a ‘T-G continuum’, 102 

finally shifting to G in pure motor cells active just before a saccade (Sajad et al., 2016). 103 

However, such memory-delay paradigms introduce suppression signals, memory signals, and a 104 

memory-motor transformation. These signals might introduce the accumulation of noise, 105 

creating an apparent ‘transformation’ that may not be present in simple reactive saccades 106 

(Stanford and Sparks, 1994; White et al., 1994; Ohbayashi et al., 2003; Barber et al., 2013; 107 

Hollingworth, 2015; Sadeh et al., 2015; Sajad et al., 2015; Sajad et al., 2016; Sadeh et al., 2018).  108 

 109 
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The anti-saccade paradigm produces an extreme visual-motor dissociation by training animals 110 

to saccade opposite to the target. Anti-saccade studies have shown that many cells in the SC, 111 

FEF, and LIP initially encode visual target direction, but then switch to coding saccade direction  112 

(Gnadt and Andersen, 1988; Gnadt et al., 1991; Groh and Sparks, 1992; Everling and Munoz, 113 

2000; Russo and Bruce, 2000; Paré and Hanes, 2003; Zhang and Barash, 2004; Marino et al., 114 

2008; Watanabe et al., 2009). However, anti-saccades require suppression signals and spatial 115 

transformations that are not present in reactive saccades (Bell et al., 2000; Everling and Munoz, 116 

2000; Munoz and Everling, 2004; Coe and Munoz, 2017), and thus introduce ’non-standard’ 117 

transformations (Hawkins et al., 2013; Sayegh et al., 2014). Second, anti-tasks can also cause 118 

directional tuning to reverse in occipital cortex, suggesting a remapped image rather than a 119 

sensorimotor transformation (Cappadocia et al., 2017). Studies that have attempted to 120 

disentangle these alternatives suggest that both may occur, even across different neurons in 121 

the same cortical area (Fernandez-Ruiz et al., 2007).  122 

Finally, double-step tasks combine both a memory-delay and dissociation of the visual and 123 

saccade vectors, by interposing another eye movement within the memory-delay. In such tasks, 124 

populations of cells in the SC, FEF, and LIP are known to update their coding direction from the 125 

original visual stimulus to the final saccade motor output (Mays and Sparks, 1980; Walker et al., 126 

1995; Tian et al., 2000; Zhang and Barash, 2004; Dash et al., 2015). In terms of understanding 127 

‘standard’ visuomotor transformations, this technique combines both the strengths and above 128 

weaknesses of the previous two techniques. In some cases spatial updating involves a 129 

transformation from visual to motor cells (Zhang and Barash, 2004; Dash et al., 2015) but visual 130 

neuroscientists often describe remapping phenomena as a process of updating target direction 131 

(Duhamel et al., 1992; Tian et al., 2000; Nakamura and Colby, 2002; Joiner et al., 2017). And 132 

again, spatial updating and/or remapping clear depend on very different neural mechanisms 133 

(such as saccade efference copies) than simple reactive saccades. 134 

In summary, each of the above approaches have their own purpose and merit, but also pose 135 

interpretive challenges if one wishes to transpose their results to reactive saccades. Further, 136 

they require extensive training in animals, which potentially might alter normal synaptic 137 

connectivity. Thus, it is important to establish if similar transformations occur in reactive 138 
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saccades. Our previous study concluded that the SC primarily encodes target location during 139 

reactive saccades (DeSouza et al. 2011), but that study did not separate different cell types and 140 

was not temporally sensitive enough to track spatial coding changes within the burst. And as 141 

noted above, our studies that did show such a transformation utilized a delay paradigm (Sadeh 142 

et al., 2015; Sajad et al., 2015). Thus, to our knowledge, no previous study has established if a 143 

spatial transformation occurs during the SC burst that accompanies simple reactive saccades. 144 

In the current study we directly investigated if the continuous neural activity present during 145 

reactive saccades shows the same spatial transformation that been shown in the memory-delay 146 

paradigm (Sadeh et al., 2015; Sajad et al., 2015).  To do this, we used the memory paradigm to 147 

sort SC cells into visual, visuomotor, and motor types, but then recorded from these same 148 

neurons during the reactive task, and analyzing their spatial content using a recently developed 149 

model fitting approach (Keith et al., 2009; DeSouza et al., 2011; Sadeh et al., 2015; Sajad et al., 150 

2015). Further, we used a variant of our recent spatiotemporal analysis (Sajad et al., 2016) to 151 

test for a rapid transformation within the continuous burst present during reactive saccades. In 152 

brief, we used our ‘model-fitting’ approach to test the 2-D RFs of each neuron at various time 153 

intervals within the SC burst, and plotted each of these against various coordinate systems 154 

(shifted along the T-G continuum). We found that, in the absence of a memory-delay, SC 155 

neurons produce a rapid spatiotemporal transformation from retinal to gaze coding, through a 156 

distributed transformation that appears to depend more on timing than cell type. 157 

Methods 158 

Animals and Surgical Procedures 159 

The data were collected from two female monkeys (Macaca Mulatta, M1 and M2; age, 10 160 

years; weights, 6.5 and 7 kg) with a protocol approved by the institution’s Animal Care 161 

Committee in accordance with guidelines published by the Canadian Council for Animal Care. 162 

With similar surgical procedures as described previously (Crawford et al., 1999; Klier et al., 163 

2001), the monkeys were prepared for long-term electrophysiology and three-dimensional 164 

(3D); horizontal, vertical, and torsional) gaze movement recordings. Each monkey was 165 

subjected to general anesthesia with 1–2% isoflurane after intramuscular injection of ketamine 166 
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hydrochloride (10 mg/kg), atropine sulphate (0.05 mg/kg), and acepromazine (0.5 mg/kg). As 167 

previously described (Sadeh et al., 2015; Sajad et al., 2015), in order to minimize the collisions 168 

between experimental setup and Microdrive/electrode we implanted a vertically aligned unit 169 

recording chamber (i.e. with no tilt) placed 5 mm anterior and 0 mm lateral in stereotaxic 170 

coordinates, which allowed access to the left and right SC. This chamber angle and position 171 

were chosen to minimize collisions between the electrode/microdrive and the experimental 172 

setup during head movements, and to simplify the use of stereotaxic coordinates during 173 

recordings. The chamber was then surrounded by a dental acrylic cap, which was anchored to 174 

the skull with 13 stainless steel cortex screws. Two scleral search coils (diameter, 5 mm) were 175 

implanted in one eye of the monkeys to record 3D eye movements. Two orthogonal coils, which 176 

were secured with a screw on a plastic base on the cap, recorded the 3D head movements 177 

during the experiments. 3D recordings and analysis were performed as described previously 178 

(Crawford et al., 1999; DeSouza et al., 2011).  179 

Experimental equipment  180 

We used a Pentium IV PC and custom-designed software to present stimuli, control behavior 181 

paradigms, send digital codes to a Plexon data acquisition system, and deliver juice rewards to 182 

the monkeys. Stimuli were presented on a screen 60 cm in front of the monkey, by use of a 183 

projector (WT600 DLP projector; NEC). Monkeys were seated on a custom-designed primate 184 

chair to have their heads move freely at the centre of a 1-m3 magnetic field generator 185 

(Crawford et al., 1999), and a juice spout (Crist Instruments) was placed on the skull cap for 186 

computer-controlled delivery of the juice reward to the monkey’s mouth.  187 

Behavioural recordings and paradigms  188 

All experiments were performed in head-unrestrained conditions. This was necessary for the 189 

preliminary general reference frame analysis that preceded this experiment (Sadeh et al., 190 

2015). Here, target (T) and gaze (G) position in eye coordinates were the key parameters, but 191 

head-unrestrained recordings also had advantages here: comfort, minimum experimental 192 

manipulations (i.e. our task did not require heavy training or special measures to dissociate 193 

between parameters and mimics a natural reactive gaze shift more closely) , normal system 194 
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behavior (since the natural behavior indeed involves eye + head movements and gaze shifts do 195 

not normally occur with the head fixed), adequate range of gaze motion for testing large neural 196 

response fields (RF; see below), and the tendency toward more prolonged neural activity, 197 

amenable to a more detailed spatiotemporal analysis (Keith et al., 2009; DeSouza et al., 2011). 198 

Conversely, 3D recordings and analysis were required for the proper transformation of T and G 199 

data to eye coordinates, to account for the significant torsional eye rotation and prominent 200 

non-linearities that occur in the head unrestrained gaze range (Tweed and Vilis, 1987; Crawford 201 

et al., 1999; Klier et al., 2003; DeSouza et al., 2011).  202 

The primary behavioral condition used during our neural recordings was the Reactive gaze shift 203 

task (Figure 1), the fundamentals of the task are similar to those used in various studies 204 

previously (Deubel, 1995; Munoz and Wurtz, 1995a, b; Brown et al., 2004a; Alahyane et al., 205 

