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Medial frontal cortex enables executive control by monitoring relevant information and 17 

using it to adapt behavior. In macaques performing a saccade countermanding (stop-18 

signal) task, we recorded EEG over and neural spiking across all layers of the 19 

supplementary eye field (SEF). We report the laminar organization of concurrently 20 

activated neurons monitoring the conflict between incompatible responses and the 21 

timing of events serving goal maintenance and executive control. We also show their 22 

relation to coincident event-related potentials (ERP). Neurons signaling response conflict 23 

were largely broad-spiking found across all layers. Neurons signaling the interval until 24 

specific task events were largely broad-spiking neurons concentrated in L3 and L5. 25 

Neurons predicting the duration of control and sustaining the task goal until the release 26 

of operant control were a mix of narrow- and broad-spiking neurons confined to L2/3. We 27 

complement these results with the first report of a monkey homologue of the N2/P3 ERP 28 

complex associated with response inhibition. N2 polarization varied with error likelihood 29 

and P3 polarization varied with the duration of expected control. The amplitude of the N2 30 

and P3 were predicted by the spike rate of different classes of neurons located in L2/3 31 

but not L5/6. These findings reveal important, new features of the cortical microcircuitry 32 

supporting executive control and producing associated ERP. 33 

Effective control of behavior is necessary to achieve goals, especially when faced with 34 

competing instructions inducing response conflict and requiring inhibition of prepotent 35 

responses and maintenance of task goals, and adaptation of performance. These features of 36 

executive control are investigated with the countermanding (stop-signal) task 1, during which 37 

macaque monkeys, like humans, exert response inhibition and adapt performance based on 38 

stimulus history, response outcomes, and the temporal structure of task events 2.  39 

Medial frontal cortex enables executive control, but circuit-level mechanisms remain 40 

uncertain 3, 4. Hypotheses on executive control function have been tested in humans using 41 

noninvasive ERP measures derived from a negative-positive waveform known as the N2/P3 42 
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associated with stopping  5. However, their cortical source is unknown. Mechanistic hypotheses 43 

about the basis of these signals require information about neural spiking patterns across cortical 44 

layers 6. Moreover, understanding function at the resolution of layers can clarify circuit-level 45 

mechanisms because neurons in different layers have different extrinsic anatomical 46 

connections. We can obtain such information from the supplementary eye field, an agranular 47 

area on the dorsomedial convexity in macaques, immediately beneath where the frontal ERPs 48 

are sampled. SEF contributes to proactive but not reactive inhibition 7 and its activation 49 

improves performance in the countermanding task by delaying response time8 through 50 

postponing the accumulation of pre-saccadic activity 9. SEF also supports working memory 10, 11, 51 

and signals surprise 12, event timing 13, 14, response conflict 15, plus errors and reinforcement 16. 52 

SEF in macaques is homologous to SEF in humans 17.  53 

The canonical cortical microcircuit derived from granular sensory areas 18 does not 54 

explain agranular frontal areas like SEF 19, 20, 21, 22, 23. Recently we described the laminar 55 

microcircuitry of performance monitoring signals in the SEF, and relationship to the ERP 56 

indexing error monitoring known as the error-related negativity (ERN)16. Here we describe the 57 

laminar microcircuitry of signals that monitor events occurring during successful stopping 58 

performance. We define three classes of neurons that concurrently signal response conflict, 59 

timing of events, and maintenance of task goals. We also establish that macaque monkeys 60 

produce the N2/P3 ERP associated with response inhibition, elucidating task factors indexed by 61 

this ERP complex and the neuron classes predicting their polarization. 62 

 63 

  64 
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RESULTS 65 

Countermanding performance, neural sampling, and functional classification. 66 

Neurophysiological and electrophysiological data was recorded from two macaque monkeys 67 

performing the saccade countermanding task with explicit feedback tone cues (Fig. 1a) 24. Data 68 

collection and analysis was informed by the consensus guide for the stop-signal task 25. In 29 69 

sessions we acquired 33,816 trials (Monkey Eu, male, 12 sessions 11,583 trials; X, female, 17 70 

sessions 22,233 trials). Typical performance was produced by both monkeys. Response times 71 

(RT) on failed inhibition trials (noncanceled trials) (mean ± SD Eu: 294 ± 179 ms; X: 230 ± 83 72 

ms) were systematically shorter than those on no stop-signal trials (Eu: 313 ± 119 ms, X: 263 ± 73 

112 ms; mixed effects linear regression grouped by monkey, t(27507) = -17.4, p < 10-5) (Fig. 74 

1b). Characteristically, the probability of noncanceled errors increased with stop-signal delay 75 

(SSD) (Fig. 1b). These two observations validate the use of the independent race model 26 to 76 

estimate the stop-signal reaction time (SSRT), the time needed to cancel a partially prepared 77 

saccade. Accordingly, neural modulation before SSRT can contribute to stopping but that after 78 

