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Abstract 24 

Claiming agency is a prerequisite for taking responsibility: the brain must differentiate between the 25 

sensory events that are the erroneous consequences of our actions, and thus may be remedied if we 26 

change our behavior, and the many other events in our environment that consume our attention, but 27 

for which we have no means of influence. In the cerebellum, the firing rates of complex spikes of 28 

Purkinje cells signal that a sensory or a motor event has taken place, but do not specify if that event was 29 

the consequence of the animal’s action. Instead, to claim agency of a sensory outcome, the complex 30 

spikes synchronize within the population of Purkinje cells that guided that action. As a result, in the 31 

cerebellum the erroneous sensory consequences of movements are identified not via modulation of 32 

complex spike firing rates, but via synchronization of spikes. 33 

 34 

Introduction 35 

We attend to numerous sensory events around us, recognizing that only a fraction are the consequences 36 

of our own actions. Identifying which sensory events are our responsibility, and which are beyond our 37 

means of influence, is a first step in generating a learning signal that can improve our behavior. How 38 

does the brain differentiate between the sensory events for which we have agency, and thus can change 39 

by altering our behavior, and those that we attend to, but for which we have no means of influence? 40 

The cerebellum provides an important substrate to investigate this question because motor 41 

learning implicitly requires a sense of agency: we must believe that a sensory event was the 42 

consequence of our movement before we invest the resources that promote learning from the sensory 43 

prediction errors. Indeed, theories of cerebellar function suggest that we learn how to move because 44 

the inferior olive provides a teaching signal to the Purkinje cells (P-cells) of the cerebellum (1, 2), 45 

controlling the rates of complex spikes (CS) to indicate that the sensory consequences of a movement 46 

were in error (3–5). However, these rate changes are not specific to erroneous movements (6). Rather, 47 

the CS rates change in response to a variety of sensory events (7–12), and before a variety of 48 

movements (13–17).  49 

For example, CS rates are modulated by the touch of a limb (18), an air puff to the face (9, 10, 50 

19), or sudden presentation of a visual stimulus (8, 20), signaling that a salient sensory event has 51 

occurred (9, 12), particularly one that is rewarding (11). Moreover, CS rates are modulated before the 52 

onset of motor events such as walking (15), licking (13), reaching (14, 16, 17), and moving the wrist (21). 53 

Indeed, production of CSs, either through the action of the drug harmaline (22), or the stimulation of 54 

climbing fibers (23), generates movements. This rich diversity of events that modulate CS rates raises a 55 

critical problem for theories that view the cerebellum as a learning machine (24, 25): how does the 56 

cerebellum distinguish the erroneous consequences of a movement in a signal that generously responds 57 

to both sensory and motor events? 58 

During simultaneous recordings from many P-cells in a non-human primate (marmosets), we 59 

observed that the erroneous sensory consequences of saccades were sent to the cerebellum not via 60 

modulation of CS firing rates, but via synchronization of CS timing in the population of P-cells that was 61 

responsible for guiding that saccade. Before a movement began, both the sensory event that instructed 62 

the movement, and the movement itself, were accompanied with CS rate modulation. However, if the 63 

movement resulted in an erroneous outcome, then that sensory event caused the olive to re-engage the 64 

P-cells, again producing CS rate modulation, but now synchronously. 65 

 66 
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Results 67 

Inspired by the behavioral work of Wallman and Fuchs (26) and Tseng et al. (27), we designed a 2x2 task 68 

in which a visual event was sometimes but not always followed by a movement, and a movement that 69 

was sometimes but not always preceded by a visual event (Fig. 1C). Some of the visual events were 70 

unpredictable, producing sensory prediction errors (SPEs), while others were predictable. Critically, only 71 

one of the SPEs signaled the erroneous outcome of a movement. 72 

Marmosets fixated at a center location and were presented with a primary target at a random 73 

direction (Fig. 1A). As the primary saccade commenced, we moved the target to a secondary location, 74 

also at a random direction (Fig. 1B). To assign a value to this erroneous outcome, in 51% of the sessions 75 

reward required both the primary and the corrective saccades, whereas in the remaining sessions 76 

reward required only the primary saccade. If reward did not require the corrective saccade, the 77 

secondary target was presented only briefly and returned to the primary location (~120 ms, adjusted 78 

during the recording session). Following 200 ms fixation of the final target, the center target was 79 

presented, and the subject made a back-to-center saccade. Thus, the primary target was an 80 

unpredictable sensory event that instructed a movement. The center target also instructed a 81 

movement, but was predictable. The secondary target was unpredictable, but only sometimes 82 

instructed a movement. However, the secondary target was the sole event that indicated the erroneous 83 

consequences of a movement.  84 

We used MRI and CT guided targeting procedures (28) to place tetrodes, heptodes, and silicon 85 

probes in lobules VI and VII of the vermis and recorded from n=268 saccade modulated P-cells. In every 86 

case, the neuron was identified as a P-cell because of the presence of CSs. For each type of visual event 87 