2007; Cotti et al., 2009; DeSouza et al., 2011). The spatial aspects of this task were optimized 206 

for the model fitting analysis described below, including the separation of different reference 207 

frames and more importantly here, T from G coding. Animals were trained to begin each trial by 208 

fixating a central position (green circle with radius of 0.5°, tolerance window of 2-5 deg radius), 209 

with a location that randomly varied within a predetermined square range approximately equal 210 

to the cell’s RF size (This is not a tolerance window, merely a range of possible initial fixation 211 

positions), - for 900-1000 ms (randomly varied interval). Simultaneous with initial fixation point 212 

disappearance-serving as the GO signal - a target (red circle with a size of 0.5°) was presented in 213 

the periphery for 125 ms, brief enough to ensure no visual feedback after the completion of the 214 

gaze shift. The location was previously determined from preliminary RF mapping. Animals were 215 

then required to make a gaze shift toward the briefly flashing stimulus and fixate on it for 200 216 

ms in order to receive juice reward. To spatially separate targets from gaze coding, we 217 

designated a tolerance window of 6–12° (diameter) for gaze endpoint inaccuracies (errors) 218 

around the locations of the targets, which resulted in a naturally-generated spread around the 219 

targets (See Figure 1A, B, C). This variable error is the basis of our analysis method Sajad et al. 220 

(2015). 221 

A standard round reward window was used to reward monkeys for coming within a certain 222 

distance of the target, without biasing for direction. The shape of the initial range is somewhat 223 
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arbitrary, so long as it provides enough variance in initial gaze position to separate space-224 

centered versus eye-centered models. In the simulations used to develop this method, we 225 

found that a range approximately equal to the RF size is ideal (Keith et al., 2009) . Since we 226 

cannot a priori know the exact shape of the RF, and the exact shape is not important, we just 227 

started with a square and adjusted overall size for each neuron. 228 

In addition, we recorded the same neurons in a Memory-delay task. This was identical to the 229 

reactive task, except with a memory-delay of 400-700ms during which the animal had to 230 

maintain fixation before making a saccade. These results were analyzed previously (Sadeh et al. 231 

2015) and are only used here to distinguish different neuron types. A more detailed description 232 

of eye-head kinematics in this task was described previously (Sadeh et al., 2015, 2018); here we 233 

focused on gaze kinematics relative to target location. 234 

Trial definition and inclusion criteria  235 

The beginning of a trial was marked by the appearance of the initial fixation point. The 236 

beginning of the gaze saccade was defined as the instant when its velocity exceeded 50°/s, and 237 

its end was at the time when its velocity decreased to 30°/s. We excluded trials on the basis of 238 

spatial and temporal criteria. First, trials in which the directions of the gaze shifts were 239 

completely unrelated to the direction of the target (e.g. opposite direction) were removed. In 240 

other words, saccades that were so inaccurate that monkeys might not have been attending to 241 

the task. For objective inclusion criteria of accurate and attentive gaze shifts we performed the 242 

following: we obtained the regression between errors in gaze vs. retinal error (the retinal angle 243 

between the fovea and the target at the initial eye position before the gaze shift), and removed 244 

trials with gaze error exceeding two standard deviations from this regression line. Furthermore, 245 

every trial was visually inspected, and any trial in which the gaze shift consisted of multistep 246 

saccade was excluded. For each neuron, we required successful performance for at least 80% of 247 

total trials (mean (standard error of the mean (SEM)) trials = 178 +/- 16), and at least seven 248 

successful gaze shifts towards each target location (with a possible maximum of 15), after 249 

excluding erroneous trials. All included trials were considered for analysis irrespective of 250 

whether or not the monkey received a reward after the trial. Also, only neurons for which a 251 
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sufficiently wide range of the RF was sampled were used for analysis. To enforce this criterion, 252 

during off-line analysis, and after applying exclusion criteria on trials and behavior, we checked 253 

to make sure that (in addition to having at least seven trials for each target) these targets 254 

covered a range that modulated the cells from minimal activity to peak activity, i.e., either 255 

surrounding the ‘hot spot’ in closed RFs or including the largest testable rise in open RFs. Note 256 

that RF slope matters more than flat areas like plateaus or flat valleys, because these are the 257 

areas where our analytic method is most sensitive to (see ‘Fitting Spatial Models’ below).  We 258 

used predetermined bin sizes of 16 ms width to generate spike density plots. 259 

 Neural recordings  260 

We recorded extracellular activity from the left and right SC with tungsten microelectrodes 261 

(FHC). The electrode was inserted through a guide tube, which was controlled by a hydraulic 262 

microdrive (MO- 90S; Narishige International, East Meadow, NY, USA). Isolated signals were 263 

amplified, filtered and stored for off-line sorting with the Plexon MAP system. The SC was 264 

identified according to criteria published previously (DeSouza et al., 2011; Sadeh et al., 2015). 265 

The steps of SC identification and confirmation are identical to those explained previously 266 

(Sadeh et al., 2015). The memory-delay saccade task was used to dissociate between visual and 267 

movement related activities and categorize cells into visual, visuomotor (VM) and motor 268 

neurons.  269 

To categorize these different types, we used a burst frequency threshold relative to baseline. 270 

Specifically, visual neurons were defined categorically as cells that showed a robust burst of 271 

activity (Firing rate cutoff of > 50 spikes/s above the baseline at peak) after the stimulus 272 

presentation(Goldberg and Wurtz, 1972a, b; Mays and Sparks, 1980). We used a window of 60 273 

ms to 160 ms relative to stimulus presentation for analysis of neural activity in visual cells 274 

(Freedman and Sparks, 1997a; DeSouza et al., 2011; Marino et al., 2012; Sadeh et al., 2015). 275 

Motor neurons were defined as those that had 50 spikes/s above baseline activity during the 276 

interval from -50 ms to +50ms relative to saccade onset; with activity starting prior to the gaze 277 

onset, and that continued to fire ~100 ms after gaze onset(Glimcher and Sparks, 1992; Munoz 278 

and Wurtz, 1995a, b; Gandhi and Katnani, 2011). Neurons that met both criteria were classified 279 
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as visuomotor. The timing of peak of the activity was determined by careful visual inspection 280 

using spike density plots.  281 

We also used a visuomotor index metric to quantify the relative distributions of visual versus 282 

motor vigor in a continuous fashion. (VMI = (Motor spike count - Visual spike count) / (motor 283 

spike count + visual spike count), motor spike count was counted in +/-50ms window relative to 284 

gaze onset and visual spike count was counted in time window of 60 to 160 ms (relative to 285 

target or stimulus onset) to quantatively separate these based on our previously published 286 

memory-delay task data (Sadeh et al., 2015). Normalized epoch This gave a score where -1 is a 287 

purely visual neuron and +1 a purely motor neuron).  288 

Compared to the categorical classification (based on 50 spikes/s > baseline), the VMI calculation 289 

resulted in ranges of -0.83 to 0.098 for visual neurons, visuomotor neurons ranged from -0.84 290 

to 0.71 and the pure motor neurons had VMI values from 0.2 to 0.74. Note that the VMI 291 

calculation was based on average firing rate within the window, whereas the firing rate cutoff 292 

was based on the first observed peak of activity within the defined range. When we refer to 293 

‘number of spikes’ below, this refers to number of action potentials in these defined temporal 294 

windows, also we use neural activity and burst interchangeably to refer to the same concept of 295 

high frequency of action potentials. The variability of VMI and differences in categorization of 296 

neurons resulted from the differences in vigor and characteristic of cell discharges depending 297 

on their class (for example buildup activity vs. burst type), which we did not consider as a sub 298 

population in our analysis. Also, the VMI is a measure of the relative strength of the visual and 299 

motor activity so it can result in some wide fluctuations in values, especially for lower firing 300 

rates. We therefore used the 50 spikes/s > baseline criteria for classification because it is 301 

simple, immune to relative influences, and ensured good signal-to-noise ratios for our analysis. 302 

The temporal windows that we used for analysis of bursting activity in the reactive task are 303 

illustrated in the results section (Figure 2). For some analyses (i.e., Figures 3,4) we used a fixed 304 

window of +60 to +160ms relative to visual target presentation for visual activity (shown as red 305 

vertical lines) and -50 to +50 ms relative to saccade onset (shown as black vertical lines). For 306 

other analyses (i.e. Figure 5, 6) we considered the entire burst duration of the neurons 307 
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(windows shown as blue vertical lines). The selection of ‘full burst’ time windows was based on 308 

visual inspection (DeSouza et al. 2011) but validates this by an objective approach (see below). 309 

