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Abstract 23 

In motor systems, a copy of the movement command known as corollary discharge is 24 

broadcast to other regions of the brain to warn them of the impending movement. The 25 

premise of this review is that the concept of corollary discharge may generalize in 26 

revealing ways to the brain’s cognitive systems. An oculomotor pathway from the 27 

brainstem to frontal cortex provides a well-established example of how corollary 28 

discharge is instantiated for sensorimotor processing. Building on causal evidence from 29 

inactivation of the pathway, we motivate forward models as a tool for understanding the 30 

contributions of corollary discharge to perception and movement. Finally, we extend the 31 

definition of corollary discharge to account for signals that may be used for cognitive 32 

forward models of decision-making. This framework may provide new insights into 33 

signals and circuits that contribute to sequential decision processes, the breakdown of 34 

which may account for some symptoms of psychiatric disorders. 35 

 36 

Introduction 37 

It has been proposed that higher-level cognition in primates evolved in concert with 38 

goal-directed motor control (1) and rich representations of body state (2). Cognitive and 39 

motor systems both rely on sensory information for learning about the structure of the 40 

world, and there is extensive evidence for shared substrates between sensory, 41 

cognitive, and motor processing down to the single neuron level (3–6). During behavior, 42 

sensory-to-motor signals help to specify the brain’s movement commands, but at the 43 

same time reciprocal motor-to-sensory signals known as corollary discharge relay 44 

copies of the movement command to sensory areas (7). These signals keep perceptual 45 
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systems informed of upcoming movement plans. Given the tight linkage between 46 

sensory-motor and cognitive operations, we propose that the strategy of one system 47 

updating another for the purpose of coordination across processing stages may be a 48 

general principle. Here we will discuss the evidence for motor corollary discharge 49 

circuits in the primate brain, their function, and the extent to which cognitive corollary 50 

discharge circuits may play analogous roles. 51 

Why do we need corollary discharge? Animals need to perceive the world while 52 

interacting with it, but their actions change their environment. When a monkey swings 53 

through a tree, for example, the foliage rustles around her. Some of that sensory input is 54 

innocuous and due to her actions, but some may represent a threat, such as a predator. 55 

Disambiguation of self-generated sensory signals from environmental signals is 56 

therefore fundamental to survival. Moreover, much of behavior consists of action 57 

sequences made in dynamic, uncertain environments. Waiting for information about 58 

where our effectors are at the end of each movement to plan the next one limits the 59 

speed of graceful and accurate behavior. Predictive estimation of effector dynamics, 60 

informed by corollary discharge, frees the brain from waiting for sensory confirmation of 61 

each step in a sequence. 62 

One way to generalize how corollary discharge aids sensory disambiguation and 63 

action planning is through black box representations of system dynamics known as 64 

internal models. There are two main types (8). Inverse models calculate the movement 65 

needed to transition between a current and desired state. Forward models use corollary 66 

discharge of movement plans, in conjunction with other information about the system, to 67 

predict the sensory consequences of the movement (9, 10). The predictions can inform 68 
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subsequent inverse models that calculate corrective movements or the next movement 69 

of an action sequence. The end result is that neural processing is more proactive and 70 

less reactive, allowing for more sophisticated sensory analysis and fluid action. 71 

In primates, eye movements are a useful, reduced model system for the study of 72 

corollary discharge. Saccadic eye movements displace the visual image on the retina, 73 

necessitating predictive mechanisms for distinguishing saccade-induced visual 74 

movement from true visual object movement. Such mechanisms could include forward 75 

models (11, 12). Saccades are also made in rapid sequences and thus benefit from 76 

real-time monitoring of motor commands. For both of these purposes – perceptual and 77 

motor – a single pathway from brainstem to frontal cortex has been shown to provide 78 

corollary discharge of saccades (12–15). In this review, we use our understanding of 79 

this pathway to discuss how corollary discharge operates in the primate brain. Based on 80 

what we have learned from the visuo-saccadic system, we propose a definition of 81 

corollary discharge that extends beyond action to include the monitoring of cognitive 82 

operations. Mechanisms of corollary discharge and forward models thus may provide 83 

another commonality between systems for action and cognition in the brain. 84 

 85 

Saccadic Corollary Discharge 86 

Evidence for a pathway that could transmit saccadic corollary discharge was found in 87 

experiments that electrically stimulated the brainstem’s superior colliculus (SC) during 88 

recordings of neurons in the frontal eye field (FEF) of rhesus macaques. Many of the 89 

FEF neurons responded as if driven via synapses from the SC (16), consistent with 90 

anatomical evidence for a pathway relayed by neurons at the lateral edge of 91 
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mediodorsal thalamus (MD; 17). Recordings at each step of the SC-MD-FEF pathway 92 

confirmed that it conveys temporal and spatial information about imminent saccades 93 

(14, 18), and inactivation of the pathway caused deficits in saccadic corollary discharge 94 

that affected both visual processing and motor sequencing (12, 15, 19). The pathway 95 

therefore has all the characteristics expected from a corollary discharge circuit.  96 

Although the focus of this review is on neural data from macaques, all of the 97 

brain areas and pathways we discuss have homologs in humans. In particular, like in 98 

macaques, the lateral edge of human MD thalamus contributes to saccadic corollary 99 

discharge as shown by lesion studies (20–23) and connects to human FEF in 100 

dorsomedial precentral sulcus of Brodmann’s area 6 (24) as shown by diffusion tensor 101 

imaging (25). The source of the saccadic corollary discharge is not known in humans, 102 

but the SC – by all measures comparable to macaque SC (26–28)  – is the most likely 103 

candidate. For more on saccadic corollary discharge in humans and its relevance to 104 

behavior and pathology, see the review by Thakkar and Rolfs in this volume (29). 105 