(primary, secondary, and center target), we estimated the direction that produced the largest increase 88 

in CS firing rates and labeled it as CS-on (Fig. S1A). The CS-on direction remained consistent across the 89 

various visual events (Fig. S1C). Thus, we combined the CS response for all visual events and defined the 90 

CS-on direction of each P-cell. The CS-on direction varied approximately with the cell’s location in the 91 

vermis (Fig. S1B) (8, 29). 92 

Presentation of the primary target in direction CS-on produced a sharp increase in CS rates at 93 

65.9±0.28 ms, and then a broad increase at 130 ms (Fig. 1D). In contrast, when the primary target was in 94 

direction CS+180, the CS rates were suppressed below baseline at around 87.1±3.3 ms latency. This 95 

direction-dependent response was also present when the data were aligned to saccade onset. When the 96 

saccade was delayed because of a long reaction time, the CS rate modulation remained, but became 97 

weaker in response to the visual stimulus, and before the saccade (Fig. S2A). Occasionally, the primary 98 

target was presented but the subject made a saccade in a different direction (Fig. S2B). In this case, the 99 

olive continued to response to the visual event at 70 ms latency (Fig. S2B), but the later response at 130 100 

ms vanished. However, before task irrelevant saccades (Fig. 1D) the CS rate modulation was 101 

considerably weaker (50ms period before saccade onset, Wilcoxon signed rank, z=6.15, p<10-6). Thus, 102 

the CS rates were modulated both in response to the visual events, and by the movements that followed 103 

those visual events. 104 

Both the primary and the secondary targets were unpredictable. However, only the secondary 105 

target indicated the erroneous consequences of a movement, i.e., an event that induces motor learning 106 

(5). We considered all trials (in all sessions) in which the subject made a corrective saccade and found 107 

that paradoxically, the CS-on rates were actually weaker following the secondary target as compared to 108 
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the primary target (25-75ms post target onset, Wilcoxon signed rank, z=5.79, p<10-6). Unlike the primary 109 

and secondary targets, both the onset and the position of the center target were predictable. As a 110 

result, the reaction times were shorter for the center saccades (median of 159 vs. 170 ms, Wilcoxon 111 

rank sum, z=50.26, p<10-8). Yet, the CS response to the center target was similar to the primary target 112 

(Fig. 1D). Thus, the CS rates were modulated following both predictable and unpredictable visual events. 113 

Notably, the CS rates could not identify the visual event that indicated the erroneous consequences of a 114 

movement. 115 

Our data included n=99 pairs of simultaneously isolated P-cells in which we computed the 116 

probability of synchronously timed CSs, corrected for chance (29). Because the CS rates were extremely 117 

low (Fig. S1A), we collapsed the trials across directions and found that at baseline, CS synchrony was 118 

roughly two times greater than chance (30). However, unlike the firing rates, the probability of 119 

synchrony did not change in response to the primary or center targets, nor did it change before the 120 

onset of the primary or center saccades (Fig. 1E). Remarkably, CS synchrony increased following the 121 

secondary target: it reached a peak at around 80 ms after the secondary target (50-100ms after visual 122 

event, secondary vs. primary target, Wilcoxon signed rank, z=4.27, p=0.00038), and 40 ms before the 123 

onset of the corrective saccade (25-75ms before onset, Wilcoxon signed rank, z=2.95, p=0.017). Thus, 124 

whereas CS rates were strongly modulated following the onset of the primary and center targets, and 125 

before the onset of the primary and center saccades, none of these sensory or motor events affected CS 126 

synchrony. Instead, CS synchrony increased only following the sensory event that signaled the 127 

erroneous consequences of a movement. 128 

We were concerned that CS synchronization may be unrelated to the secondary target, and 129 

merely an event associated with the conclusion of a saccade. To check for this, we aligned the data to 130 

the termination of the various saccades and found that synchronization increased only after the primary 131 

saccade, i.e., when the erroneous sensory event was experienced, but not after other saccades (Fig. S3). 132 