The average range of the selected temporal analysis window (aligned on stimulus onset) was 310 

342 +/- 62 ms. Although the majority of the data was analyzed with objective measures, here 311 

we aimed to use visual inspection of data to show that the current, more sophisticated analysis 312 

provides a more nuanced picture of the data than the ‘one best model’ result we reported in 313 

our earlier findings (DeSouza et al., 2011).  For visual neurons the full duration of burst was 314 

defined as the time which the activity increases above 50 spikes/s after the stimulus 315 

presentation to a point at which the activity considerably declines (as detected by visual 316 

inspection). This window was on average from +48 ms (start, +/- 14) to +231 ms (end, +/- 32) 317 

relative to visual stimulus onset. For VM neurons the average range of the entire burst was 318 

+47ms to +421 ms relative to visual stimulus onset (+/- 11 and 38 respectively). Note that these 319 

values are different from memory guided task. We also aligned VM neuron activity with the 320 

gaze onset and performed the similar full burst analysis, but found no significant change in the 321 

results. For motor neurons the average range was -94 to 194 ms relative to saccade onset (+/- 322 

22 and 33 respectively).  Finally, for figures 6 and 7, we performed a stepwise analysis of the 323 

entire duration of individual neuron activities broken down into smaller time windows in order 324 

to investigate how spatial coding changed through time (see ‘spatiotemporal analysis’ approach 325 

below).  326 

To report burst onset and duration results, and validate the visual inspection-derived windows 327 

used for some analyses, we used an objective approach developed and reported by Legendy 328 

and Salcman (Legendy and Salcman, 1985) and applied to neural recording data (for identifying 329 

burst onset) by Hanes and colleagues (Hanes et al., 1995) as well as Thompson and colleagues 330 

(Thompson et al., 1996). In brief, this approach assumes that spike activity behaves in a Poisson 331 

manner, and for every trial the periods of spiking activity in which the spikes are too close in 332 

time are calculated, such that these periods of spiking are those surpassing that described by 333 

chance alone (referred to as "surprise"). Here we used the same approach and calculated all the 334 

bursts in the entire spike train, and then applied this method to determine the onset of each 335 

burst. In addition, we also calculated the mean discharge rate -determined by number of spikes 336 
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from the period which fixation on the initial position starts- to 20-150 ms -which is a period 337 

which the start of visual burst definitely falls within-.  Once we determined the burst onset time 338 

for every trial, we then obtained the average and standard deviation of the burst onset time 339 

estimate.  We used the visual inspection method to define the outer bounds for our 340 

spatiotemporal analysis (see below) because it led to better signal-to-noise ratios, but both 341 

methods yielded similar results.  342 

 343 

Fitting spatial Models against Neuronal Response Fields 344 

Our general model-fitting method was fully described in Keith et al., (2009) and has 345 

subsequently been employed in several previous neurophysiological studies (Keith et al., 2009; 346 

DeSouza et al., 2011; Sadeh et al., 2015; Sajad et al., 2016). The basic principle is to perform 347 

non-parametric fits against RF data plotted in various 2-D coordinate systems (corresponding to 348 

various spatial models), and then determine which one yields the best fits (i.e., lowest 349 

residuals) compared to the actual data (see below for details). The method is conceptually 350 

similar to that employed by Platt and Glimcher (1998), except that we do not assume that the 351 

RFs are restricted to any particular shape. The coordinate systems used for these fits are based 352 

on physical geometric and behavioral measures taken from the laboratory. What separates (or 353 

‘deconvolves’) these different spatial models is the natural variability of gaze behavior. The 354 

current gaze task (Figure 1B) produced variability in initial gaze, eye and head position, variable 355 

contributions of eye and head displacement to the gaze shift, and variable gaze errors relative 356 

to target position. This in turn produced variability between 11 different coordinate systems 357 

derived from our 3D eye and head recordings: target direction in eye, head, and space 358 

coordinates, final gaze direction in eye, head, and space coordinates, gaze displacement in 359 

space coordinates, final eye position and eye displacement in head coordinates, and final head 360 

position and head displacement in space coordinates. The specifics of these models and 361 

methods are described in detail elsewhere (Sajad et al. 2015; Sadeh et al. 2015). 362 

To determine which of these coordinate system models best described our neural data, we 363 

followed a statistical procedure that has also been described in detail elsewhere (Keith et al., 364 



 
 

14 
 

2009; Sajad et al., 2015; Sadeh et al., 2015). In brief conceptual terms, our analysis software did 365 

the following: first, for each neuron, the neural activity from each trial was plotted as a function 366 

of 2D position in each of the coordinate systems described above (e.g. target in space, gaze in 367 

space, etc.) Graphic examples of such plots are provided in each sub-section of the results 368 

below (where the circles indicate the number of spikes for a given temporal window, plotted in 369 

specific coordinate systems). Within each of these coordinate systems, we then constructed 370 

non-parametric RF fits to the data, using Gaussian kernels with bandwidths ranging from 2-15 371 

degrees (in the results figures, these fits are represented as color heat maps). The quality of the 372 

model fits to the data were then quantified by calculating the Predicted Sum of Squares (PRESS) 373 

residuals for all trials (Keith et al., 2009). Briefly, the PRESS residual for each trial was obtained 374 

by: 1) eliminating that trial from the data, 2) performing a fit to the remaining data points as 375 

described above and 3) obtaining the residual between the fit and the missing data point. This 376 

is done for every trial for each neuron. The overall predictability power of the model for the 377 

recorded data set was then quantified as the average of PRESS residuals across all trials for that 378 

neuron. The best spatial code was then defined as the model and kernel bandwidth that yielded 379 

the overall best fit (i.e. smallest residual) to the data for each neuron. It is noteworthy that this 380 

analysis is not influenced by systematic errors in behavior, but instead relies entirely on 381 

variability in the spatial relationship between positions in different models. 382 

In our previous study we performed these tests on an overlapping but larger population of SC 383 

neurons recorded during the memory-delay paradigm (Sadeh et al., 2015). This analysis showed 384 

a preference for coding target relative to initial eye orientation (Te) in most visual responses, 385 

and this preference was significant compared to all other models at the population level. In 386 

contrast, the best overall fit for the motor response was future gaze relative to initial eye 387 

orientation (Ge). This fit was significantly better than all head and space-centered models at the 388 

population level. Ge was not significantly better than fixed displacement models of the eyes 389 

and head, but these models were by previous head-unrestrained stimulation results (Klier et al., 390 

2001). The dataset for the current study employed a majority sub-set of the neurons from the 391 

previous study, but tested instead in the reactive saccade task. In a preliminary analysis, we 392 

repeated the statistical tests from our previous study (Sadeh et al., 2015) using the same target 393 
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and saccade-aligned temporal windows. Since the analysis, most neurons, and the results were 394 

the same we did not repeat this here, but overall we found: a preference for Te for the visual 395 

response, and Ge for the motor response at the population level. Note that the difference 396 

between Te and Ge arises from variable gaze errors, which we enabled in the previous and 397 

current study by rewarding animals for placing gaze within a relatively large spatial window. 398 

 399 

T-G Continuum Analysis 400 

Our previous analyses have suggested that a spatial transformation occurs between SC visual 401 

and motor responses, best represented at the population level as a shift from coding Te to Ge. 402 

In order to test this directly, we created a series of intermediate models along a ‘T-G 403 

Continuum’ (Sadeh et al., 2015; Sajad et al., 2015; Sajad et al., 2016; Sadeh et al., 2018). The 404 

physical basis of the T-G continuum is illustrated in Figure 1 C, which shows the T-G continuum 405 

for an example trial. This continuum extends between, and beyond Te and Ge position for every 406 

such trial. The intermediate spatial models were constructed by dividing the distance between 407 

target position and final gaze position for each trial into 10 equal intervals and 10 additional 408 

intervals extended on either end. This results in a series of intermediate models (1-31), where 409 

Te falls at 11 and Ge falls at 21. We then performed non-parametric RF fits for each of these 410 

intermediate models, as described above.  The intermediate value (here referred to as T-G 411 

alpha value) that provided the best fit was then used to describe the neuron’s spatial code 412 

along this continuum at a given point in time. For example, a T-G alpha value of 16 would 413 

indicate a code halfway between T and G. We could then perform population statistics on these 414 

fits, or use them to plot data (see results for examples).  In our previous study there was a 415 

significant shift along the T-G continuum when the visual and motor response was separated by 416 

a memory-delay. Our first goal here, was to test if the same transformation occurs when there 417 

is no memory-delay. 418 

Spatiotemporal Analysis  419 

We also aimed to test the time course of the T-G alpha shift, if any, to see if it was discrete or 420 

continuous, and if this differed between different cell types. In order to do this, the T-G 421 
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continuum analysis was applied to a series of time windows spanning the visual and motor 422 

neural activities (see Sajad et al., 2006 for details). In order to account for the variable duration 423 

of neural activity across cells, we normalized the time between the onset of modulation and the 424 

time of gaze movement onset. Modulation onset was derived from spike density functions 425 

aligned on target onset (mean = 57 ms after target onset for V and VM neurons, and 86 ms for 426 

motor neurons). Gaze movement onset was measured from behavior on a trial by trial basis. 427 