 106 

Source of the pathway: The SC 107 

Corollary discharge in the macaque SC-MD-FEF pathway originates in the intermediate 108 

layers of the SC, where neurons generate saccadic motor commands. Electrical 109 

stimulation in this region elicits saccades at extremely short latency, since only two 110 

synapses intervene between it and the final motor neurons (30). The intermediate layers 111 

of the SC collect information from many areas of cerebral cortex, some of which 112 

combine sensory and contextual information to make a deliberate saccade plan while 113 

others simply relay visual signals to trigger reflexive glances (6, 31). Integration of all 114 
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this information in the SC creates a signal that is more tightly linked to the impending 115 

saccade than in any individual cortical area (32, 33). Corollary discharge from SC to 116 

FEF is therefore the outcome of collective processing and refinement of a multitude of 117 

cortically-derived, saccade-related signals (12). 118 

 119 

Relay node: The MD thalamus 120 

Corollary discharge from the SC projects to relay neurons at the lateral edge of MD 121 

thalamus. The relay neurons, for the most part, recapitulate the signals ascending from 122 

the SC (18). The population of MD relay neurons is highly concentrated, providing a 123 

convenient target for reversible inactivation of the pathway (14, 15, 19). Impairment of 124 

corollary discharge can be dissociated from motor impairment using the double-step 125 

task, in which subjects make saccades to the remembered locations of two sequentially 126 

flashed targets in the order that they appeared. To make the second saccade correctly, 127 

one must monitor where the first saccade landed, information provided by corollary 128 

discharge. It was shown that silencing MD spares the ability to make both saccades but 129 

impairs the accuracy and precision of the second one, revealing a selective deficit of 130 

corollary discharge (14, 19). 131 

 132 

Target of the pathway: The FEF 133 

The ascending pathway terminates in FEF layer IV. More than 90% of the neurons 134 

receiving the input exhibit visual responses (16, 18), suggesting that a major role of the 135 

corollary discharge is to influence visual processing. One such influence appears to be 136 

the presaccadic remapping of visual receptive fields. As discovered originally in parietal 137 
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cortex (34) and then in FEF (35), many neurons shift their visual responsiveness just 138 

before a saccade to the part of the visual field where their receptive field will land after 139 

the saccade (the “future field”). Since this presaccadic remapping links visual 140 

processing before and after a saccade, it is thought to contribute to the perception of 141 

visual continuity across saccades (36–38). Corollary discharge in the SC-MD-FEF 142 

pathway has the spatiotemporal properties needed to induce presaccadic remapping 143 

(39), and reversible inactivation of the pathway reduced FEF remapping by around 50% 144 

(15). In a later study, Cavanaugh et al. (13) found that inactivation of lateral MD also 145 

disrupts a monkey’s perception of visual stability. Rao et al. (40) trained a recurrent 146 

neural network model to produce accurate arm movements to a visual stimulus despite 147 

intervening saccades, as an assay for visual stability. They found that the emergence of 148 

visual stability was tightly linked to that of presaccadic remapping which itself depended 149 

on an intact pathway for corollary discharge. Together, these results support the 150 

hypothesis that presaccadic remapping contributes to visual stability and provide 151 

evidence of how disturbances to corollary discharge disrupt that stability. 152 

 153 

Oculomotor Forward Model: Evidence and Open Questions 154 

The role of the corollary discharge signal provided by the SC-MD-FEF pathway can be 155 

formalized by placing it in the context of an oculomotor forward model (Figure 1A and 156 

B) (11, 12). Justification for this depends on evidence consistent with three major 157 

features of any forward model. First, the corollary discharge would need to generate 158 

sensory predictions about the consequence of movement. This capability is 159 

demonstrated, as discussed above, by the role of the SC-MD-FEF pathway in 160 
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presaccadic remapping. Neurons that remap sample, before each saccade, the part of 161 

visual space that they will “see” after the saccade (12). Presaccadic remapping in the 162 

FEF therefore provides a signal in visual coordinates that is appropriate for predicting 163 

the consequence of each saccade (11). Analysis of microcircuitry in the FEF suggests it 164 

could generate the remapping signal locally (41), and projections from the FEF could 165 

relay the signals back to extrastriate cortex (42, 43) for prediction of incoming visual 166 

input. Even though the FEF is the only known target of a corollary discharge pathway in 167 

the saccadic system, remapping is found in earlier visual areas as well. It is prevalent in 168 

the lateral intraparietal cortex (LIP; 34), V4 (44, 45), and MST (46), but diminishes lower 169 

in the visual hierarchy from V3 to V2 and V1 (47, reviewed in 36). This waning of 170 

remapping from higher to lower visual areas is consistent with its possible function as a 171 

top-down mechanism for prediction of visual input. Presaccadic remapping has been 172 

reported in human visual cortex as well (48, 49), with a similar decrease in remapping 173 

from higher to lower visual areas (49).  174 

 175 
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 176 

Figure 1. Sensorimotor internal models. (A) Inverse models generate motor commands 177 

to transition from a current sensory state to a desired sensory state. Forward models 178 

use corollary discharge, in conjunction with priors and the current sensory state, to 179 

predict the sensory consequence of an action. (B) In the rhesus monkey brain, as 180 

depicted, the pathway from SC to MD to FEF provides corollary discharge of saccades 181 

that may enable an oculomotor forward model. 182 

 183 

The second feature of any forward model is that it must account for the current 184 

state of the system, in conjunction with corollary discharge, while making predictions. 185 

The current state of the system includes knowledge, or priors, about the effectors or the 186 

environment. A prior about effectors could be, for example, information that one of the 187 

eyes is injured, limiting the range of saccadic motion. The forward model would need to 188 

account for the gain reduction to generate accurate predictions. A prior about the 189 
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environment could include knowledge about objects in the world, such as their 190 

propensity to move. Animals often move, for example, while rocks rarely do. Accounting 191 

for the intrinsic nature of objects would improve predictions about their states across 192 

saccades. Rao et al. (50) tested whether human subjects use priors in this way by 193 

having them make a saccade to a visual target and report whether the target’s location 194 