In addition, because the secondary saccades were smaller in amplitude than other saccades, 133 

synchronization may have been an artifact of this difference. Thus, we selected a subset of the center 134 

saccades that had similar amplitudes as the corrective saccades and found that CS synchronization 135 

remained greater for the corrective saccades (Fig. S4, 100ms period following visual onset, Wilcoxon 136 

signed rank, z=5.72, p=2x10-6). 137 

We next devalued the erroneous sensory consequences of the movement: in some sessions the 138 

secondary target was presented briefly (119±59 ms, mean±SD) and reward acquisition no longer 139 

required making a corrective saccade. As a result, in only 35±15% of trials the subjects made the 140 

correction, while in the remaining trials they ignored the secondary target. This devaluation of the 141 

sensory event altered the CS rates: when the secondary target was in direction CS-on, even in trials in 142 

which the corrective saccade was made the CS rates no longer exhibited the sharp increase at 70 ms 143 

(Figs. 2A & 2C, comparison of sessions in which the corrective saccade was required to optional, 100 ms 144 

following target onset, Wilcoxon rank sum, z=3.08, p=0.0047). Indeed, the rates exhibited a brief 145 

suppression in trials in which the subjects chose to ignore the secondary target (Fig. 2A, first row). Thus, 146 

devaluing the secondary target suppressed the CS rates (11, 16, 31), and the rates were further 147 

suppressed if the decision was to withhold the corrective saccade. While this devaluation of the sensory 148 

event led to reduced CS rates, if the subject chose to respond to it, then the CSs synchronized in 149 

response to the target (Fig. 2B, 50-100 ms period, comparison with primary target, Wilcoxon signed 150 
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rank, z=5.01, p=0.000026), and before the onset of the corrective saccade (25-100 ms period, 151 

comparison with primary saccade, Wilcoxon signed rank, z=3.89, p=0.00256). Remarkably, even if the 152 

subject chose to ignore the secondary target, the CSs were still more synchronized than in response to 153 

the primary target (50-100 ms period, Wilcoxon signed rank test, z=4.82, p=1.2x10-5).  154 

But how might CSs synchronize in response to only the secondary target? In our experiment, the 155 

secondary target was a visual event that followed a saccade, whereas all the other visual events took 156 

place during fixation. The origin of CS synchrony is the gap junctions of the inferior olive (32), which are 157 

more synchronized during movements vs. rest (33). Thus, the production of a movement may alter the 158 

state of the olive, making it more prone to synchronization. One way that this can occur is that the 159 

simple spikes (SS) that are produced during a movement (29) may influence not only the ongoing 160 

saccade via the fastigial nucleus neurons that project to the brainstem burst generators (34), but also 161 

change the state of the inferior olive through nucleo-olive projections (35, 36). To check for this, we 162 

asked whether the SS activity of the P-cells had any influence on the subsequent probability of CS 163 

synchrony.  164 

The primary and center targets were presented when the subject was fixating. During fixation, 165 

the SS rates were suppressed below baseline, even when no CSs were present (Fig. 3A). The 166 

presentation of a visual target strongly modulated the CS rates (Fig. 1D) but had no effects on the SS 167 

rates (Fig. 3C). Instead, at around 80 ms following the visual stimulus the SS rates returned to baseline, 168 

presumably reflecting the end of the fixation period and the prelude to a saccade. In contrast to the 169 

apparent lack of an SS response to the visual events, the SS rates were strongly modulated by 170 

movements. Before saccade onset, the rates rose above baseline and produced a burst (Fig. 3C). In 171 

direction CS+180, the burst was followed by a brief pause that was timed with deceleration onset. Thus, 172 

in contrast to the CS rates that were modulated by both visual and motor events, the SS rates were 173 

modulated by movements but not visual events. 174 

At baseline, the SS synchronization index was between 1.25 and 1.50 (Fig. 3D), demonstrating 175 

that SS timing in neighboring P-cells was 25-50% more synchronized than would be expected by chance. 176 

SS synchronization did not change following the onset of the primary target (Fig. 3C). Rather, SS 177 

synchronization increased during movements, particularly at deceleration onset in direction CS+180 178 