The duration between this these epochs was on average 231 ms (± 74 ms, SD) across all trials.  428 

Each normalized raster was visually inspected to confirm the timing of the windows, relative to 429 

first modulation visual bursts, movement bursts and the peaks. 430 

The interval widths for our fixed visual and motor windows are consistent with the literature 431 

(Wurtz and Goldberg, 1972; Sparks and Hartwich-Young, 1989; Marino et al., 2008; DeSouza et 432 

al., 2011; Marino et al., 2015; Bremmer et al., 2016; Sajad et al., 2016; Sadeh et al., 2018) and 433 

were derived from separate visual and motor responses in the memory-delay paradigm, as 434 

shown previously (Sadeh et al., 2015). The intervals used for our new spatiotemporal method 435 

(Figure 6) are based on those in our previous report (Sajad et al., 2016), but the number of 436 

intervals was modified to fit the current dataset. The choice of number of windows was made 437 

to result in time windows closest to 100 ms. On average, seven time windows resulted in a 438 

separation of 92 ms +/- 23 (SD) ms between the inner limits of our standard visual and motor 439 

temporal windows. Therefore, there was no overlap between these two windows. 440 

These time-normalized epochs were then divided into seven half-overlapping windows, and 441 

firing rate was computed for each window (i.e., spikes/sec; number of spikes divided by the 442 

sampling interval for each trial). The decision of number of windows to use, was based on the 443 

rough ratio of the duration of the visual response to memory-delay period to movement 444 

response, including a post-saccadic period starting from gaze onset. The majority of 6th and all 445 

of final (7th) time-step corresponded to post-saccadic period starting from the onset of gaze 446 

shift. Because of the time-normalization process the sampling window width scaled with the 447 

duration between visual response onset and movement onset on a trial-by-trial basis. On the 7-448 

step time-normalized scale, the visual burst on average lasted 4 steps (SD = +/- 0.63 steps), 449 

ending by the end of the fourth time-step in 91.2 % of trials. The sampling window width was 450 
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on average 75ms +/- 8ms (SD) and was no less than 47 ms for any trial, ensuring enough 451 

neuronal spikes for effective spatial analysis.  452 

Confirmation of significant spatial tuning (in neuron populations) 453 

Since the results of our analysis approach are only considered valid if the sampled neural 454 

activity exhibits spatial tuning, we excluded data recorded for a given neuron and/or temporal 455 

window if it did not exhibit significant spatial tuning. In order to achieve this, we used an 456 

approached described in details before (Sajad et al., 2016) , in brief we randomly shuffled the 457 

firing rate data (number of spikes divided by duration of the sampling window) and plotted 458 

them over the position data corresponding to the best-fit model, and repeated this procedure 459 

100 times to obtain 100 random RFs. The PRESS residuals of these random RFs (and their 460 

respective mean PRESS values) were then obtained after fitting the data (non-parametrically, 461 

using Gaussian kernels) with the same kernel bandwidth that was used to fit the best-fit model, 462 

resulting in a total of 100 mean PRESS residuals.  If the mean PRESS residuals for the best-fit 463 

model (PRESS best-fit) was at least 2 SD smaller than the mean of the distribution of random 464 

mean PRESS residuals, then the sampled activity was categorized as spatially-selective.  465 

Results 466 

General Observations 467 

We sampled 86 SC neurons during head unrestrained gaze shifts. Of these 86, we were able to 468 

record a complete data set from 74 neurons, spanning both sides of the SC in each animal. Of 469 

these 74 neurons, 54 met all of our inclusion criteria (31 from M1 and 23 from M2), including 470 

15 visual, 28 VM and 11 motor neurons (as Identified using the memory-delay task; (Sadeh et 471 

al., 2015)). We analyzed the latencies of the saccades to ensure that the gap between the 472 

stimulus and response was not in the range of the memory saccades that we studied previously 473 

(Sadeh et al. 2016). The mean latencies for saccades in the reactive task were 227.8ms +/- 474 

2.7ms (SEM) for animal one and 282.3ms+/- 5.3 (SEM) for animal two. Subtracting stimulus 475 

duration (125ms), this leaves a gap of only 102-157 ms (mean 129 ms) between the stimulus 476 

and the response. This clearly distinguishes our current results from the previous memory-delay 477 
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paradigm, where the stimulus and response were separated by a 400-700 ms fixation delay, 478 

plus the additional reaction time required to produce a saccade in response to a ‘go’ signal.  479 

Figure 2 shows the activity profiles of each category of neurons (Visual, VM, Motor) during 480 

reactive gaze saccades to the top 10% RF ‘hot spot’ (i.e. the region of the RF with the highest 481 

neural activity) data (red traces) and the full RF dataset (black traces). Each panel provides 482 

mean spike density plots (averaged across neurons+/- SEM).  Data are aligned both with target 483 

onset (Left column; Fig 2 A, C and E) and when aligned with gaze onset (Right Column, Fig 2B, D 484 

and F). Vertical red and black lines indicate the ‘fixed-window’ visual and motor analysis 485 

windows respectively, whereas blue vertical lines indicate the average duration of the ‘full burst 486 

analysis’.  (Note that Figure 2 shows average full burst durations for neuron populations; some 487 

neurons burst for shorter or longer durations but sum over the whole range, so the mean 488 

population spike density plots show a longer duration than the mean full burst windows).   489 

By definition (using categorical classification method and not the VMI here) visual neurons 490 

showed a much stronger target-aligned response than saccade-aligned response (Figure 2 A vs. 491 

B), VM cells showed approximately equal responses (Figure 2 C vs. D), and motor neurons 492 

showed much stronger saccade-aligned responses (Figure 2 E vs. F).  493 

The visual neuron population showed a strong initial peak of activity 88 +/- 11 ms (mean ± SD) 494 

after the stimulus onset, followed by a smaller secondary peak of activity at 170 +/- 15 SD ms 495 

(Figure 2 A).  The large third peak approximately 240 ms past stimulus onset (i.e. after the 496 

target onset) was likely residual motor activity (i.e., not excluded by our memory saccade-based 497 

population criteria) because it was absent in the memory-delay task visual response (Sadeh et 498 

al., 2015), and aligned closely with saccade onset (Figure 2 C). This was excluded from the visual 499 

full burst analysis, except in the stepwise temporal analysis shown below (Figs. 6,7). The 500 

prolonged and delayed bursts were not seen in the memory-delay task which was recorded 501 

from the same neuron and reported previously (Sadeh et al., 2015), and may represent early 502 

motor preparation rather than a classical visual response, which become more prominent when 503 

stimulus and saccade onset are closer in time (Munoz and Wurtz, 1995a, b; Sparks, 1999; Dorris 504 

et al., 2007). 505 
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The VM population showed a first peak, when averaged across all VM neurons, 106±9 ms after 506 

the visual stimulus onset (Figure 2B) and a second peak (Figure 9). 507 

+/- 3 ms after saccade onset (Figure 2D), separated by a short period (average 95+/- 12 SD ms) 508 

of sustained activity. Motor neurons showed a single peak of activity (22 ± 6 ms) after saccade 509 

onset (Figure 2F).  Henceforth, we will refer to the data from our fixed target and fixed saccade-510 

related windows as ‘visual activity’ and ‘motor activity’, based on their temporal profiles, but 511 

use our T-G continuum analysis method to quantify what spatial parameters these activities 512 

actually encode in different neurons and at different times. 513 

From the Poisson burst analysis we found that the average onset of the visual burst in visual 514 

neurons in the reactive task is 65.24 ms (SD +/- 18.3 ms) relative to target onset with a range of 515 

48.11 to 78.46 ms. For the VM neurons the onset of visual burst was 68.18 ms (SD +/- 20.5) 516 

relative to target onset with a range of 54.71 to 84.79. The burst onsets of visual and VM 517 

neurons were not significantly different (P =0.154, two tailed unpaired t test).  518 