SSRT cannot 7, 26. SSRT across sessions (Eu: 118 ± 23 ms, X: 103 ± 24 ms) did not differ 79 

between monkeys (t(27) = -1.69, p = 0.1025). While there were other classes of errors made in 80 

the task, they were infrequent and therefore inconsequential to this study. Therefore, P(error) 81 

refers to the probability of noncanceled errors. 82 
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 83 

Fig. 1 | Experimental approach. a, Saccade countermanding task. Monkeys initiated trials by 84 

fixating a central point. After a variable time, the center of the fixation point was extinguished, and a 85 

peripheral target was presented at one of two possible locations. On no stop-signal trials monkeys 86 

were required to shift gaze to the target, whereupon after 600 ± 0 ms a high-pitch auditory feedback 87 

tone was delivered, and 600 ± 0 ms later fluid reward was provided. On stop-signal trials (~40% of 88 

trials) after the target appeared, the center of the fixation point was re-illuminated after a variable 89 

stop-signal delay, which instructed the monkey to cancel the saccade in which case the same high-90 

pitch tone was presented 1,500 ± 0 ms after target presentation followed 600 ± 0 ms later by fluid 91 

reward. Stop-signal delay was adjusted such that monkeys successfully canceled the saccade in 92 

~50% of trials. In the remaining trials, monkeys made non-canceled errors, which were followed after 93 

600 ± 0 ms by a low-pitch tone, and no reward was delivered. Monkeys could not initiate trials earlier 94 

after errors. b, Grand average cumulative distributions of all RT for both monkeys on trials with no 95 

stop-signal (solid) and non-canceled errors (dashed). c, Grand average probability of non-canceled 96 

errors (P(error)) as a function of stop-signal delay. Inset shows the distribution of SSRT across all 97 
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sessions for both monkeys. d, Neural spiking was recorded across all layers of agranular SEF 98 

(NeuN stain) using Plexon U-probe. Neurons with both broad (black) and narrow (red) spikes were 99 

sampled. Spiking modulation was measured relative to presentation of task events (thin solid, visual 100 

target; thick solid, stop-signal) and performance measures like SSRT (dashed vertical). 101 

Simultaneously, EEG was recorded from the cranial surface with an electrode positioned over the 102 

medial frontal cortex (10-20 location Fz). Yellow rectangle portrays cortical area sampled in a T1 MR 103 

image. 104 

 105 

EEG was recorded with leads placed on the cranial surface beside the chamber over 106 

medial frontal cortex while a linear electrode array (Plexon, 24 channels, 150 µm spacing) was 107 

inserted in SEF (Fig. 1c). SEF was localized by anatomical landmarks and intracortical 108 

electrical microstimulation 20. We recorded neural spiking in 29 sessions (Eu: 12, X: 17) 109 

sampling activity from 5 neighboring sites. Overall, 575 single units (Eu: 244, X: 331) were 110 

isolated, of which 213 (Eu: 105, X: 108) were modulated after SSRT. The description of the 111 

laminar distribution of signals is based on 16 of the 29 sessions during which electrode arrays 112 

were oriented perpendicular to cortical layers and we could assign neurons to different layers 113 

confidently 20 (see Supplementary Fig. 1 of 16). Additional information about laminar structure 114 

was assessed through the pattern of phase-amplitude coupling across SEF layers 22. Due to 115 

variability in the estimates and the indistinct nature of the L6 border with white matter, some 116 

units appeared beyond the average gray-matter estimate; these were assigned to the nearest 117 

cellular layer. In all, 119 isolated neurons (Eu: 54; X: 65) contributed to the results on laminar 118 

distribution of executive control signals subserving successful stopping (Supplementary Table 119 

1a). 120 

To identify neural activity associated with saccade countermanding, we examined the 121 

activity across different SSDs on canceled trials in which the subject successfully inhibited the 122 

movement, and latency-matched no stop-signal trials in which no stopping was required 27. A 123 

consensus cluster algorithm 28 with manual curation identified neurons with response facilitation 124 

(n = 129) and response suppression (n = 84) following the stop-signal (Supplementary Figure 125 

1). Simultaneously, we observed distinct patterns in the cranial EEG related to successful 126 
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stopping with characteristic N2 and P3 components (Fig 1c). Whilst we previously described 127 

neural signals after errors and associated with reward, here we focused on the interval in which 128 

response inhibition was accomplished. Specifically, we quantified spiking before and after SSRT 129 

and before the feedback tone (Ttone), which terminated operant control on behavior. To elucidate 130 

contributions of the diverse neurons, we compared and contrasted how well neural spiking 131 

related to a variety of computational parameters inherent in the task. 132 

 133 

First, performance of the stop-signal task is explained as the outcome of a race between 134 

stochastic GO and STOP processes 26, instantiated by specific interactions enabling the 135 

interruption of the GO process by a STOP process 29, 30 (Supplementary Figure 2a). An 136 

influential theory of medial frontal function posits that it encodes the conflict between mutually 137 

incompatible processes 31. Such conflict arises naturally as the mathematical product of the 138 

activation of GO and STOP units, which is proportional to P(error). Hence, neural signals that 139 

scale with P(error) can encode conflict in this task.  140 

Second, inspired by reinforcement learning models, we considered the possibility that 141 

neural signals reflect the error-likelihood associated with an experienced SSD 32. Note, on some 142 

stop-signal error trials, the response was generated before the stop-signal appeared. The error-143 

likelihood can only form based on trials in which SSD elapsed before RT such that monkeys 144 

could see the stop-signal (referred to as SSseen). Hence, neural signals that scale with P(error | 145 