(29). Despite the fact that P-cells are inhibitory neurons, a synchronous SS in a population of P-cells can 179 

entrain the nucleus neurons, making them fire (37), re-setting the phase of the membrane oscillations in 180 

the inferior olive cells that produce the CSs (38). Thus, we asked whether the synchronous CS response 181 

to the secondary target was influenced by the probability of SS synchrony in the preceding primary 182 

saccade. 183 

We divided the primary saccades based on whether they exhibited a synchronous SS event in 184 

the 100 ms period before saccade end and found that if the primary saccade included a synchronous SS 185 

event, then the CS response to the secondary target was more synchronous (Fig. 4A, left subplot, 200ms 186 

period from visual onset, Wilcoxon signed rank z=5.32 p=1x10-6). However, because SS synchrony varied 187 

with the direction of the primary saccade, this result may have been simply an effect of saccade 188 

direction. Thus, we focused on the primary saccades that were in direction CS+180, the direction that 189 

exhibited the greatest probability of SS synchrony, and again divided the primary saccades based on the 190 

presence or absence of a synchronous SS event. Remarkably, primary saccades that had included a 191 

synchronous SS event were followed by a multi-peaked, synchronous CS response to the secondary 192 
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target (Fig. 4A, right subplot, 200ms period from visual onset, Wilcoxon signed rank z=2.93 p=0.027). 193 

Moreover, these primary saccades also exhibited a sharp peak in CS synchrony near saccade end (arrow, 194 

Fig. 4A), at around the time that SS synchrony tends to be greatest. As a result, the CSs exhibited greater 195 

synchrony in response to the erroneous sensory consequences of the primary saccade when the primary 196 

saccade itself included a synchronous SS event.  197 

 198 

Discussion 199 

The input from the inferior olive to the cerebellum conveys information that guides learning (39, 40), 200 

but this same input also provides information about diverse sensory and motor events that are not 201 

errors (7, 10, 12). In our task, we observed that the olivary input to P-cells was modulated following the 202 

onset of visual targets, and before the onset of saccades towards those targets (20, 41). Notably, the CS 203 

firing rates were modulated regardless of whether the visual event indicated a movement error or not. 204 

These rate modulations were quite sensitive to the reward value of the stimulus: CS firing rates were 205 

suppressed when the stimulus was devalued, particularly if the animal withheld a movement toward it. 206 

Yet, the CS rates could not distinguish the erroneous consequences of a movement from other events.  207 

To signal that the visual event was the erroneous consequences of a movement, the CSs became 208 

synchronized. The probability of CS synchrony was greater if the visual event followed a movement that 209 

itself had a synchronous SS event. Given that the P-cells exhibited SS modulation only during 210 

movements, and not in response to the visual events (Fig. 3C), the results suggest that the input that the 211 

inferior olive receives during the primary saccade from the cerebellum sets the stage so that if that 212 

movement is followed by a visual event, then the olivary cells will respond synchronously (Fig. 4B). As a 213 

result, agency is established via a sequence of events: SS synchrony during a movement, followed by CS 214 

synchrony in response to the sensory feedback that the olive receives after that movement. In this way, 215 

CS synchrony appears to dissociate erroneous sensory consequences from other sensorimotor events. 216 

 217 

Why does the olive respond synchronously to the erroneous consequences of the movement? 218 

The origin of CS synchrony is the gap junctions of the inferior olive (32), which are more synchronized 219 

during movements (vs. rest), and become even more synchronized if a perturbation disrupts the 220 

movement (33). In our experiment, all visual events took place during fixation, except for the secondary 221 

target, which followed a saccade. During fixation the SS rates were suppressed below baseline, and the 222 

SS synchrony was at baseline. In contrast, during saccades the SS rates were not only modulated, they 223 

were also more synchronized, especially when the saccade was in direction CS+180. SS synchrony tends 224 

to entrain nucleus neurons (37), making them fire. It is possible that the SS synchronization that occurs 225 

during a saccade not only steers the ongoing movement via the output from the fastigial nucleus to the 226 

saccade burst generators (34), but also alters the state of the inferior olive through nucleo-olive 227 

projections (35), resetting the phase of their subthreshold membrane potentials (38, 42).  228 