Spatial Transformation between Visual and Motor Responses 519 

In our previous paper (Sadeh et al., 2015) we used fixed visual and motor window analysis in 520 

combination with a memory-delay paradigm to show that SC and FEF visual responses tend to 521 

code T whereas the motor responses, following a brief memory period, tends to code G (in eye 522 

coordinates). As noted in the Methods section, our previous results (Sadeh et al. 2015) and 523 

preliminary analysis of the current dataset suggested that Te and Ge provided the best overall 524 

model fits for the visual and motor response populations respectively. This suggests that a shift 525 

in coding occurs along the T-G spatial continuum during the SC burst associated with reactive 526 

saccades (see Methods and Figure 2). To test this directly, we first performed a T-G continuum 527 

analysis on fixed visual/motor window analysis on the reactive task data. Note that these two 528 

temporal windows were each 100 ms in duration, and on average were shifted from each other 529 

(start-to-start) by 192 ± 23 ms, meaning that they were separated end-to-start by only 92 ± 23 530 

ms.  Thus, we were testing if a significant spatial transformation from T toward G coding 531 

occurred over a very short period of time. 532 
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Figure 3 provides example rasters and fixed analysis windows (left column) and RF fits (middle 533 

column) for a typical visual cell (top row; A, B) and motor cell (bottom row; D, E). The visual 534 

neuron (Figure 3 A) showed a prominent peak, starting approximately 80ms after target onset 535 

and reaching maximum at 100 ms. Although it did not show motor activity in the memory-delay 536 

paradigm (Sadeh et al., 2015), here the prominent visual response was followed by smaller 537 

secondary and tertiary peaks often seen in the SC visual response (Hafed and Chen, 2016).  The 538 

RF (Figure 3 B) is plotted at its best fit along the T-G continuum, and shows a ‘closed’ response 539 

that peaks about 5 degrees down and left from the fovea/current gaze direction (as shown by 540 

the large circle data points and red ‘hot spot’ on the fit. In contrast the motor response peaks 541 

around the time of the saccade (Figure 3 D), it shows a typical ‘open’ RF with rising activity 542 

down and to the left (Figure 3 E), and gives the best fit at a point along the T-G continuum 543 

shifted more toward G. 544 

The right column of Figure 3 provides frequency histograms and scatter plots that contrast the 545 

T-G alpha values for visual and motor window fits for our entire population of cells. The results 546 

of the visual window analysis are shown in Figure 3C. Overall, this yields a mean (12.2) and 547 

median (12) and distribution (SD +/- 4.2) that clearly clustered near T (11). There was no 548 

significant difference between the means of T-G alpha values for the visual population (red 549 

bars) and the visual response of the VM neurons within the same time window (pink bars) 550 

(p= 0.8738, unpaired t-test). In contrast, our analysis of motor activity (Figure 3 F) yielded an 551 

overall mean (17.3), median (18), and distribution (SD + /-4.7) that was shifted toward the Ge 552 

model.  Again, there was no significant difference between the distribution of the motor 553 

neuron responses (black bars) versus the motor response of VM neurons (gray) within the same 554 

time window; (unpaired t-test, p=0.85). More importantly, there was a significant difference 555 

between the distributions of the visual (Figure 3C) and motor (Figure 3F) responses (p= 0.0001, 556 

unpaired t-test). Note that in each RF the individual circle represents the firing rate of the 557 

neuron for that particular location of target or gaze end point and the diameter of the circles is 558 

proportional to firing rate. 559 

Remarkably, this rapid shift in coding can be observed even within individual VM neurons, such 560 

as the example neuron with raster / spike density plot shown in Figure 4 A, visual receptive field 561 
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in Figure 4 B, and motor RF 4 C. To directly quantify if a T-G alpha shift occurs within VM 562 

neurons, we plotted the T-G alpha value from the motor window as a function of the value of 563 

the visual window for each neuron (Figure 4 C) (TG alpha values of 12 and 19 for this particular 564 

example). Neurons with data points that lie above the diagonal line indicate a different 565 

preference of spatial coding in their visual versus movement related activities. The mean of T-G 566 

alpha values for VM neurons is also indicated by a red circle in Figure 4D which shows that as a 567 

population there is a shift from target to gaze coding when going from visual to movement 568 

related activities in the VM neurons.  Overall, the motor T-G alpha values for VM neurons were 569 

significantly different from their visual T-G alpha values (Paired t test, p= 0.0001). Thus, a rapid 570 

transformation along the T-G continuum occurred between visual and motor responses, even 571 

within VM neurons. 572 

This analysis suggests that the spatial code in SC neurons is not stable during a reactive task, 573 

particularly within VM neurons. However, it is not yet clear to what degree the overall visual- 574 

motor transformation is influenced by the spatial contributions of different neuron types at 575 

different times. This is not trivial to answer, given that visual cells by definition are active before 576 

motor cells, this classification scheme and timing will interact. Does this visuomotor 577 

transformation occur because 1) neurons with early responses have a fixed T code whereas 578 

later motor neurons show a fixed G code, 2) because a distributed transformation causes a 579 

spatial shift in the code of late responses away from T, or 3) due to some combination of these 580 

factors? The first possibility (cell-fixed coding) does not seem compatible with our VM data 581 

(Figure 4D), but we performed a more in-depth analysis explore this in more detail.   582 

T-G Continuum in the full burst of visual, VM, and motor cell.  583 

To investigate if there is an overall difference in spatial coding between the three different 584 

neuron types (V, VM, M), that could be influenced by a fixed neural code in each cell type, we 585 

analyzed the full burst (Figure 2) of each of the neuron types in our study. In a previous paper 586 

(DeSouza et al., 2011)a similar model-fitting approach was used on the full burst of Superior 587 

Colliculus neurons during the reactive task, but that study did not use a memory-delay task to 588 

classify different neuron types, and did not provide a T-G continuum analysis (only ‘cardinal’ 589 
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models such as Te: Target relative to eye position, Ge: Gaze relative to eye position, etc.). Based 590 

on that analysis DeSouza et al. (2011) concluded that the Superior Colliculus burst primarily 591 

encodes (Te), but the current analysis provides a more nuanced picture.  592 

Figure 5 shows the ‘full burst analysis’ for our visual neurons (A-C), VM neurons (D-F) and motor 593 

neurons (G-I) respectively, showing an example neuron (left column), its RF at the T-G alpha 594 

value of best fit (middle column), and the frequency distribution of T-G alpha for each 595 

population (right column). The entire combined population (not shown) generated a T-G alpha 596 

value median of 16.5 (SD +/- 4.4), roughly in the middle of the T-G continuum (16). However, 597 

the distribution of individual neuron fits was quite broad and possibly clustered near T and G, 598 

perhaps suggesting the co-existence of different spatial codes. Visual neurons (Figure 5C) were 599 

clustered toward Te (11), with a mean T-G alpha value of 13 (SD +/- 3.8), VM neurons (Figure 600 

5F) continued to show a broad distribution, with mean of 15.8 (SD +/-4.9), and motor neurons 601 

(Figure 5 I) clustered toward G (21) (mean: 17.9, SD +/-3.3). However, these differences were 602 

not significant (Kruskal-Wallis ANOVA, p=0.051). Overall, this full burst analysis shows 1) that 603 

superior colliculus neurons show a broad continuum of spatial tuning between T and G during 604 

the reactive task, with non-significant trends of visual cells clustering toward Te, Motor cells 605 

clustering toward G, and the distribution of VM cells spanning both. 606 

Despite these overall tendencies, each sub-population showed a distribution of fits along the T-607 

G continuum (Figure 5 C, G, I). To test if this was due to variations in Visual-Motor tuning within 608 

cell types, we correlated (Pearson correlation) the T-G fit of these cells obtained from their full 609 

burst in the reactive task against their visuomotor a (VMI) obtained from the same cells in our 610 

memory-delay task (Sadeh et al., 2015). The overall relationship is shown in Figure 5J, with each 611 

sub population coded for color. This yielded very weak correlations for visual (r2=0.1492, 612 

p=0.155), visuomotor (r2=0.0012, p=0.86) and motor cells (r2=0.041, p=0.55). Even the entire 613 

cell population only showed little correlation between T-G alpha value and VMI (r2 =0.045, p = 614 

0.123), suggesting that the relative size of the visual vs. motor burst was not the main 615 

determining factor in the spatial codes in these cells. 616 

Spatiotemporal progression of visuomotor Signals in the SC. 617 
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To test if timing is the key factor in determining the spatial code in SC cells during our task, we 618 

examined the progression of spatial code through time for each neuron. Specifically, the entire 619 

activity of each of the individual neurons in each category was divided into seven time windows 620 

using a time normalization method to account for differences in duration of activity (See 621 

methods), the resultant T-G alpha value was combined for each individual window in each of 622 

the neuron categories in order to investigate the temporal progression and transformation of 623 

spatial codes in each of the populations (Sajad et al., 2016). In addition, this method allowed us 624 

to examine time windows around gaze shift in smaller time epochs and to investigate whether 625 

changes in analysis time window duration significantly impacts the results.  626 

Figure 6 illustrates this analysis using an example VM neuron. Figure 6A illustrates that this 627 

neuron had multiple peaks of activity, including an initial visual peak, a strong secondary visual 628 

response, and a motor response. Figure 6B shows the corresponding RFs of the first 6 windows 629 