SSseen) can encode error likelihood in this task. Conflict indexed by P(error) and error likelihood 146 

indexed by P(error | SSseen) diverge at longer SSDs (Supplementary Figure 2c).  147 

Third, monkeys can learn the timing of the various task events (Supplementary Figure 148 

2b). For example, monkeys are sensitive to the adjustments of SSD that are made to maintain 149 

~50% success on stop-signal trials 33. Previous research has characterized time perception 34, 35, 
150 

36. Key features include sensitivity to log(interval) versus its absolute value with precision 151 

decreasing with duration and sensitivity to instantaneous expectation (i.e., hazard rate) of 152 
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events (Supplementary Figure 2d-e). Therefore, neural activity around the time of SSD can 153 

scale with the timing or expectation of the stop-signal 13, 14, 37, 38. This expectation can be derived 154 

from experienced SSD and the estimated probability of stop-signal appearance 155 

(Supplementary Figure 2e). Moreover, to earn reward, monkeys were required to maintain 156 

fixation on the target on trials with no stop-signal or on the fixation spot on canceled trials for an 157 

extended period (Ttone) until a tone secondary reinforcer (feedback) announced delivery of 158 

reward after another interval. Hence, neural activity associated with the tone can scale with the 159 

timing or instead the expectation of the tone, which was variable on canceled trials but 160 

predictable based on the experienced SSD (Supplementary Figure 2d). 161 

Alternatives were compared through mixed-effects model-comparison with Bayesian 162 

Information Criteria (BIC). As detailed below, many neurons signaled conflict and more signaled 163 

event timing with activity sustained until earning reward.  164 

 165 

Monitoring Conflict. We found 75 neurons in SEF with transient facilitation after SSRT on 166 

canceled trials, compared to latency-matched no stop-signal trials, that was proportional to 167 

P(error) (Fig. 2; Supplementary Figure 3; Supplementary Table 2). The transient modulation 168 

in these neurons was not just a visual response to the stop-signal because it did not happen on 169 

noncanceled trials (Supplementary Figure 1e). On average, this modulation started 99 ± 8 ms 170 

(mean ± SEM) after SSRT. Figure 2a shows the recruitment of these neurons through time. 171 

Nearly all (71/75) were recruited after SSRT, and the proportion of recruited neurons peaked at 172 

~60% ~110 ms after SSRT and gradually reduced to 8% after 500 ms (Fig. 2a). As this 173 

facilitation occurs after SSRT, it cannot contribute to reactive response inhibition 7. On canceled 174 

trials a minority of these neurons produced weak, persistent activity that lasted until the tone, 175 

and some also exhibited a brief transient response following the tone (Fig. 2; Supplementary 176 

Figure 1c).  177 
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Fig. 2 | Time-depth organization of Conflict neuron spiking in SEF. a, Normalized population 179 

response of neurons with transient facilitation in discharge rate on successfully canceled (thick) 180 

relative to latency-matched no stop-signal (thin) trials for early SSD (top). Recruitment of this signal 181 

through time relative to SSRT (left) and auditory feedback tone (right), with dark and light shades 182 

representing the recruitment of broad-spiking (spike width ≥ 250 µs) and narrow-spiking (< 250 µs) 183 

neurons (bottom). Recruitment on SSRT-aligned activity (left panel) is defined as the difference 184 

between canceled and no stop-signal trials. Recruitment on tone-aligned activity (right panel) is 185 

defined as the activity on canceled trials relative to the baseline. Modulations starting 300ms after 186 

the tone are not included. b, Time-depth plot showing latency and proportion of recruited neurons 187 

through time at each depth from perpendicular penetrations. Symbols mark beginning of modulation 188 

for broad-spiking neurons (black triangles) and narrow-spiking neurons (white stars). Color map 189 

indicates the percentage of neurons relative to the overall sampling density (Supplementary Figure 190 

1a) producing this signal through time at each depth. Dashed horizontal line marks L3-L5 boundary. 191 

The lower boundary of L6 is not discrete. c (left), Comparison of response of a representative 192 

neuron on successfully canceled (thick) relative to latency-matched no stop-signal (thin) trials for low 193 