(spatial state) changed during the saccade. Targets had varying probabilities of moving, 195 

from 0.1 to 0.9, that were matched to their color. When the subjects were informed of 196 

the color-probability assignments, thus instilling priors about object movement, their 197 

sensitivity at detecting the state change became a function of the priors (50). This 198 

indicates that the oculomotor forward model incorporates priors about the state of the 199 

environment, even to the level of individual objects, when predicting the sensory 200 

consequences of saccades. 201 

A final component of any forward model is that the predicted sensory 202 

consequence of a movement is compared with the actual sensory consequence, i.e. the 203 

“reafferent” response. The difference between these signals, the prediction error, is 204 

used to update future predictions. Crapse and Sommer (51) tested whether FEF 205 

neurons make such comparisons about predicted versus reafferent visual responses 206 

across saccades. They recorded from FEF visual neurons in monkeys that made 207 

saccades to visual targets in the presence of a behaviorally-irrelevant visual probe. 208 

During each saccade, the probe would stay still or move, but after the saccade it was 209 

always at the center of the neuron’s postsaccadic receptive field. Because the 210 

postsaccadic location of the probe was constant, the null hypothesis was that reafferent 211 

responses would be constant. The result, however, was that reafferent responses 212 
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varied as a function of how much the probe moved during the saccade. The reafferent 213 

responses also were sensitive to other changes in the probe (size or color) across 214 

saccades. Hence, FEF neurons exhibit a robust prediction error signal about 215 

transsaccadic changes of visual stimuli. 216 

Multiple lines of evidence therefore support the hypothesis that corollary 217 

discharge in the SC-MD-FEF pathway contributes to an oculomotor forward model. 218 

More studies are needed to test this hypothesis, integrate the individual lines of 219 

evidence, and identify specific circuits and mechanisms of the forward model.  220 

One way to test the oculomotor forward model hypothesis would be to check 221 

whether presaccadic remapping is needed for computing the prediction error signaled 222 

by FEF neurons. Is that error signal computed through a comparison of future field 223 

responses and post-saccadic receptive field responses? This could be tested by 224 

inactivating MD to reduce remapping in FEF (15) while examining the prediction errors 225 

reported by FEF neurons (51). If the computation of prediction error signals requires 226 

presaccadic remapping, it should be reduced by MD inactivation. Many other 227 

mechanistic questions need to be studied, as well: 228 

1) How are priors about the environment included in the feedback prediction? 229 

Where are these priors represented and how do they combine with the spatial prediction 230 

generated by anticipatory remapping?  231 

2) How and where is the prediction error signal computed? A prediction error is 232 

the difference between the feedback prediction and the incoming input. Thus, a 233 

prediction error might be generated at any stage in the visual hierarchy. 234 
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3) How does the prediction error signal update future predictions? A prediction 235 

error across a saccade could arise because of an incorrect corollary discharge signal or 236 

because of incorrect information about the state of the system. Solving this credit-237 

assignment problem would require knowing the relative accuracies of each of these 238 

signals and updating them accordingly. Alternatively, it is possible that the incoming 239 

sensory signal itself is unreliable, which should make the prediction error less likely to 240 

update one of the predictive signals. Bayesian models formalize this prediction. Within a 241 

Bayesian model, the prior is equivalent to the prediction; the likelihood, the incoming 242 

signal; and the posterior, the prediction error (52). Bayesian models also predict that 243 

perception is closest to the posterior. A simulation study by Niemeier and colleagues 244 

(53) showed that saccadic suppression is a consequence of accounting for the reliability 245 

of eye movements, thus providing evidence for the implementation of a Bayesian model 246 

in the oculomotor system. Whether a prior about the environment and the incoming 247 

input are combined in a Bayesian manner, however, remains unknown.  248 

Learning more about oculomotor forward models also could improve our 249 

understanding of the circuit basis of psychiatric disorders. Eye movements are 250 

abnormal in schizophrenia (54, 29 in this volume) and several of the disorder’s 251 

symptoms are thought to result from impairments of corollary discharge and forward 252 

models (for reviews, see 55–58). In anticipation of the broader use of these concepts for 253 

explaining psychiatric conditions, it seems timely to re-visit the definition of corollary 254 

discharge and assess its applicability to signals within cognitive networks of the brain. 255 

 256 

Cognitive Forward Model: Proposal and Implications 257 
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Although corollary discharge originally referred only to copies of motor commands (59), 258 

that strict conception seems outdated. Even within the saccadic system, corollary 259 

discharge from the SC originates at least two synapses upstream from the extraocular 260 

muscles and consists of a mixture of visual responses, delay activity, and movement 261 

signals (18), suggesting that corollary discharge as it exists neurally is more nuanced 262 

than it was imagined theoretically. We propose that corollary discharge, broadly 263 

speaking, is any copy of a neural signal that is conveyed for informational purposes and 264 

state updates. 265 

 Consider two successive tasks, Task A and Task B, where performance of Task 266 

B is contingent on Task A. These “tasks” may be any distinct operation performed by 267 

the nervous system, from tapping a finger to deciding where to eat lunch. Corollary 268 

discharge of Task A would be a neural signal that meets the following criteria: 269 

1) It must be a copy of the command that produces Task A, in that it carries the 270 

same information as the command itself. 271 

2) Execution of Task A must not depend on the signal. 272 

3) Execution of Task B must depend on the signal.  273 

4) The signal must be produced regardless of whether Task B follows Task A. 274 

The first two criteria require that corollary discharge reflects the performance of 275 