When the primary saccade ends and the secondary target is presented, that sensory event again 229 

engages the neurons in the superior colliculus, which in turn transmit their information to the inferior 230 

olive, producing modulation of the CS rates. However, the SS synchrony in the primary saccade, if 231 

indeed is transmitted to the olive, may make the olivary neurons respond more synchronously to the 232 

secondary target. Consistent with this view, we found that if the primary saccade included a 233 
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synchronous SS event, then in the same P-cells, the CS response to the secondary target tended to be 234 

more synchronous.  235 

 236 

A role for the cerebellum during holding still 237 

We found that the SS rates were suppressed below baseline during task-relevant fixations, but not when 238 

fixations were spontaneous and task-irrelevant. This suggests that the oculomotor regions of the vermis 239 

play an active role both during control of saccades, and during control of fixation (43). Our observations 240 

shed light on a recently reported clinical symptom termed “fixation nystagmus” in which patients exhibit 241 

nystagmus while fixating a visual target, but not during other periods of fixation (44). Indeed, a major 242 

symptom of cerebellar damage is loss of muscle tone, which is manifested during the active process of 243 

holding still (45). Our results predict that in arm regions of the cerebellum, the P-cell SS rates may also 244 

be suppressed when the subject is actively holding the arm still (e.g., against gravity). 245 

 246 

A role for the cerebellum during movements 247 

It has been noted that the SS rates correlate with kinematic variables like position and/or velocity (46–248 

49), but because such signals often correlate with the motor commands, it is not clear whether the P-249 

cell output is a prediction of the sensory consequences, or the motor commands needed to generate a 250 

desired sensory consequence (50). Previously we reported that the SS rates exhibited a burst before 251 

saccade onset, but then fell below baseline and synchronized around the onset of deceleration (29). The 252 

magnitude of the burst grew with saccade velocity, but the timing of the pause remained locked to 253 

deceleration onset, especially when the saccade was in direction CS+180. The CS-on direction of a P-cell 254 

tends to be aligned with the direction of action of its downstream nucleus neuron (5, 51, 52), which 255 

implies that during a saccade in direction CS+180, the increased synchrony combines with disinhibition 256 

to entrain the nucleus neurons (37, 53), producing downstream forces that are aligned with direction 257 

CS-on of the parent P-cells. As a result, the burst-pause SS rate modulation and synchronization will 258 

produce forces that oppose the direction of movement, bringing the saccade to a stop. This implies that 259 

the function of the SSs, at least in this part of the cerebellum, is not to predict sensory consequences, 260 

but to produce force.  261 

Indeed, our results here appear consistent with this idea because we found that while the CS 262 

rates were principally modulated by visual events irrespective of whether those events were followed by 263 

movements or not. In contrast, the same visual events were undetectable in the SS rates. Rather, the SS 264 

rates were modulated only during movements.  265 

From a computational perspective, the implication is that the P-cells may not be computing a 266 

forward model because their output is not predicting sensory consequences. Rather, the computations 267 

are more akin to a disturbance compensator, i.e., a system that learns how to alter the ongoing motor 268 

commands from a teacher (inferior olive) that provides error information in sensory coordinates (54). 269 

 270 

Complex spikes and learning 271 

We speculate that CS synchronization, coupled with rate modulation, may be the prerequisite for 272 

learning in the cerebellum. Here, we were unable to test for this because our paradigm required random 273 

primary saccades, followed by random errors, which together made it impossible to quantify the 274 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 13, 2022. ; https://doi.org/10.1101/2022.07.11.499614doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.11.499614
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

behavioral consequences of CS synchronization on learning. However, when CSs are more synchronized, 275 

they tend to have more spikelets in their waveforms (55), which in turn enhances learning (56–59). 276 

The CSs in this region of the cerebellum arise partly from inputs that the inferior olive receives 277 

from the superior colliculus (60, 61). The collicular neurons respond following the onset of visual events, 278 

and before the onset of saccades, and indeed the P-cells show CS rate modulation in response to both 279 

events. However, the P-cells exhibit SS synchrony only during saccades, particularly those in direction 280 

CS+180. As a result, it seems likely that a movement alters the sensitivity of the olivary neurons to the 281 

sensory event that might follow it, making it to not only produce CSs in response to the secondary 282 

target, but to do so synchronously.   283 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 13, 2022. ; https://doi.org/10.1101/2022.07.11.499614doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.11.499614
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