(each plotted using is optimal fit on the T-G continuum), showing how they progress through 630 

time. Figure 6 C then shows these T-G fits as a function of time. Note that although these fits 631 

often ‘bounce around’ for individual neurons like this example, especially near the start and 632 

end where spike rate is rising and dropping and confidence is thus lowest, they show a general 633 

trend to progress from near T to nearer G, as one can see in the next analysis. Note that the 634 

color background of the RF changes proportional to the firing rate for that given time epoch 635 

and thus results in change of appearance which should not be interpreted as changes in the RF 636 

size or shape.  637 

To test the temporal shift in spatial coding at the population level, we first pooled all visual, 638 

VM, and Motor cells, and looked at their progression of T-G coding across the 388±53 (SD)ms 639 

duration of their response, yielding 6 temporal shifts of ~64ms (Figure 7, first column). Most 640 

neurons showed significant spatial tuning during most time steps (bottom row), and only these 641 

were used in the T-G alpha calculation. Figure 7 A and E demonstrate the mean and median 642 

values with SD and SEM bars respectively for each of our 7 normalized time windows, and 643 

Figure 7 I shows the percentage of data that was spatially tuned in each window (and thus 644 

included in the analysis).  The trend of these results suggests a continuous progression of target 645 

related coding indicated by T-G alpha values closer to the T model (i.e. T-G=11) in earlier more 646 
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visually related activity to gaze coding (values closer to T-G of 21) in the after activities which 647 

are temporally correlated with gaze onset. We compared the T-G alpha values in time windows 648 

1, 3, 5 and 7 to exclude comparison between the overlapping windows using Kruskal–649 

Wallis non-parametric one-way ANOVA test and found an overall significant difference 650 

(p<0.0001) between the windows. We also found significant differences in T-G alpha value of 651 

window 1 (mean: 11.1) compared to the values of windows 3, 5 and 7 (means: 14.7, 19.6 and 652 

18 respectively and P<0.01, p<0.001 and p<0.001 respectively, corrected for multiple 653 

comparisons), and a significant difference between the T-G alpha values for intervals 3 and 5 (p 654 

< 0.001). In other words, there was already a significant T-G shift ~129ms into the visuomotor 655 

burst of the whole neuron population (Figure 7A), which continued to progress for another 656 

~129ms.  Further, the relationship between T-G code and timing of the response yielded a very 657 

strong correlation (r2=0.94, p=0.00001, Pearson correlation). 658 

Timing vs. Neuron Type 659 

As noted above, timing and a cell classification based on visual-motor balance could interact or 660 

mask each other’s effects.  As a result, cell type differences could look like timing differences 661 

and vice versa. To disentangle these effects, we divided our time analysis data into separate 662 

visual (Fig 7. 2nd column), VM (third column), and motor (fourth column) populations, they each 663 

showed similar trends, except that the ‘visual’ population code plateaued before reaching G. 664 

Note that over the course of our seven time steps, the percentage of spatially tuned visual cells 665 

(shown in the bottom row) peaks around the time of the late visual response and fades toward 666 

the saccade, whereas spatially tuned activity held steady in the VM population and ramped up 667 

in the motor population. Testing within the three populations, there was a significant difference 668 

between first and seventh time steps in the visual neuron population (p=0.03) and There was 669 

also a significant difference between the first and third (p =0.01), first and fifth (p =0.0001) and 670 

first and seventh (p =0.0001) time steps in the VM neuron population (corrected for multiple 671 

comparisons). No significant changes in the T-G alpha values were observed between the time 672 

windows in the motor neuron population, but each population showed a significant correlation 673 

as a function of timing: Visual neurons: r2=0.6, p=0.0006, VM neurons: r2=0.81, p<0.00001, and 674 

Motor neurons: r2=0.96, p<0.00001 (Pearson correlation)  675 
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Based on visual inspection, there appears to be a slight upward shift (from T toward G) in these 676 

time-normalized plots from visual (Figure 7 B), to visuomotor (Figure 7C), to motor (Figure 7 D) 677 

populations. However, there was no significant difference between these plots (p = 0.53, Non- 678 

parametric One-way ANOVA test). These results suggest that a similar spatiotemporal 679 

progression occurs across different cell types in the SC during reactive saccades, and that the 680 

difference in spatial coding across different cell types (Figure 3) are primarily due to the relative 681 

timing of their responses, rather than fundamental differences in neuron properties. 682 

Discussion 683 

The process of transforming the visual information into movement commands must occur for a 684 

successful and timely gaze shift (Mays and Sparks, 1980; Gnadt et al., 1991; Crawford and 685 

Guitton, 1997; Pouget and Snyder, 2000; Snyder, 2000; Crawford et al., 2011; Sajad et al., 2015; 686 

Sajad et al., 2016). Here we found that the superior colliculus (SC) participates in a rapid 687 

transformation from target to gaze coding, even in the absence of a memory-delay or other 688 

experimental manipulations. Further, we have shown that this does not primarily arise because 689 

of some fixed intrinsic code within in different cell types (at least along the visual-visuomotor-690 

motor continuum) but rather because of a continuous temporal progression through all cell 691 

types. It remains possible that cell type also made a contribution, although this did not reach 692 

significance in the current dataset. To our knowledge, this is the first direct demonstration of an 693 

internal spatiotemporal transformation during simple reactive saccades. 694 

Evidence for a visual to motor transformation in the superior colliculus 695 

One traditional view of spatial coding in the SC is it codes retinal error information received 696 

from retina and striate cortex, and simply relays this to the brainstem (Distel and Fries, 1982; 697 

Fries, 1984; Waitzman et al., 1988; Optican, 1995; Sparks, 2002a; DeSouza et al., 2011). 698 

Alternatively, it has been demonstrated that the SC (and other cortical gaze areas) can provide 699 

a visual-motor transformation for gaze shifts when the experimental task introduced a 700 

temporal or spatial separation between the visual stimuli and movement initiation (Gnadt and 701 

Andersen, 1988; Everling et al., 1999; Munoz and Everling, 2004; Sadeh et al., 2015; Sajad et al., 702 

2015). Recently, the anatomic basis for this has been demonstrated at the level of SC micro-703 
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circuitry, where the visual response is transmitted from dorsal to ventral layers, the delay 704 

response is similarly distributed, but motor response recruitment proceeds in the opposite 705 

direction (Massot et al., 2019). 706 

However, it can be argued that the separation of visual and motor events required some 707 

experiments, influences the spatial code by means of changing the cognitive demands on the 708 

neural circuit. For example, in the case of anti-saccades, the encoding of target location by 709 

visual activity, and the gaze location by the motor activity is practically forced, and similarly 710 

when  memory-related errors are introduced in the case of a the memory-delay task (Mays and 711 

Sparks, 1980; Stanford and Sparks, 1994; White et al., 1994; Goldman-Rakic, 1995; Miller et al., 712 

1996; Brown et al., 2004b; Hollingworth, 2015; Sajad et al., 2016; Sajad A, 2016).  The 713 

behavioral variability that is accounted for in our G model fits to motor activity would reflect 714 

errors that have arisen within the SC motor or its inputs (including feedback), whereas other 715 

unaccounted for noise in could be 1) noise that is present in individual cells but cancels at the 716 

population level, 2) signals that are not related to space, such as timing, attention, or 717 

motivation, or 3) noise and/or signals that only arise downstream from the SC motor output 718 

The current study utilized a simple behavioral paradigm (reactive gaze saccade made directly to 719 

targets with no delay), combined with a sensitive model-fitting approach that can track spatial 720 

codes based only on endogenous error in the system. Based on the results of our previous 721 

study, which tested a wide array of spatial models in a memory-delay task (Sadeh et al. 2015) 722 

we focused on two models: Target in eye coordinates (Te) and future gaze position in eye 723 

coordinates (Ge), and used ‘T-G’ continuum between these models to test the visuomotor 724 

transformation. The results were clear, even in the short time span (192 ± 23 ms) between our 725 

visual and motor analysis windows there was a significant shift in coding across our entire 726 

population from T toward a G code. To our knowledge this is the first direct neurophysiological 727 

demonstration of a spatial transformation in the visuomotor transformation for reactive 728 

saccades, in the absence of additional delays and trained transformations. Thus, this 729 

transformation cannot be attributed to exogenous suppression, memory, or top-down 730 

transformation signals, but must arise within the normal sensorimotor circuit. 731 
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Spatial Coding in Different SC Cell types: Fixed or Dynamic? 732 