Task A without causing it. The third criterion requires that the corollary discharge signal 276 

be useful, in that it is needed for some Task B. The fourth criterion limits corollary 277 

discharge to signals that are produced whenever Task A occurs rather than only in 278 

anticipation of a specific Task B, to exclude specialized, trained signals that link the 279 

tasks. In the case of saccadic corollary discharge, for example, Task A is the generation 280 
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of a saccade. The SC can be said to produce a corollary discharge of the task because 281 

its ascending signals are 1) copies of the saccade vector, 2) irrelevant to moving the 282 

eyes, 3) necessary for generating a second saccade in the double-step task and 283 

remapping of visual receptive fields, and 4) obligatory. 284 

Applied to neural systems that accomplish the task of decision-making, the 285 

framework could help to identify cognitive corollary discharge signals. The plausibility of 286 

such signals is suggested by a range of studies, across species, showing that when 287 

individuals make decisions, they self-monitor them (60–65). The neural signals that 288 

monitor decisions do not drive those decisions (66–69) but seem to provide a more 289 

informational function that helps to guide subsequent decisions (70, 71). Such 290 

performance-monitoring signals have the potential for meeting the criteria of a corollary 291 

discharge signal in the cognitive domain. 292 

In the saccadic system, corollary discharge signals inform visual processing and 293 

guide the planning of subsequent saccades through putative forward models. 294 

Analogously, when we say that corollary discharge of a decision may guide subsequent 295 

decisions or other tasks, it implies an intermediary mechanism, which could be a 296 

cognitive forward model. What would such a model look like? One well-studied type of 297 

decision is made to transition from the current value state to a desired higher value 298 

state. This value transition may take the form of gaining reward or avoiding punishment. 299 

In this context, a cognitive forward model would generate predictions of the value 300 

consequence of a decision, using a copy of the decision command (Figure 2A). 301 
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 302 

Figure 2. Cognitive internal models. (A) An example of a cognitive forward model that 303 

would use cognitive corollary discharge of decisions to predict their value 304 

consequences. (B) One candidate area for contributing to this type of cognitive forward 305 

model is the SEF. Corollary discharge of decisions could arrive from multiple possible 306 

areas including the dlPFC, the FEF, or LIP. Although depicted in the macaque brain 307 

here, all of these areas have putative homologs in the human brain: SEF in the mesial 308 

portion of Brodmann’s area 6 (24, 72), dlPFC in the middle frontal gyrus portion of 309 

Brodmann’s areas 9 and 46 (73, 74), FEF in dorsomedial precentral sulcus within 310 

Brodmann’s area 6 (24), and LIP in Brodmann’s area 7 (75). 311 

 312 

For a forward model that mediates decision-guided value predictions, akin to 313 

motor-guided sensory predictions of an oculomotor forward model, the cognitive 314 

corollary discharge signal would enable a mapping from decision coordinates to value 315 
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coordinates. The model would yield a predicted value state that could be used as the 316 

current value state even before reward is received, allowing decisions to be planned in 317 

quick and accurate sequences. The difference between the predicted value and the 318 

reinforcement that is eventually received, the prediction error, would be relayed back up 319 

to local decision centers to update subsequent decisions and predictions. There is 320 

widespread evidence for the existence of reward prediction and reward prediction error 321 

signals across various brain areas (76–81). Indeed, reward prediction error is thought to 322 

be a key driver of learning, that is, the updating of subsequent predictions to match the 323 

outcome. Although there are influential computational models of how reward prediction 324 

error signals might be generated (82) and some recent efforts towards investigating this 325 

in neural circuits (83), we do not have a clear understanding of the components that go 326 

into the calculation of reward prediction error in the brain. A cognitive forward model that 327 

generates predictions about decision outcome, and in turn, prediction errors, provides a 328 

plausible explanation. Cognitive forward models can be extended to include decisions 329 

across sensory modalities or more abstract decisions to transition between thought 330 

states. Dysfunction of these models might then explain the aberrant internal states 331 

observed in many complex psychiatric disorders.  332 

For decisions involving vision and eye movements, the supplementary eye field 333 

(SEF) is a possible locus for the implementation of a cognitive forward model (Figure 334 

2B). Simulation and inactivation studies suggest that it is not centrally involved in eye 335 

movement generation (reviewed by 72), yet during visuo-saccadic tasks its neurons 336 

carry signals that correspond to decision monitoring, reward prediction, received 337 

reward, and reward prediction errors (68, 69, 79, 84, 85). A recent study also linked the 338 
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activity of neurons in the SEF to the generation of error-related negativity (ERN), an 339 

electroencephalography-based measure of prediction errors (86). Abnormal ERNs in 340 

schizophrenic patients are thought to reflect deficiencies in the self-monitoring of 341 

thoughts and actions (87–90) and might arise from dysfunction of a cognitive forward 342 

model. Such a forward model, however, cannot function without input from cognitive 343 

corollary discharge, just as visual receptive fields cannot remap presaccadically without 344 

information about the upcoming saccade. 345 

Corollary discharge of decisions could arrive from several candidate areas 346 

including dorsolateral prefrontal cortex (dlPFC) and LIP (91, 92), but a particularly 347 

interesting source would be the FEF. In addition to its sensorimotor integration 348 

functions, the FEF appears to contribute to sensorimotor decisions (93–96). The 349 

information that the FEF receives about upcoming saccades, the visual scene, and 350 

priors would be useful for both its own forward model operation and its decision-making 351 

functions. Corollary discharge of the latter could inform the SEF cognitive forward model 352 

(Figure 3A) (97), meaning that the FEF would serve as the terminus of one forward 353 

model and the origin of corollary discharge for another (Figure 3B). This cognitive 354 

corollary discharge might be relayed by a direct connection between the two regions 355 