Methods 284 

Data were collected from two marmosets (Callithrix Jacchus, male and female, 350-370 g, subjects M 285 

and R, 6 years old). The marmosets were born and raised in a colony that Prof. Xiaoqin Wang has 286 

maintained at the Johns Hopkins School of Medicine since 1996. The procedures on the marmosets 287 

were approved by the Johns Hopkins University Animal Care and Use Committee in compliance with the 288 

guidelines of the United States National Institutes of Health.  289 

Data acquisition 290 

Following recovery from head-post implantation surgery, the animals were trained to make saccades to 291 

visual targets and rewarded with a mixture of applesauce and lab diet (28). Visual targets were 292 

presented on an LCD screen (Curved MSI 32” 144 Hz - model AG32CQ) while binocular eye movements 293 

were tracked using an EyeLink-1000 eye tracking system (SR Research, USA). Timing of target 294 

presentations on the video screen was measured using a photo diode. 295 

We performed MRI and CT imaging on each animal and used the imaging data to design an alignment 296 

system that defined trajectories from the burr hole to various locations in the cerebellar vermis (28), 297 

including points in lobule VI and VII. We used a piezoelectric, high precision microdrive (0.5 micron 298 

resolution) with an integrated absolute encoder (M3-LA-3.4-15 Linear smart stage, New Scale 299 

Technologies) to advance the electrode. 300 

We recorded from the cerebellum using quartz insulated 4 fiber (tetrode) or 7 fiber (heptode) metal 301 

core (platinum/tungsten 95/05) electrodes (Thomas Recording), and 64 channel checkerboard or linear 302 

high density silicon probes (M1 and M2 probes, Cambridge Neurotech). We connected each electrode to 303 

a 32 or 64 channel head stage amplifier and digitizer (RHD2132 and RHD2164, Intan Technologies, USA), 304 

and then connected the head stage to a communication system (RHD2000 Evaluation Board, Intan 305 

Technologies, USA). Data were sampled at 30 kHz and band-pass filtered (2.5 - 7.6 kHz). We used 306 

OpenEphys (62) for electrophysiology data acquisition, and then used P-sort (63) to identify the simple 307 

and complex spikes in the heptodes and tetrodes recordings, and Kilosort and Phi (64) to identify the 308 

spikes for the silicon probes. 309 

Our data set was composed of n=268 P-cells that were identified because of good isolation of CSs. 310 

Among these neurons, we also had good isolation of SSs in n=237 P-cells. We recorded from n=138 P-311 

cells in the session in which the corrective saccade was required, and from n=130 P-cells in the session in 312 

which the corrective saccade was optional. The data for the session in which the corrective saccade was 313 

required were partially analyzed in a previous report (29). 314 

Behavioral protocol 315 

Each trial began with fixation of a center target for 200 ms, after which a primary target (0.5x0.5 deg 316 

square) appeared at one of 8 randomly selected directions at a distance of 5-6.5 deg (50 cells were 317 

recorded during sessions with 4 random directions). Onset of the primary target coincided with 318 

presentation of a distinct tone. As the animal made a saccade to this primary target, that target was 319 

erased, and a secondary target was presented at a distance of 2-2.5 deg, also at one of 8 randomly 320 

selected directions (4 directions for 50 cells). To assign a value to this erroneous outcome, in 51% of the 321 

sessions reward required both the primary and the corrective saccades, whereas in the remaining 322 

sessions reward required only the primary saccade. If reward did not require the corrective saccade, the 323 
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secondary target was presented only briefly, returning to the primary location following ~120 ms 324 

(adjusted during the recording session so that around 40% of the trials would produce a corrective 325 

saccade). Following 200 ms fixation of the final target, reward was presented with a distinct tone, and 326 

the center target was displayed.  327 

Data analysis 328 

All saccades, regardless of whether they were instructed by presentation of a visual target or not, were 329 

identified in the behavioral data using a velocity threshold. Saccades to primary, secondary, and central 330 

targets were labeled as targeted saccades, while all remaining saccades were labeled as task irrelevant. 331 

For the targeted saccades we computed the neurophysiological response to the presentation of the 332 

visual stimulus, as well as the response to the onset of the saccade. To compute the visual response to 333 

the secondary target, we aligned the data to the offset of the preceding primary saccade. For task 334 

irrelevant saccades, there were no visual targets and thus the response was aligned only to saccade 335 

onset.  336 

Baseline firing rates of simple and complex spike were computed by dividing the total number of spikes 337 

by the duration of the entire recording. Instantaneous firing rates were calculated from peri-event time 338 

histograms with 1 ms bin size. We used a Savitzky–Golay filter (2nd order, 31 datapoints) to smooth the 339 

traces for visualization purposes. 340 

CS directional tuning was computed by measuring the CS firing rates following target onset as a function 341 

of target angle with respect to the actual position of the eyes. We counted the number of CS after target 342 