(lighter) and higher (darker) P(error). Shaded area represents significant difference in discharge rate 194 

between the two conditions. c (right) Relationship between spike rate, sampled from the period with 195 

significant modulation for each neuron and the corresponding P(error). Along the ordinate scale is 196 

plotted the spiking rate, adjusted for neuron-specific variations. Along the abscissa scale is plotted 197 

the normalized P(error) (z-scale). In all, 225 points are plotted. Variation of spiking rate was best 198 

predicted by P(error) (highlighted by the best-fit line; Supplementary Table 2). 199 

 200 

We assessed how the magnitude of this transient modulation after SSRT varied with the 201 

various task and performance parameters described above. The magnitude of this modulation 202 

varied most closely with P(error) – a measure of conflict (Mixed-effects linear regression 203 

grouped by neuron, t(104) = 3.57, p = 5.4×10-4). This conflict model obtained lower BIC than 204 

models of SSD or any other quantity, with weak support against the P(error | SSseen) (ΔBIC = 205 

1.29) and strong support against other models (ΔBIC > 2.7) (Fig 2c; Supplementary Table 2). 206 

In contrast, the spike rate immediately before the feedback tone was unrelated to any factor 207 

related to its time or anticipation. Henceforth, we refer to these as Conflict neurons. 208 

We noted that the vast majority (65/75) of Conflict neurons did not signal noncanceled 209 

errors, supporting previous findings (Supplementary Table 3) 15, 16. However, many (41/75) 210 

also exhibited modulation that signaled outcome following the feedback tone and around the 211 

time of reward. Some exhibited higher discharge rates on unrewarded trials (previously 212 

identified as Loss signal 16), and some, higher discharge rates on rewarded trials (previously 213 

identified as Gain signal 16). The multiplexing of the conflict monitoring signal with Gain and 214 
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Loss signals (in different task epochs) did not differ from that predicted based on their sampling 215 

prevalence (X2 (3, N = 575) = 1.02, p = 0.79; Supplementary Table 3). 216 

Conflict neurons were found at all recording sites but more commonly at some 217 

(X2 (4, N = 575) = 11.6, p = 0.020). Using trough-to-peak duration of the action potential 218 

waveform, the majority (63/75) had broad spikes consistent with pyramidal neurons. This 219 

distribution did not differ from the overall sampling distribution in SEF (X2 (1, N = 575) = 0.67, p 220 

= 0.41).  221 

From sessions with perpendicular penetrations, we assigned 36 of the 75 Conflict 222 

neurons to a cortical layer. They were found in all layers at a relative prevalence across layers 223 

indistinguishable from that of the overall sampling distribution (X2 (4, N = 293) = 4.28, p = 0.37; 224 

Fig 2b; Supplementary Table 1b). The timing of the modulation did not differ between L2/3 225 

and L5/6 (t(34) = 0.3367, p = 0.74, two tailed). The few neurons modulating with the tone were 226 

observed sparsely across all layers.  227 

In summary, as reported previously 15, neurons in SEF modulate in a manner consistent 228 

with signaling the co-activation of gaze-shifting (GO) and gaze-holding (STOP) processes. This 229 

co-activation has previously been interpreted as conflict 31, 39 The new results show that these 230 

neurons are distributed across all SEF layers and are predominantly putative pyramidal neurons 231 

with broad spikes.  232 

 233 

Time keeping. Monkeys adapt performance by learning the temporal regularities of the task 33, 
234 

40. We identified neurons across the layers of SEF with modulation representing event timing 235 

and interval duration through facilitation, suppression, and ramping activity 13, 14, 37, 41 236 

(Supplementary Fig 2c, d). Following target presentation, the discharge rate of many neurons 237 

(N = 84) ramped up until the saccade on trials in which they were generated (no stop-signal or 238 

noncanceled error trials). On canceled trials, however, the discharge rate was instead abruptly 239 

reduced after SSRT (Fig 3a; Supplementary Fig 1c-e). Because the first pronounced 240 
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suppression began after SSRT, these neurons cannot contribute directly to response inhibition. 241 

Relative to SSRT, these neurons were suppressed before the facilitation in the conflict 242 

monitoring neurons (t-test, t(157) = -3.60, p = 4.2×10-4). The ramping activity from target to 243 

SSRT varied best with the time-based models of SSD (t(250) = 12.62, p = 0.0013) with strong 244 

support against other models (Δ BIC > 2.7) (Supplementary Table 2). The log-transformed 245 

model outperformed the linear model but evidence against the linear model was weak (ΔBIC = 246 