(98) or indirectly via a transthalamic pathway (99, 100, reviewed in 58). In support of the 356 

latter, monkeys with lesions to MD thalamus are impaired in exploiting information about 357 

their recent decisions in an adaptive decision-making task (101). Other nodes in the 358 

oculomotor system, such as LIP, could provide similar interfaces between sensorimotor 359 

and cognitive forward models. Neurons in LIP remap their visual receptive fields (34) 360 

and carry signals both about decisions (102, 103) and the monitoring of decisions (67). 361 
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However, for LIP to function as a sensorimotor forward model, it would have to receive 362 

saccadic corollary discharge, but no such pathway to LIP has been discovered yet. 363 

Regardless, the shared neural substrate of FEF (and possibly LIP and other areas), via 364 

their joint roles in forward models, might provide a direct mechanism by which cognitive 365 

processing builds on sensorimotor integration. 366 

 367 

Figure 3. FEF as a putative link between sensorimotor and cognitive forward models. 368 

(A) The motor, visual, and prior signals received by the FEF would not only inform its 369 

function as a visuosaccadic forward model, but also would contribute to decision-370 

making processes. Corollary discharge of decision signals in FEF could enable a 371 

cognitive forward model in the SEF. (B) Neural circuit layout of this speculative cascade 372 

of forward models.  373 

 374 
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Our focus has been on brain areas associated with corollary discharge pathways 375 

and forward models, but that circuitry could not function as part of a cohesive internal 376 

model without several other important pathways and nodes (Figures 1 and 2). Although 377 

enumerating all of them here would be beyond the scope of this review, many brain 378 

areas and circuits have properties appropriate for the other components. The 379 

orbitofrontal cortex, just as one example, encodes stimulus value (73, 77, 104, 105) and 380 

interconnects with the dlPFC, FEF, and SEF (reviewed by 106). This makes it a 381 

compelling candidate for implementing a cognitive inverse model that compares the 382 

current and desired value state to generate a decision command, a copy of which 383 

becomes corollary discharge for the cognitive forward model (Figure 2).   384 

 385 

Conclusion 386 

The lessons learned from studying the SC-MD-FEF pathway have helped to define 387 

exactly what corollary discharge is, why it is important, and how it may contribute to 388 

broader networks. Going beyond sensorimotor systems, the same principles and a host 389 

of physiological evidence support the plausibility of pathways for corollary discharge of 390 

decisions. The two forms of corollary discharge have a common purpose, to guide 391 

forward models, but yield different outcomes: the predicted influence of actions on 392 

sensation or of decisions on reward. Identification of brain areas and pathways that map 393 

onto the nodes and links of internal models could help to clarify the processes of 394 

cognition in the same way that it has advanced our understanding of sensorimotor 395 

behavior. 396 

 397 



20 
 

Acknowledgments 398 

Supported by the National Science Foundation (Grant 1539687 to Sommer and 399 

Graduate Research Fellowship to Alers). 400 

 401 

Financial Disclosures 402 

Each of the authors, Subramanian, Alers, and Sommer, reported no biomedical financial 403 

interests or potential conflicts of interest. 404 

 405 

References 406 

1. Byrne RW (2000): Evolution of primate cognition. Cogn Sci. 24: 543–570. 407 

2. Cruse H (2003): The evolution of cognition—a hypothesis. Cogn Sci. 27: 135–155. 408 

3. Corbetta M, Akbudak E, Conturo TE, Snyder AZ, Ollinger JM, Drury HA, et al. (1998): 409 

A common network of functional areas for attention and eye movements. Neuron. 410 

21: 761–773. 411 

4. Gallese V, Lakoff G (2005): The brain’s concepts: The role of the sensory-motor 412 

system in conceptual knowledge. Cogn Neuropsychol. 22: 455–479. 413 

5. Georgopoulos A, Taira M, Lukashin A (1993): Cognitive neurophysiology of the motor 414 

cortex. Science. 260: 47–52. 415 

6. Wurtz RH, Basso MA, Pare M, Sommer MA (2000): The superior colliculus and the 416 

cognitive control of movement. new Cogn Neurosci. pp 573–588. 417 

7. Wurtz RH, Sommer MA (2004): Identifying corollary discharges for movement in the 418 

primate brain. Prog Brain Res. (Vol. 144), pp 47–60. 419 

8. Jordan MI (1996): Computational aspects of motor control and motor learning. Handb 420 



21 
 

Percept Action Mot Ski. (Vol. 2), pp 71–120. 421 

9. Jordan M, Rumelhart D (1992): Forward models: Supervised learning with a distal 422 

teacher. Cogn Sci. 16: 307–354. 423 

10. Miall RC, Wolpert DM (1996): Forward models for physiological motor control. 424 

Neural Networks. 9: 1265–1279. 425 

11. Crapse TB, Sommer MA (2008): The frontal eye field as a prediction map. Prog 426 

Brain Res. pp 383–390. 427 

12. Sommer MA, Wurtz RH (2008): Brain circuits for the internal monitoring of 428 

movements. Annu Rev Neurosci. 31: 317–338. 429 

13. Cavanaugh J, Berman RA, Joiner WM, Wurtz RH (2016): Saccadic corollary 430 

discharge underlies stable visual perception. J Neurosci. 36: 31–42. 431 

14. Sommer MA, Wurtz RH (2002): A pathway in primate brain for internal monitoring of 432 

movements. Science. 296: 1480–1482. 433 

15. Sommer MA, Wurtz RH (2006): Influence of the thalamus on spatial visual 434 

processing in frontal cortex. Nature. 444: 374–377. 435 

16. Sommer MA, Wurtz RH (1998): Frontal eye field neurons orthodromically activated 436 

from the superior colliculus. J Neurophysiol. 80: 3331–3335. 437 

17. Lynch JC, Hoover JE, Strick PL (1994): Input to the primate frontal eye field from the 438 

substantia nigra, superior colliculus, and dentate nucleus demonstrated by 439 

transneuronal transport. Exp Brain Res. 100: 181–186. 440 

18. Sommer MA, Wurtz RH (2004): What the brain stem tells the frontal cortex. I. 441 

Oculomotor signals sent from superior colliculus to frontal eye field via mediodorsal 442 

thalamus. J Neurophysiol. 91: 1381–1402. 443 



22 
 

19. Sommer MA, Wurtz RH (2004): What the brain stem tells the frontal cortex. II. Role 444 

of the SC-MD-FEF pathway in corollary discharge. J Neurophysiol. 91: 1403–1423. 445 