It has been a subject of debate whether the SC codes T, target location (Sparks and Porter, 733 

1983; Waitzman et al., 1988; Sparks, 1989; Basso and Wurtz, 1998; McPeek and Keller, 2004) or 734 

G, future gaze location (Walker et al., 1995; Freedman and Sparks, 1997a; Everling et al., 1999; 735 

Horwitz and Newsome, 1999; Klier et al., 2001). In a previous study (DeSouza et al. 2011), we 736 

concluded that overall SC activity preferred a T code during reactive saccades. In light of the 737 

current study, this was likely due to a mixture of different signals and the use of cardinal Te and 738 

G models rather than the T-G continuum. The ‘full burst’ analysis of our different cell 739 

populations (Figure 5) revealed a continuum of T-G codes across all three cell populations, with 740 

a preference for Te in V cells, a distribution that equally spanned T and G in VM cells, and a 741 

preference for G in M cells.  To our knowledge, this is the first time that specialization of spatial 742 

coding across cell types has been demonstrated during reactive saccades.  743 

This apparent specialization is generally consistent with findings from other paradigms, such as 744 

our analysis of SC activity in a memory-delay task (Sadeh et al., 2015). It also makes sense in 745 

terms visual cells presumably reflecting visual input most closely (Wurtz and Mohler, 1976; 746 

Wurtz and Albano, 1980; Moschovakis et al., 1988a), motor cells reflecting output (Sparks and 747 

Hartwich-Young, 1989; Miyashita and Hikosaka, 1996; Sparks, 2002a), and VM cells reflecting 748 

both as well as more complex influences. VM neurons are known to receive a more extensive 749 

range of inputs from other brain areas (Wurtz and Albano, 1980; Moschovakis et al., 1988a, b; 750 

Sparks, 2002a), have diverse subtypes (Sparks, 1978; Wurtz and Albano, 1980; Sparks and 751 

Hartwich-Young, 1989; Munoz and Wurtz, 1993b, a, 1995a, b), and are suggested to be more 752 

involved in cognitive and higher order functions (Everling et al., 1999; Horwitz and Newsome, 753 

1999; Krauzlis et al., 2004; Sommer and Wurtz, 2004a, b; Krauzlis et al., 2013; Dash et al., 2015).  754 

It has been suggested that separation of sensory and motor events produces a transformation 755 

by activating separate circuits of cells to code different spatial variables (Pierrot-Deseilligny et 756 

al., 1991b, a; Gaymard et al., 1999; Ohbayashi et al., 2003; Bays et al., 2011; Barber et al., 757 

2013). Therefore, we hypothesized that the T-G transformation might occur as a transition of 758 

information through different cell types (V, VM, M) with fixed spatial codes. However, when the 759 
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spatial tuning of our cells was examined at a more detailed time scale (Figs. 6, 7), this notion did 760 

not hold up. Instead, all three cell populations (V, VM, M) showed similar T-G transitions, 761 

consistent with extensive sharing of information along the dorsal-ventral layers of the SC 762 

(Massot et al., 2019). It therefore appears that the reason V cells mainly coded Te was simply 763 

because (by definition) they were more active early in the transformation, whereas M cells 764 

coded G because they were mainly active later in the response. Such dynamic codes have been 765 

demonstrated previously in VM cells in SC (Sadeh et al. 2015) and various brain areas during 766 

anti-saccades and double-step paradigms (Munoz and Everling, 2004; Zhang and Barash, 2004), 767 

but not in reactive saccades, and to our knowledge, not within cells that are primarily visual or 768 

motor.  769 

However, different cell types clearly do not always share the same spatial code through time. 770 

For example, in the FEF we found that visuomotor and motor cells coded different spatial 771 

attributes at the same time, i.e., at end of a memory-delay (Sajad et al. 2016). At this time, it 772 

cannot be said whether this difference is due to the difference in brain structures, or different 773 

tasks. Further, based on our data we cannot exclude the possibility that some other cell 774 

classification scheme might better explain spatial coding in the SC, or that visual, VM, and 775 

motor cells might make different contributions to some other gaze task. However, it does 776 

appear that SC visual, VM, and motor cells share a time-dependent spatial transformation 777 

during reactive saccades. 778 

What produces the T-G transformation in reactive saccades? 779 

When viewed as a spatiotemporal transformation (Figures 6 and 7), it became clear that the 780 

main determining factor for the SC spatial code during the reactive task was timing, and that 781 

this influence was distributed both within and across different cell types. The most likely 782 

explanation for this is that the SC is involved in a noisy, distributed sensorimotor transformation 783 

(Burns and Blohm, 2010; Franklin and Wolpert, 2011) that includes lateral and recurrent 784 

connections (Harting, 1977; Harting et al., 1980; Meredith and Stein, 1983; Fries, 1984; May, 785 

2006). Given our current results, where might such noise arise during reactive saccades? 786 
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To consider this, it is important to note that the superior colliculus does not function in 787 

isolation, but instead has reciprocal connections to the frontal eye fields, cerebellum, and 788 

thalamus, as well as feedback from the brainstem (Munoz and Guitton, 1985; Schall and 789 

Thompson, 1999; Optican and Quaia, 2002; Schall, 2002; Sommer and Wurtz, 2002). Thus, 790 

although we saw behavioral noise (i.e., in G) reflect in SC motor responses, we cannot assume 791 

that this is where they originated. Based on our results, we can reject the notion that noise only 792 

arose from a series of sequential transformations, because it was shared across different cell 793 

types. Nor could it arise from downstream noise that is not fed back to the SC, because this 794 

would equally degrade fits to both T and G rather than shifting T toward G (i.e., because 795 

uncorrelated downstream noise would dissociate SC activity from the final gaze behavior). 796 

However, it could result from 1) recurrent intrinsic connections within the SC (Gandhi and 797 

Katnani, 2011) 2) input from upstream sites like the FEF that influence all cell types (Sommer 798 

and Wurtz, 2002, 2004a; Marino et al., 2012), 3) feedback from downstream centers involved in 799 

saccade guidance (Sparks and Porter, 1983; Quaia et al., 1999), or some combination of these. 800 

Each of these theoretical possibilities could be explored further by injecting noise at various 801 

points in a recurrent neural network model of the saccade generator. Finally, even our best 802 

spatial fits did not eliminate all residuals. This additional ‘noise’ might arise from other 803 

unaccounted variables such as parallel sensorimotor pathways, attention, motivation, saccade 804 

latency, noise at the cell membrane level, or position-dependences that did not meet our 805 

statistical detection thresholds (Sadeh et al., 2015).  806 

Clinical Implications 807 

Transforming sensory information to a movement command, even in the reactive saccade task, 808 

involves many different scenarios and task demands. It involves the integration of information 809 

and signals from various brain areas and for successful completion of a such seemingly simple 810 

task all of these components must be intact.  Thus, the saccadic system can be viewed as a 811 

gateway for detecting abnormalities and a diagnostic tool in many neurologic and psychiatric 812 

disorders (Ketcham et al., 2003; Golla et al., 2008; Gooding and Basso, 2008; Redgrave et al., 813 

2010; Terao et al., 2011).  In this scenario, a major component of variable gaze errors results 814 

from the rapid accumulation and general spread of noise during the transformation from visual 815 
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inputs to motor outputs. It is noteworthy, that we see this reflected in all of our SC cells. This 816 

noise is relative small during normal gaze shifts like those quantified here, but could become 817 

quite large during certain clinical conditions (Ketcham et al., 2003; Rottschy et al., 2013; Avery 818 

and Krichmar, 2015). For this reason, the analysis tools used here could be useful for providing 819 

clues about the source of sensorimotor function in the affected circuits. In the absence of 820 

technical limitations, it would be ideal to directly trace such noise to its source using 821 

electrophysiological recordings like those used here. But given the limitations of this technique 822 

in humans, it is likely more practical to record behavioral noise and correlate this to known 823 

brain disorders and/or damage that can be detected through neuroimaging techniques. 824 

Conclusions 825 

To our knowledge, this is the first study to track the spatiotemporal code in superior colliculus 826 

cells during simple reactive saccades toward a briefly flashed target. Our results demonstrate a 827 

rapid visuomotor transformation across all visual, visuomotor, and motor cells, rather than a 828 

sequential relay of information between cells with fixed spatial codes. Since our method was 829 

based on the difference between target position and variable gaze-point errors, this in turn 830 

suggests that these errors accumulated across a distributed gaze circuit. We cannot say if these 831 

results generalize to other brain areas, tasks, and motor behaviors, but given the simplicity of 832 

our task, and the evolutionary conservation of SC function, and its connections, it seems likely 833 

that similar processes occur alone or in conjunction with other transformations in many other 834 

areas and behaviors. If so, it may be clinically useful to correlate behavioral variability to brain 835 

damage when sensorimotor transformations become noisy to a degree that is pathological. 836 