1.35). Because the discharge rate dropped sharply on canceled trials but not on noncanceled 247 

stop-signal trials (Supplementary Fig 1e), we conjecture that these neurons encode the 248 

temporal aspects of events leading to successful stopping and not the timing of the stop-signal 249 

appearance per se. Once successful stopping occurred, these neurons were suppressed.  250 
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Fig. 3 | Time-depth organization of Event Timing neuron spiking in SEF. a, Normalized 252 

population response of neurons with suppression of discharge rate on successfully canceled (thick) 253 

relative to latency-matched no stop-signal (thin) trials for early SSD (bottom). Recruitment of signal 254 

through time relative to SSRT (left) and auditory feedback tone (right), with dark and light shades 255 

representing the recruitment of broad-spiking (spike width ≥ 250 µs) and narrow-spiking (< 250 µs) 256 

neurons (bottom). Recruitment on SSRT-aligned activity (left panel) is defined as the difference 257 

between canceled and no stop-signal trials. Recruitment on tone-aligned activity (right panel) is 258 

defined as the activity on canceled trials relative to the baseline. Modulations starting 300ms after 259 

the tone are not shown. b, Time-depth plot showing latency and proportion of recruited neurons 260 

through time at each depth from perpendicular penetrations. Symbols mark beginning of modulation 261 

for broad-spiking neurons (black triangles) and narrow-spiking neurons (white stars). Color map 262 

indicates the percentage of neurons relative to the overall sampling density (Supplementary Figure 263 

1a) producing this signal through time at each depth. Dashed horizontal line marks L3-L5 boundary. 264 

The lower boundary of L6 is not discrete. c, Left panel shows response of a representative neurons 265 

on successfully canceled (thick) and latency-matched no stop-signal (thin) trials for early (lighter) 266 

and later (darker) SSD. Pre-SSRT ramping activity occurs irrespective of trial class. Shaded area 267 

represents the time epoch used for sampling neuron activity (50 ms window pre-SSRT). Right panel 268 

plots relationship between discharge rate in the sampling interval and stop-signal delay. Along the 269 

ordinate scale is plotted the normalized spiking rate, adjusting for neuron-specific variations. Along 270 

the abscissa scale is plotted the normalized (z-transformed) stop-signal delay in logarithmic scale. In 271 

all, 252 points (84 neurons) are plotted. Each point plots the average spike-density and associated 272 

Log (SSD) in one of 3 bins corresponding to early-, mid-, or late-SSD, for each neuron. Variation of 273 

spiking rate was best predicted by the time of the stop-signal (highlighted by best-fit line). d, Left 274 

panel plots response of the same representative neuron as c indicating pre-tone ramping activity on 275 

successfully canceled (thick) relative to latency-matched no stop-signal (thin) trials for early (lighter) 276 

and later (darker) SSD. Shaded area represents the time epoch used for sampling neuron activity 277 

(50 ms window pre-Tone). Right panel plots relationship between discharge rate in the sampling 278 

interval and the time of feedback relative to stop-signal. Along the ordinate scale is plotted the 279 

spiking rate, adjusted for neuron-specific variations. Along the abscissa scale is plotted the 280 

normalized stop-signal delay in logarithmic scale (z-scale). In all, 144 points (38 neurons with pre-281 

tone activity on canceled trials) are plotted. Each point plots the average spike-density and 282 

associated log (feedback time) in one of 3 bins corresponding to early-, mid-, or late-SSD, for each 283 

neuron. Variation of spiking rate was best predicted by the time of the feedback time (highlighted by 284 

best-fit line; Supplementary Table 2).  285 

 286 

A subset of these neurons (29/84) also exhibited monotonic ramping of discharge rate 287 

following the sharp suppression, persisting until after the feedback tone whereupon the spike 288 

rate again decreased (Fig 3d). In some neurons this decrease followed a brief transient 289 

response (Fig 3a). The variation in dynamics of the ramping before the tone was best 290 

accounted for by the time of the feedback tone after the stop-signal (t(112) = 3.41, 9.1×10-4) with 291 

strong support against other models (Δ BIC > 5.0). The linear and log-transformed models were 292 

indistinguishable (ΔBIC < 0.1) (Supplementary Table 2). The termination of this modulation 293 
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was best described by the time of the feedback tone and not the time at which fixation from 294 

stop-signal was broken (Supplementary Figure 4c). 295 

Because the ramping activity in this population of neurons scaled with the time of the 296 

stop-signal and the tone, followed by immediate suppression after their occurrence, we 297 

conjecture that these neurons represent event timing to accomplish the task. We will refer to 298 

these neurons as Event Timing neurons. While all of these neurons encoded the timing of 299 

events related to successful stopping, only ~30% also encoded the timing of the feedback tone.  300 

Event Timing neurons were found in all penetrations, but more commonly in certain sites 301 

(X2 (4, N = 575) > 39.3, p < 10-5) (Fig 3b, Supplementary Table 1a). The majority (73 / 84) had 302 

broad spikes, corresponding to the overall sampling distribution in SEF (X2 (1, N = 575) = 2.56, 303 

p = 0.11). From sessions with perpendicular penetrations, we assigned the layer of 49 of the 84 304 

neurons. The laminar organization of these neurons did not differ from the overall laminar 305 

sampling distribution (X2 (4, N = 293) = 7.33, p = 0.12). However, those with ramping activity 306 

before the tone (which resulted in a prolonged differential activity level between no-stop and 307 

canceled trials) were more confined to lower L3 and upper L5. The time of modulation after 308 