onset up to saccade onset or a fixed 200 ms window, whichever happened first. Dividing the spike count 343 

by the duration of time resulted in the CS firing rate. 344 

To compute SS population response during saccades, we began by computing the change in SS firing 345 

rate of each P-cell with respect to its baseline. Next, we labeled each saccade by measuring its direction 346 

of movement with respect to the CS-on of the P-cell. Finally, we summed the activities in all P-cells (i.e., 347 

changes with respect to baseline) for saccades in direction CS-on, CS+45, etc., using a bin size of ±25 348 

deg. 349 

Synchrony analysis 350 

With multi-channel electrodes, the activity of one neuron can easily be present on multiple channels, 351 

thus giving the illusion that the two channels are picking up two distinct neurons. To guard against this, 352 

we did two things. First, after we sorted the data in each channel, we waveform triggered the data 353 

recorded by channel A by the spikes recorded on channel B. This identified the waveform of the neuron 354 

recorded by channel B on the spike recorded on channel A. We compared this cross-channel triggered 355 

waveform with the within channel triggered waveform generated by the spikes recorded by channel A. 356 

The cross-channel triggered waveform must produce a different cluster of spikes in A than the main 357 

neuron isolated by A. If there were spikes that occurred within 1 ms of each other on channels A and B, 358 

we used these coincident-spike events to trigger the waveform in A. The spikes in A that were identified 359 

to be coincident with B should look approximately the same as the non-coincident spikes in A. Examples 360 

of this approach are provided in Sedaghat-Nejad et al. (28).  361 

Second, we shuffled the trials for each pair of cells, thus eliminating the simultaneity of the 362 

recording. The shuffled data produced a measure of chance level synchrony. This step was crucial 363 
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because if the spike sorting was not robust, then the spikes in one channel should contaminate the 364 

spikes in the other, resulting in a shuffled synchronization index that had a numerical value greater than 365 

one. Thus, the shuffled synchrony produced a measure of quality of the recording, as shown in Fig. 1E. 366 

We shuffled the data 50 times and computed the chance level synchronization index. 367 

To compute synchrony, we followed the procedures described in (29). Briefly, we computed 368 

Pr(𝑆2 = 1, 𝑆1 = 1) /[Pr(𝑆2 = 1) Pr(𝑆1 = 1)]. This quantified whether the occurrence of a spike on 369 

channel 1 altered the probability of spikes on channel 2, corrected for probabilities expected from their 370 

average firing rates. Because channel labels 1 or 2 are interchangeable, we considered the average of 371 

the two cases as the corrected conditional probability for a pair of P-cells. Notably, the probabilities 372 

were always conditioned on visual or motor events, thus allowing the synchronization index to account 373 

for the change in the average firing rates of each cell which result from sensory or motor events. We 374 

used a 1 ms time window to compute SS synchrony, and a 20 ms time window to compute CS 375 

synchrony. Finally, we normalized the index by computing the ratio of the synchrony index as measured 376 

in the actual recording, to the synchrony index measured in the shuffled data. The shuffled data was 377 

generated by changing trial numbers for the two channels so that they were no longer simultaneous. For 378 

example, an index of 2 means that at that moment of time, it is twice as likely as chance that both 379 

neurons will fire a spike (chance level is at 1). 380 

Statistics 381 

To statistically analyze the population data, we computed p-values using two non-parametric methods: 382 

Wilcoxon rank sum, followed by bootstrap hypothesis testing (65). We report the Wilcoxon results in the 383 

manuscript, but ensured that in every case the bootstrap hypothesis testing confirmed that result. For 384 

example, to compare the CS rate response for the primary vs. secondary targets, we sampled with 385 

replacement to form a population of 50 P-cells, formed a population response, and then did this for 50 386 

populations. We used bootstrapping to form a null distribution with zero mean from the same 387 

distribution, and then computed the probability that the mean of the measured data was different than 388 

the null hypothesis.  389 

 390 

  391 
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 392 
Figure 1. CS rates were modulated by various sensorimotor events, but became synchronized only in response to 393 
the erroneous consequence of a movement. A. Task design. B. Eye position traces during the primary and 394 
corrective saccades. C. Some but not all visual events were followed by a movement, and some but not all 395 
movements were preceded by a visual event. While both the primary and secondary targets were unpredictable, 396 
only the secondary target was the erroneous sensory consequence of a movement. D. Average CS firing rates as a 397 
function of direction of visual and motor events. The rates were modulated following all visual events, and before 398 
all visually guided movements. E. The CSs became synchronized only in response to the secondary target. Data for 399 
the secondary target are from all trials in which the subject chose to make a corrective saccade. Eye velocity is 400 
shown in yellow. Error bars are SEM. 401 
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 402 