20. Bellebaum C, Daum I, Koch B, Schwarz M, Hoffmann K-P (2005): The role of the 446 

human thalamus in processing corollary discharge. Brain. 128: 1139–1154. 447 

21. Gaymard B, Rivaud S, Pierrot-Deseilligny C (1994): Impairment of extraretinal eye 448 

position signals after central thalamic lesions in humans. Exp Brain Res. 102. doi: 449 

10.1007/BF00232433. 450 

22. Ostendorf F, Liebermann D, Ploner CJ (2010): Human thalamus contributes to 451 

perceptual stability across eye movements. Proc Natl Acad Sci. 107: 1229–1234. 452 

23. Ostendorf F, Liebermann D, Ploner CJ (2013): A role of the human thalamus in 453 

predicting the perceptual consequences of eye movements. Front Syst Neurosci. 7: 454 

1–12. 455 

24. Luna B (1998): Dorsal cortical regions subserving visually guided saccades in 456 

humans: an fMRI study. Cereb Cortex. 8: 40–47. 457 

25. Vernet M, Quentin R, Chanes L, Mitsumasu A, Valero-Cabre A (2014): Frontal eye 458 

field, where art thou? Anatomy, function, and non-invasive manipulation of frontal 459 

regions involved in eye movements and associated cognitive operations. Front 460 

Integr Neurosci. 8: 1–24. 461 

26. Furlan M, Smith AT, Walker R (2015): Activity in the human superior colliculus 462 

relating to endogenous saccade preparation and execution. J Neurophysiol. 114: 463 

1048–1058. 464 

27. Krebs RM, Woldorff MG, Tempelmann C, Bodammer N, Noesselt T, Boehler CN, et 465 

al. (2010): High-field fMRI reveals brain activation patterns underlying saccade 466 



23 
 

execution in the human superior colliculus. PLoS One. 5: e8691. 467 

28. Savjani RR, Katyal S, Halfen E, Kim JH, Ress D (2018): Polar-angle representation 468 

of saccadic eye movements in human superior colliculus. Neuroimage. 171: 199–469 

208. 470 

29. Thakkar KN, Rolfs M (2019): Disrupted corollary discharge in schizophrenia: 471 

Evidence from the oculomotor system. Biol Psychiatry Cogn Neurosci 472 

Neuroimaging.  473 

30. Sparks DL (2002): The brainstem control of saccadic eye movements. Nat Rev 474 

Neurosci. 3: 952–964. 475 

31. White BJ, Munoz DP (2012): The superior colliculus. Oxford Handb Eye 476 

Movements. 195–213. 477 

32. Segraves MA, Park K (1993): The relationship of monkey frontal eye field activity to 478 

saccade dynamics. J Neurophysiol. 69: 1880–1889. 479 

33. Wurtz RH, Sommer MA, Paré M, Ferraina S (2001): Signal transformations from 480 

cerebral cortex to superior colliculus for the generation of saccades. Vision Res. 41: 481 

3399–3412. 482 

34. Duhamel J-R, Colby CL, Goldberg ME (1992): The updating of the representation of 483 

visual space in parietal cortex by intended eye movements. Science. 255: 16–19. 484 

35. Umeno MM, Goldberg ME (1997): Spatial processing in the monkey frontal eye field 485 

. I . Predictive visual responses. J Neurophysiol. 78: 1373–1383. 486 

36. Hall NJ, Colby CL (2011): Remapping for visual stability. Philos Trans R Soc B Biol 487 

Sci. 366: 528–539. 488 

37. Wurtz RH (2008): Neuronal mechanisms of visual stability. Vision Res. 48: 2070–489 



24 
 

2089. 490 

38. Wurtz RH (2018): Corollary discharge contributions to perceptual continuity across 491 

saccades. Annu Rev Vis Sci. 4: 215–237. 492 

39. Rao HM, Mayo JP, Sommer MA (2016): Circuits for presaccadic visual remapping. J 493 

Neurophysiol. 116: 2624–2636. 494 

40. Rao HM, San Juan J, Shen FY, Villa JE, Rafie KS, Sommer MA (2016): Neural 495 

network evidence for the coupling of presaccadic visual remapping to predictive 496 

eye position updating. Front Comput Neurosci. 10: 1–21. 497 

41. Shin S, Sommer MA (2012): Division of labor in frontal eye field neurons during 498 

presaccadic remapping of visual receptive fields. J Neurophysiol. 108: 2144–2159. 499 

42. Stanton GB, Bruce CJ, Goldberg ME (1995): Topography of projections to posterior 500 

cortical areas from the macaque frontal eye fields. J Comp Neurol. 353: 291–305. 501 

43. Schall J, Morel A, King D, Bullier J (1995): Topography of visual cortex connections 502 

with frontal eye field in macaque: Convergence and segregation of processing 503 

streams. J Neurosci. 15: 4464–4487. 504 

44. Neupane S, Guitton D, Pack CC (2016): Two distinct types of remapping in primate 505 

cortical area V4. Nat Commun. 7: 1–11. 506 

45. Neupane S, Guitton D, Pack CC (2016): Dissociation of forward and convergent 507 

remapping in primate visual cortex. Curr Biol. 26: R491–R492. 508 

46. Inaba N, Kawano K (2014): Neurons in cortical area MST remap the memory trace 509 

of visual motion across saccadic eye movements. Proc Natl Acad Sci. 111: 7825–510 