SSRT or around the tone did not vary across layers. 309 

In summary, neurons in SEF exhibit ramping activity that can signal the time preceding 310 

critical events for successful task performance. The new results show that these neurons are 311 

distributed across all SEF layers and are predominantly pyramidal neurons. Often these 312 

neurons also exhibited post-feedback ramping activity leading to the time of reward delivery. 313 

Accordingly, a higher proportion of these neurons were identified as Gain neurons compared to 314 

that predicted by the prevalence of Gain and Loss neurons16 (X2 (3, N = 575) = 44.86, p = < 10-
315 

5; Supplementary Table 3). 316 

 317 

 Goal Maintenance. By design, to earn reward on canceled trials, monkeys were required to 318 

maintain fixation on the stop-signal until an auditory feedback tone occurred. As such, the state 319 
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of response inhibition needed to be maintained for an arbitrary interval. Many other neurons (N 320 

= 54) in SEF produced spike rate modulation sufficient to contribute to this maintenance (Fig 4).  321 

These neurons produced significantly greater discharge rates on canceled trials after SSRT, 322 

compared to latency-matched no-stop trials. Modulation was weak or absent on noncancelled 323 

error trials, so this activity was not a response to the stop-signal. This modulation began too late 324 

to contribute to response inhibition but persisted while fixation maintenance was required 325 

(Supplementary Figure 1d, e).  326 

These neurons were distinguished from Conflict neurons by the more prolonged 327 

facilitation following SSRT (Supplementary Figure 1b, c). The peak recruitment of these 328 

neurons (~300 ms) followed that of the neurons monitoring conflict (~110 ms) and the 329 

suppression of the Event Timing neurons (~170 ms). Compared to Conflict neurons, the phasic 330 

facilitation was followed by sustained activity until ~300 ms after the feedback tone in a 331 

significantly higher proportion of these neurons (X2 (1, N = 129) = 27.3, p < 10-5) (Fig 4a). This 332 

modulation at tone presentation was also observed on no stop-signal trials. The variation in the 333 

magnitude of the phasic modulation was best described by the log-transformed duration until 334 

the feedback tone on canceled trials (Fig 3d) (t(152) = 3.53, p = 5.6x10-4), with strong evidence 335 

against non-time-based models (Δ BIC > 3.0) and weak evidence against other time-based 336 

models (ΔBIC < 1) (Supplementary Table 2).  337 

  338 



 17 

 339 



 18 

Fig. 4 | Time-depth organization of Goal Maintenance neuron spiking in SEF. a, Normalized 340 

population response of neurons with prolonged facilitation in discharge rate on successful canceled 341 

(thick) relative to latency-matched no stop-signal (thin) trials for early SSD. b, Recruitment of this 342 

signal through time relative to SSRT (left) and auditory feedback tone (right), with dark and light 343 

shades representing the recruitment of broad-spiking (spike width ≥ 250 µs) and narrow-spiking (< 344 

250 µs) neurons. Recruitment on SSRT-aligned activity (left panel) is defined as the difference 345 

between canceled and no stop-signal trials. Recruitment on tone-aligned activity (right panel) is 346 

defined as the activity on canceled trials relative to the baseline. Modulations starting 300ms after 347 

the tone are not shown. c, Time-depth plot showing latency and proportion of recruited neurons 348 

through time at each depth from perpendicular penetrations. Symbols mark beginning of modulation 349 

for broad-spiking neurons (black triangles) and narrow-spiking neurons (white stars). Color map 350 

indicates the percentage of neurons relative to the overall sampling density (Supplementary Figure 351 

1a) producing this signal through time at each depth. Dashed horizontal line marks L3-L5 boundary. 352 

The lower boundary of L6 is not discrete. d, Left panel compares response of a representative 353 

neuron on successfully canceled (thick) relative to latency-matched no stop-signal (thin) trials for 354 

early (lighter) and later (darker) SSD. Shaded area represents significant difference in discharge rate 355 

between the two conditions. Right panel plots relationship between discharge rate in the sampling 356 

interval and feedback tone time. Along the ordinate scale is plotted the spiking rate, adjusted for 357 

neuron-specific variations. Along the abscissa scale is plotted the normalized feedback time in 358 

logarithmic scale (z-scale). In all, 162 points (54 neurons) are plotted. Each point plots the average 359 

spike-density and associated Log (feedback time) in one of 3 bins corresponding to early-, mid-, or 360 

late-SSD, for each neuron.  Variation of spiking rate was best predicted by the time of the feedback 361 

time (highlighted by best-fit line; Supplementary Table 2).  362 

 363 

In a large proportion of these neurons, the phasic response on canceled trials after 364 

SSRT was followed by a sustained elevated discharge rate that was interrupted after the tone. 365 