 403 
 404 

Figure 2. Devaluing the secondary target suppressed the CS rates, but the spikes became synchronized if the 405 
subject chose to make a corrective saccade. A&B. Data from sessions in which reward did not require making a 406 
corrective saccade. In direction CS-on, the firing rates in response to the secondary target were suppressed as 407 
compared to the primary target and suppressed further if the subject chose to ignore the stimulus. However, the 408 
CSs became synchronized if the subject chose to make a corrective saccade. Data are labeled based on whether 409 
the subject chose to ignore the secondary target (no sac) or make a corrective saccade (sac). C&D. Data from 410 
sessions in which the corrective saccade was required. Error bars are SEM. 411 
 412 
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 414 
Figure 3. SSs were suppressed during fixation but modulated during movements and synchronized near movement 415 
end. A. SS rates were suppressed below baseline during task relevant fixations (i.e., when a visual target was 416 
present), even in trials in which no CSs were present. However, SS rates were not suppressed during task irrelevant 417 
fixation (no visual target). B. SS synchronization did not differ during task relevant and task irrelevant fixations. C. 418 
SS rates and synchrony changed in response to the primary saccade, but not in response to the primary target. D. 419 
SS rates and synchrony for the secondary target. Error bars are SEM. 420 
 421 
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 423 
Figure 4. SS synchrony during saccades increases the likelihood of CS synchrony in response to the erroneous 424 
sensory consequences of the movement. A. CS synchrony index in response to the secondary target, conditioned 425 
on whether during the primary saccade that preceded it there was a synchronous SS event (100ms period before 426 
primary saccade offset). Left panel is for all primary saccades, right panel is for primary saccades in direction 427 
CS+180. Arrow notes the CS synchronous event at the end of the primary saccade. B. In this working model, both 428 
visual and motor related activity in the superior colliculus are reported to the inferior olive, resulting in CSs. These 429 
CSs are not synchronized. During a saccade, the P-cell SSs are modulated and synchronized, entraining the nucleus 430 
neurons, which in turn affect the state of the inferior olive. If the saccade ends with a sensory event, that event 431 
produces activity in the superior colliculus, and is reported to the inferior olive, producing a CS. However, this CS 432 
will be more likely to be synchronous with a neighboring P-cell because of the preceding input from the cerebellar 433 
nucleus to the olive. Dashed area around synapses indicates gap junctions in which subthreshold membrane 434 
oscillations in one olivary cell affects the neighboring cell.  435 
 436 
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 438 
Supplementary Fig. S1. The direction of CS-on depended on the location of the P-cell in the vermis but remained 439 
consistent in response to various targets. A. Average CS firing rates following the presentation of the primary 440 
target, as a function of direction, aligned to direction CS-on. B. Distribution of CS-on as a function of location of 441 
recording in the vermis. Bin size is 15o, and the wedge at each bin represents the number of P-cells with that CS-442 
on. C. Within cell difference between CS-on directions as computed following the onset of the primary target, the 443 
secondary target, and the central target. We found no systematic differences in the estimate of CS-on between 444 
various types of targets, and thus combined the response for all targets to compute the CS-on of each P-cell. Error 445 
bars are SEM. 446 
 447 
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 449 

 450 
Supplementary Fig. S2. Data were separated based on the mean of the reaction time (RT) distribution for the 451 
primary (170 ms) and corrective saccades (150 ms). The CS rates were modulated following visual events, and 452 
before movements, but the strength of modulation for the primary target was weaker if the RT was longer. Darker 453 
colors indicate short RT. Error bars are SEM. 454 
 455 
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 457 
Supplementary Fig. S3. Complex spikes increased their probability of synchronization following saccades that 458 
experienced an error (primary saccade followed by the secondary target), and not other saccades (center and task 459 
irrelevant saccades). Synchronization index is computed as the ratio with respect to the shuffled data. Error bars 460 
are SEM. 461 
  462 
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 463 
 464 
Supplementary Fig. S4. To check whether the CS synchrony for the secondary target was associated with its 465 
smaller amplitude, we sampled the center saccades that were amplitude matched with the secondary target. The 466 
probability of CS synchrony remained greater in response to the secondary target than the center target.  467 
 468 
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