7830. 511 

47. Nakamura K, Colby CL (2002): Updating of the visual representation in monkey 512 



25 
 

striate and extrastriate cortex during saccades. Proc Natl Acad Sci. 99: 4026–4031. 513 

48. Merriam EP, Genovese CR, Colby CL (2003): Spatial updating in human parietal 514 

cortex. Neuron. 39: 361–373. 515 

49. Merriam EP, Genovese CR, Colby CL (2007): Remapping in human visual cortex. J 516 

Neurophysiol. 97: 1738–1755. 517 

50. Rao HM, Abzug ZM, Sommer MA (2016): Visual continuity across saccades is 518 

influenced by expectations. J Vis. 16: 1–18. 519 

51. Crapse TB, Sommer MA (2012): Frontal eye field neurons assess visual stability 520 

across saccades. J Neurosci. 32: 2835–2845. 521 

52. Aitchison L, Lengyel M (2017): With or without you: Predictive coding and Bayesian 522 

inference in the brain. Curr Opin Neurobiol. 46: 219–227. 523 

53. Niemeier M, Crawford JD, Tweed DB (2003): Optimal transsaccadic integration 524 

explains distorted spatial perception. Nature. 422: 76–80. 525 

54. Thakkar KN, Diwadkar VA, Rolfs M (2017): Oculomotor prediction: A window into 526 

the psychotic mind. Trends Cogn Sci. 21: 344–356. 527 

55. Frith CD, Blakemore SJ, Wolpert DM (2000): Explaining the symptoms of 528 

schizophrenia: Abnormalities in the awareness of action. Brain Res Rev. 31: 357–529 

363. 530 

56. Sterzer P, Adams RA, Fletcher P, Frith C, Lawrie SM, Muckli L, et al. (2018): The 531 

predictive coding account of psychosis. Biol Psychiatry. 84: 634–643. 532 

57. Bansal S, Ford JM, Spering M (2018): The function and failure of sensory 533 

predictions. Ann N Y Acad Sci. 1426: 199–220. 534 

58. Ouhaz Z, Fleming H, Mitchell AS (2018): Cognitive functions and 535 



26 
 

neurodevelopmental disorders involving the prefrontal cortex and mediodorsal 536 

thalamus. Front Neurosci. 12: 1–18. 537 

59. Sperry RW (1950): Neural basis of the spontaneous optokinetic response produced 538 

by visual inversion. J Comp Physiol Psychol. 43: 482–489. 539 

60. Smith JD, Schull J, Strote J, McGee K, Egnor R, Erb L (1995): The uncertain 540 

response in the bottlenosed dolphin (Tursiops truncatus). J Exp Psychol Gen. 124: 541 

391–408. 542 

61. Foote AL, Crystal JD (2007): Metacognition in the rat. Curr Biol. 17: 551–555. 543 

62. Hampton RR (2001): Rhesus monkeys know when they remember. Proc Natl Acad 544 

Sci. 98: 5359–5362. 545 

63. Beran MJ, Smith JD, Redford JS, Washburn DA (2006): Rhesus macaques 546 

(macaca mulatta) monitor uncertainty during numerosity judgments. J Exp Psychol 547 

Anim Behav Process. 32: 111–119. 548 

64. Kornell N, Son LK, Terrace HS (2007): Transfer of metacognitive skills and hint 549 

seeking in monkeys. Psychol Sci. 18: 64–71. 550 

65. Middlebrooks PG, Sommer MA (2011): Metacognition in monkeys during an 551 

oculomotor task. J Exp Psychol Learn Mem Cogn. 37: 325–337. 552 

66. Kepecs A, Uchida N, Zariwala HA, Mainen ZF (2008): Neural correlates, 553 

computation and behavioural impact of decision confidence. Nature. 455: 227–231. 554 

67. Kiani R, Shadlen MN (2009): Representation of confidence associated with a 555 

decision by neurons in the parietal cortex. Science. 324: 759–764. 556 

68. Middlebrooks PG, Sommer MA (2012): Neuronal correlates of metacognition in 557 

primate frontal cortex. Neuron. 75: 517–530. 558 



27 
 

69. Abzug ZM, Sommer MA (2018): Neuronal correlates of serial decision-making in the 559 

supplementary eye field. J Neurosci. 38: 7280–7292. 560 

70. Nelson TO, Narens L (1990): Metamemory: A theoretical framework and new 561 

findings. Psychol Learn Motiv - Adv Res Theory. pp 125–173. 562 

71. Abzug ZM, Sommer MA (2018): Serial decision-making in monkeys during an 563 

oculomotor task. J Exp Psychol Anim Learn Cogn. 44: 95–102. 564 

72. Tehovnik EJ, Sommer MA, Chou I-H, Slocum WM, Schiller PH (2000): Eye fields in 565 

the frontal lobes of primates. Brain Res Rev. 32: 413–448. 566 

73. Krawczyk DC (2002): Contributions of the prefrontal cortex to the neural basis of 567 

human decision making. Neurosci Biobehav Rev. 26: 631–664. 568 

74. Petrides M, Pandya DN (1999): Dorsolateral prefrontal cortex: Comparative 569 

cytoarchitectonic analysis in the human and the macaque brain and corticocortical 570 

connection patterns. Eur J Neurosci. 11: 1011–1036. 571 

75. Grefkes C, Fink GR (2005): The functional organization of the intraparietal sulcus in 572 

humans and monkeys. J Anat. 207: 3–17. 573 

76. Schultz W, Dayan P, Montague PR (1997): A neural substrate of prediction and 574 

reward. Science. 275: 1593–1599. 575 

77. Tremblay L, Schultz W (1999): Relative reward preference in primate orbitofrontal 576 

cortex. Nature. 398: 704–708. 577 

78. Hikosaka O, Sakamoto M, Usui S (1989): Functional properties of monkey caudate 578 

neurons. III. Activities related to expectation of target and reward. J Neurophysiol. 579 