This sustained activity was also observed on no-stop trials. Consistent with the indirect 366 

contribution of SEF to saccade initiation, the termination of this modulation was unrelated to 367 

when monkeys stopped fixating on the stop-signal (on canceled trials) or the target (on no-stop 368 

trials), ruling out this signal as one directly involved in maintaining fixation (Supplementary 369 

Figure 5c). Furthermore, when the feedback tone cued upcoming reward, the activity was 370 

suppressed; when the tone cued failure, activity increased (Supplementary Figure 5d). 371 

Accordingly, by representing both time and valence of the feedback tone, a significant 372 

proportion of these neurons also signaled Loss as described previously 16 (X2 (3, N = 575) = 373 

19.43, p = 2.2×10-4; Supplementary Table 3). Based on the observation that this activity was 374 

sustained until the tone, which signaled when gaze could be shifted, and previous findings 375 

identifying SEF signals with working memory 10, 11, we conjecture that these neurons sustain 376 
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saccade inhibition to earn reward. Hence, we refer to these neurons as Goal Maintenance 377 

neurons. 378 

Goal Maintenance neurons were found in all penetrations but more commonly at certain 379 

sites (X2 (4, N = 575) > 39.3, p < 10-5). One third (18/54) were narrow-spiking, a proportion 380 

exceeding chance sampling (X2 (1, N = 575) = 7.29, p = 0.0069). The laminar distribution of 381 

Goal Maintenance neurons (Fig. 4c) was significantly different from the laminar sampling 382 

distribution (X2 (4, N = 293) = 11.24, p = 0.024) (Supplementary Table 1b). These neurons 383 

were found significantly more often in L2/3 relative to L5/6 (X2 (1, N = 293) = 10.37, p = 1.3×10-
384 

4). Their laminar distribution was also significantly different from that of Conflict neurons 385 

(X2 (1, N = 70) = 11.54, p = 6.8×10-4) and of Event Timing neurons (X2 (1, N = 83) = 5.49, p = 386 

0.019). Those in L2/3 modulated significantly earlier than those in L5/6 (L2/3 ~85 ± 64 ms 387 

(mean ± SD), L5/6 ~ 193 ± 101; t-test, t(32) = -3.63, p = 9.9×10-4). 388 

In summary, consistent with previous studies 10, 11, neurons in SEF produce activity 389 

sufficient to enable a working memory representation of the goal of saccade inhibition through 390 

time. The new results show that these neurons are most common in L2/3 and a relatively higher 391 

proportion have narrow spikes. Thus, at least some of these neurons can be inhibitory 392 

interneurons.  393 

 394 

Countermanding N2. To determine whether macaque monkeys produce ERP components 395 

associated with response inhibition homologous to humans 5, we simultaneously sampled EEG 396 

from an electrode located over the medial frontal cortex (Fz in 10-20 system) while recording 397 

neural spikes in SEF (Fig. 5a). To eliminate components associated with visual responses and 398 

motor preparation and to isolate signals associated with response inhibition, we measured the 399 

difference in polarization on canceled trials and latency-matched no stop-signal trials for each 400 

SSD (Fig. 5b). Homologous to humans, we observed an enhanced N2/P3 sequence with 401 

successful stopping.  402 
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Fig. 5 | Event-related potentials for successful response inhibition. a, Grand average 404 

normalized EEG (z-transformed) on successful canceled (thick) relative to latency-matched no stop-405 

signal (thin) trials for early SSD. b, the difference function highlights the N2 and P3 components, 406 

eliminating the effect of response stimulus-evoked ERP common to both canceled and no stop-407 

signal trials. The shaded regions correspond to a ±50 ms sampling window around peak of N2 408 

(orange) and P3 (gray) used for ERP amplitude calculation for c. c, Relationship between N2 409 

amplitude and P(error | SSseen). Along the ordinate scale, the normalized ERP amplitude is plotted, 410 

adjusting for session-specific variations. Along the abscissa scale the normalized P(error | SSseen) is 411 

plotted (Supplementary Fig 2c). In all, 87 points (29 sessions) are plotted. Each point plots the 412 

average N2 and the associated P(error | SSseen) in one of 3 bins corresponding to early-, mid-, or 413 

late-SSD, for each session. P(error | SSseen) is the best parameter that described variations in N2 414 

(highlighted by best-fit line).  d, Relationship between P3 amplitude and the time of feedback relative 415 

to stop-signal. Along the ordinate scale is plotted the normalized ERP amplitude (z-scale), adjusted 416 

for session-specific variations in amplitude. Along the abscissa scale is plotted the normalized 417 

feedback time in logarithmic scale (z-scale). In all, 87 points (29 sessions) are plotted with each 418 

point plotting the average spike-density and associated Log (feedback time) in one of 3 bins 419 

corresponding to early-, mid-, or late-SSD, for each neuron. Variation of P3 amplitude was best 420 

predicted by the time of the feedback time (highlighted by best-fit line; Supplementary Table 2). e, 421 

Relationship between laminar neuronal discharge rate and N2. From sessions with perpendicular 422 

penetrations, relationship between ERP amplitude and spike rate for Conflict neurons (AConflict), 423 