  837 
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 1117 

Figure Legends 1118 

 1119 

Figure 1: Reactive gaze task used for mapping neural receptive fields and fitting models. A) 1120 

example traces of vertical eye position plotted as a function of time. B) Two-dimensional gaze 1121 

trajectories (grey lines) from the reactive task for an example target in monkey M2. Also shown 1122 

are the range of initial fixation positions (green square), the tolerance window (red circle), and 1123 

the other possible targets used in this experimental session (grey circles) to map a neuron's 1124 

receptive field. C) The schematic illustrating the target gaze continuum concept, the distance 1125 

between and beyond the target location and gaze are divided into 31 points and the fit to 1126 

neural activity is perform at each of the discrete locations to identify the best fit 1127 

 1128 

Figure 2: Mean spike density plots for our visual neurons (A and B, N=15), Visuomotor neurons 1129 

(C and D, N=28), and Motor neurons (E and F) N=11) during the reactive task. These sub-1130 

populations were identified using the memory delay task (Sadeh et al. 2016), not shown here. 1131 

Data are aligned with stimulus onset (left column) and gaze movement (right column). These 1132 

data were averaged across all data that passed our exclusion criteria. Red lines represent spike 1133 

density plots derived from the 'top 10%' trials in the reactive task (±SEM, light red lines), 1134 

generally corresponding to the RF 'hot spot', and the black lines are derived from the average 1135 

firing rate across all trials (±SEM, grey lines). Solid blue vertical lines indicate the average 1136 

temporal analysis window for the 'full burst' analysis, whereas red and black vertical lines 1137 

indicate the time intervals sued for the 'fixed window' analysis in visual and motor activities 1138 

respectively 1139 

 1140 

Figure 3: Shift of spatial representation from near Te in the target-aligned fixed window analysis 1141 

(top row, A-C) toward Ge in saccade-aligned fixed window analysis (bottom row, D-E) of 1142 

reactive task data. Each row shows the raster / spike density plot (left column) and best fit 1143 
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response field (middle column) for an example neuron, followed the distribution of T-G α values 1144 

of full population (right column). The rasters (A/D) show spike trains and spike density plots for 1145 

the top 10% trials toward the 'hot spot' of the neuron. The center of circles in the RF plots (B/E) 1146 

represent the location best fit along the TG continuum in eye frame of reference and the 1147 

diameter of circles are proportional to the firing rate of the neuron for that given trial. The heat 1148 

map in the background indicates the RF fit to that data in this coordinate system. For the visual 1149 

response population (C) both visual (red bars) and visual activity of VM neurons (pink bars) are 1150 

included. For the motor response population (F) the motor activity of VM neurons (grey bars) 1151 

and motor neurons (black bars) are shown. The red/black vertical lines in the raster plots (A/D) 1152 

represent the fixed visual/motor temporal windows respectively. The black vertical lines in the 1153 

histogram plots (C/F) represent the median T-G α values and the location of T-G value for the 1154 

representative example is indicated by the red arrow. The cluster of the distribution of visual 1155 

fits (C ) is closer to Te whereas the cluster of motor fits (F) is closer to Ge. Note that the shift 1156 

from the mean T-G values in the visual activity histogram (C) (mean= 12.2) is significantly 1157 

different (unpaired two tailed t-test, p=0.0001) from the mean in the motor activity T-G 1158 

histogram (F) mean (= 17.4) 1159 

 1160 

Figure 4: Shift from Te to Ge coding within VM Neurons. A) Raster/ spike density plot of a 1161 

representative VM neuron aligned on target onset, showing fixed visual window (red lines) and 1162 

average location of fixed motor window (black lines). This is followed by the best RF fit plots for 1163 

the fixed B) visual and C) fixed motor activities. The circles on B and C represent the location of 1164 

targeD) The scatter plot of differences in T-G α values of visual (x axis) and motor (y axis) of 1165 

visuomotor neurons (black circles) relative to the equality diagonal line. The average of the T-G 1166 

α values in represented by the red circle and the representative example shown in 4A-C is 1167 

indicated as the red circle. Most neurons lie above the line which indicates that there is a 1168 

transition from coding for target location in the visual activity to gaze end location in the motor 1169 

activity within the individual VM neurons. This shift was significant (paired two tailed t test, 1170 

p=0.001) 1171 
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 1172 

Figure 5, A-I: The T-G α value distribution for 'full burst' analysis of visual (top row 1, A-C), VM 1173 

(row 2, D-F) and motor (row 3, G-I) neural populations in the reactive task. Each row shows an 1174 

example neuron's spike density plot / raster (column 1) and receptive field (column 2), and then 1175 

a frequency histograph of best T-G fits for all neurons in that population. Spatial fits were made 1176 

for each neuron using data derived the entire duration of task-related neural activity (between 1177 

blue vertical lines in left column), aligned on stimulus onset. The vertical line in each panel of 1178 

the right column indicates the median of the T-G α values and the red arrow indicate the T-G 1179 

value of the representative example. J) T-G α values plotted as a function of visuomotor index 1180 

(VMI) for each neuron population. All neuron categories exhibit a weak, non-significant 1181 

correlation: Visual neurons are represented by red squares (r2=0.1492, p=0.155), VM neurons 1182 

by blue circles (r2=0.0012, p=0.86) and motor neurons by black diamonds (r2=0.041, p=0.55). 1183 

The overall correlation across all neurons (indicated by the gray correlation line) also leads a 1184 

weak (r2=0.045) non-significant(p=0.123) correlation between the two variables. 1185 

 1186 

Figure 6: Spatiotemporal analysis in one example neuron. A) Action potential raster plot and 1187 

spike density plot of a representative visuomotor neuron during the reactive task. The spike 1188 

density plot (thick red line) was derived from the trials with the top 10% of activity (N=19), i.e., 1189 

when the target was presented at the 'hot spot' of the RF. The dark blue vertical lines indicate 1190 

the normalized sampling window of the visuomotor burst, with first blue line indicating the 1191 

start of the visual burst (VB) and the second blue line indicating the normalized reaction time 1192 

(RT). The X axis represents the normalized time relative to target onset and the y axis 1193 

represents the firing rate. The double headed arrows on top of the raster plot indicate the 1194 

semi-overlapping time windows which were used for the response field and T-G value analysis 1195 

shown in B and C. These sampling windows were normalized according to the duration of the 1196 

action potential (-370 to 200 ms from visual burst onset to movement onset) to yield 7 semi-1197 

overlapping windows with equal time periods. B: T-G continuum values plotted as a function of 1198 

their sequence through time (1-7). In this case there is a rise from T toward G over the first 5 1199 
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steps followed by a slight reversal. The details of these patterns varied across neurons. C: RF fits 1200 

for the activity from time windows 1-6-, plotted in the best fit reference frame along the 1201 

Target-Gaze Continuum (epoch 7 looked the same as 6). The dots indicate spatial positions of 1202 

the targets in this frame for each trial and the color heat map (blue = low activity, red = high 1203 

activity). 1204 

 1205 

Figure 7: Spatiotemporal analysis in entire superior colliculus neuron population (column 1) and 1206 

each sub-population (columns 2-4). Top row (A-D) shows the mean T-G α values (y axis) of each 1207 

temporal window of analysis (x axis) with SEM bars, the middle row (E-H) shows the median 1208 

values (red bars) as well as first and third quartiles (blue bars) of T-G α values (y axes) for the 1209 

same data, and the bottom row (I-L) shows the percentage of cells in each time epoch that 1210 

showed significant spatial tuning. The entire neuron population (Column 1, N=56), showed a 1211 

progressive shift in each step from more Te related coding in the earlier visual activity to more 1212 

Ge related as the activity becomes closer to gaze onset. The Visual neuron population (Row 2, 1213 

N=15) which showed a predominantly preference in coding for target especially in earlier 1214 

windows with a non-significant shift toward intermediate T-G α value later in its activity (one-1215 

way ANOVA p=0.402). The VM population (Row 3, N=28) showed a significant shift in T-G α 1216 

values (One-way ANOVA p=0.0001). The Motor population (Row 4, N=11) started at a more 1217 

intermediate T-G value and showed a non-significant shift toward G (one-way ANOVA p=0.48). 1218 

The significant differences between time epochs -pointed at by the end tips of the brackets-1219 

(P<0.05) are indicated by asterisk (*). However, as described in the text, there was no 1220 

significant difference between these three patterns. Note that for the results shown in Fig 5A-H, 1221 

the T-G values were included in the analysis only if the neuronal activity showed spatial tuning 1222 

for that given analysis window. 1223 
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