61: 814–832. 580 

79. So N, Stuphorn V (2012): Supplementary eye field encodes reward prediction error. 581 



28 
 

J Neurosci. 32: 2950–2963. 582 

80. Sugase-Miyamoto Y, Richmond BJ (2005): Neuronal signals in the monkey 583 

basolateral amygdala during reward schedules. J Neurosci. 25: 11071–11083. 584 

81. Puryear CB, Mizumori SJY (2008): Reward prediction error signals by reticular 585 

formation neurons. Learn Mem. 15: 895–898. 586 

82. Sutton RS, Barto AG (1987): A temporal-difference model of classical conditioning. 587 

Proc ninth Annu Conf Cogn Sci Soc. pp 355–378. 588 

83. Watabe-Uchida M, Eshel N, Uchida N (2017): Neural circuitry of reward prediction 589 

error. Annu Rev Neurosci. 40: 373–394. 590 

84. Amador N, Schlag-Rey M, Schlag J (2000): Reward-predicting and reward-detecting 591 

neuronal activity in the primate supplementary eye field. J Neurophysiol. 84: 2166–592 

2170. 593 

85. So N-Y, Stuphorn V (2010): Supplementary eye field encodes option and action 594 

value for saccades with variable reward. J Neurophysiol. 104: 2634–2653. 595 

86. Sajad A, Godlove DC, Schall JD (2019): Cortical microcircuitry of performance 596 

monitoring. Nat Neurosci. 22: 265–274. 597 

87. Kopp B, Rist F (1999): An event-related brain potential substrate of disturbed 598 

response monitoring in paranoid schizophrenic patients. J Abnorm Psychol. 108: 599 

337–346. 600 

88. Alain C, McNeely HE, He Y, Christensen BK, West R (2002): Neurophysiological 601 

evidence of error-monitoring deficits in patients with schizophrenia. Cereb Cortex. 602 

12: 840–846. 603 

89. Bates AT, Kiehl KA, Laurens KR, Liddle PF (2002): Error-related negativity and 604 



29 
 

correct response negativity in schizophrenia. Clin Neurophysiol. 113: 1454–1463. 605 

90. Mathalon DH, Fedor M, Faustman WO, Gray M, Askari N, Ford JM (2002): 606 

Response-monitoring dysfunction in schizophrenia: An event-related brain potential 607 

study. J Abnorm Psychol. 111: 22–41. 608 

91. Kim J-N, Shadlen MN (1999): Neural correlates of a decision in the dorsolateral 609 

prefrontal cortex of the macaque. Nat Neurosci. 2: 176–185. 610 

92. Gold JI, Shadlen MN (2007): The neural basis of decision making. Annu Rev 611 

Neurosci. 30: 535–574. 612 

93. Ding L, Gold JI (2011): Neural correlates of perceptual decision making before, 613 

during, and after decision commitment in monkey frontal eye field. Cereb Cortex. 614 

22: 1052–1067. 615 

94. Gold JI, Shadlen MN (2000): Representation of a perceptual decision in developing 616 

oculomotor commands. Nature. 404: 390–394. 617 

95. Gold JI, Shadlen MN (2003): The influence of behavioral context on the 618 

representation of a perceptual decision in developing oculomotor commands. J 619 

Neurosci. 23: 632–651. 620 

96. Schall JD, Bichot NP (1998): Neural correlates of visual and motor decision 621 

processes. Curr Opin Neurobiol. 8: 211–217. 622 

97. Luppino G, Rozzi S, Calzavara R, Matelli M (2003): Prefrontal and agranular 623 

cingulate projections to the dorsal premotor areas F2 and F7 in the macaque 624 

monkey. Eur J Neurosci. 17: 559–578. 625 

98. Stanton GB, Bruce CJ, Goldberg ME (1993): Topography of projections to the 626 

Frontal Lobe from the macaque frontal eye fields. J Comp Neurol. 353: 291–305. 627 



30 
 

99. Giguere M, Goldman-Rakic PS (1988): Mediodorsal nucleus: Areal, laminar, and 628 

tangential distribution of afferents and efferents in the frontal lobe of rhesus 629 

monkeys. J Comp Neurol. 277: 195–213. 630 

100. Stanton GB, Goldberg ME, Bruce CJ (1988): Frontal eye field efferents in the 631 

macaque monkey: I. Subcortical pathways and topography of striatal and thalamic 632 

terminal fields. J Comp Neurol. 271: 473–492. 633 

101. Chakraborty S, Kolling N, Walton ME, Mitchell AS (2016): Critical role for the 634 

mediodorsal thalamus in permitting rapid reward-guided updating in stochastic 635 

reward environments. Elife. 5: 1–23. 636 

102. Shadlen MN, Newsome WT (1996): Motion perception: Seeing and deciding. Proc 637 

Natl Acad Sci. 93: 628–633. 638 

103. Shadlen MN, Newsome WT (2001): Neural basis of a perceptual decision in the 639 

parietal cortex (area LIP) of the rhesus monkey. J Neurophysiol. 86: 1916–1936. 640 

104. Padoa-Schioppa C, Assad JA (2006): Neurons in the orbitofrontal cortex encode 641 

economic value. Nature. 441: 223–226. 642 

105. Tremblay L, Schultz W (2000): Reward-related neuronal activity during go-nogo 643 

task performance in primate orbitofrontal cortex. J Neurophysiol. 83: 1864–1876. 644 

106. Cavada C (2000): The anatomical connections of the macaque monkey 645 

orbitofrontal cortex. A Review. Cereb Cortex. 10: 220–242. 646 