Event Timing neurons (AEvent Timing), recorded in L2/3 (top) and L5/6 (bottom). Partial regression plots 424 

are obtained by plotting on the ordinate scale, according to EEG convention, the residual from fixed-425 

effects-adjusted ERP amplitude controlling for activity in the opposite layer. Along the abscissa scale 426 

is plotted the residual fixed-effects-adjusted neuronal discharge rate in the identified layer controlling 427 

for the activity in the opposite layer and stop-signal delay. Each point plots the average EEG voltage 428 

and associated spiking rate in one of 20 bins with equal numbers of trials per session. Only sessions 429 

with neurons in both L2/3 and L5/6 are included. A total of 120 points (from 6 session) are plotted for 430 

Conflict Neurons (left), and 100 points (5 sessions) are plotted for Event Timing neurons (right). The 431 

relationship between N2 and other neurons not reported in this study and Goal Maintenance 432 

neurons are shown in Supplementary Fig 7a. Variations in N2 amplitude was predicted by variation 433 

of spiking rate of Conflict and Event Timing neurons in L2/3 (highlighted by best-fit line) but not in 434 

L5/6. f, Relationship between laminar neuronal discharge rate and P3. From sessions with 435 

perpendicular penetrations, relationship between ERP amplitude and spike rate for Goal 436 

Maintenance neurons (AGoal Maintenance), recorded in L2/3 (top) and L5/6 (bottom). Partial regression 437 

plots are obtained by plotting on the ordinate scale, according to EEG convention, the residual from 438 

fixed-effects-adjusted ERP amplitude controlling for activity in the opposite layer and stop-signal 439 

delay. Similar conventions to panel e. Only sessions with neurons in both L2/3 and L5/6 are 440 

included. A total of 60 points (from 3 sessions) are plotted for Goal Maintenance neurons.  The 441 

relationship between P3 and other neuron classes are shown in Supplementary Fig 7c. Variations 442 

in P3 amplitude was predicted by variation of spiking rate of Goal Maintenance neurons in L2/3 443 

(highlighted by best-fit line) but not in L5/6.  444 

 445 

The N2 began ~150 ms and peaked 222 ± 17 ms after the stop-signal, well after the 446 

visual ERP polarization (Supplementary Fig 6a). The N2 was observed after SSRT, too late to 447 

be a direct index of reactive response inhibition. Furthermore, the variability in the N2 peak time 448 

across sessions was significantly less when aligned on stop-signal appearance than on SSRT, 449 

further dissociating the N2 from reactive inhibition (F-test for variances, F(28,28) = 0.29, p = 450 
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0.0018) (Supplementary Fig 6c). N2 amplitude varied most with P(error | SSseen) (Δ BIC > 3.0 451 

against all competing models), with the largest negativity during the earliest SSD associated 452 

with the lowest error likelihood (t(85) = 2.42, p = 0.0178) (Fig 5c, Supplementary Table 2). In 453 

fact, no other competing model explained the variation in N2 amplitude. This outcome adds to 454 

the inconsistent and inconclusive evidence for the N2 association with conflict monitoring and 455 

response inhibition 5. 456 

We now describe relationships between neural spiking and the N2. Figure 5b illustrates 457 

the temporal relationship between the ERP and the recruitment of the three classes of neurons 458 

described above. The N2 coincided with the peak recruitment of Conflict and of Event Timing 459 

neurons. The relationship between neural events in SEF and the voltages measured on the 460 

cranium above SEF is both biophysical and statistical. The cranial voltage produced by synaptic 461 

currents associated with a given spike must follow Maxwell’s equations as applied to the brain 462 

and head, regardless of the timing of the different events. Hence, we counted the spikes of the 463 

three classes of neurons separately in L2/3 and in L5/6 during a 100 ms window centered on 464 

the peak of the ERP. We devised multiple linear regression models with activity in upper layers 465 

(L2/3) and lower layers (L5/6) of each neuron class as predictors. Only successfully canceled 466 

trials were included in this analysis. We found that variation in the polarization of the N2 is not 467 

associated with the phasic spiking of Goal Maintenance neurons (L2/3: t(57) = -1.28, p = 0.21; 468 

L5/6: t(57) = 0.60, p = 0.52) (Supplementary Figure 7a) but was predicted by the spiking 469 

activity in L2/3 but not in L5/6 of Conflict (L2/3: t(117) = -3.6, p = 4.7×10-4; L5/6: t(117) = 0.046, 470 

p = 0.96) and of Event Timing neurons (L2/3: t(97) = -4.60, p = 1.3×10-5; L5/6: t(97) = 1.67, p = 471 

0.097) (Fig 5d). When the discharge rate of these L2/3 neurons was higher, the N2 exhibited a 472 

stronger negativity. Interestingly, N2 polarization was also predicted by the spiking activity in 473 

L2/3 but not in L5/6 of other neurons that were not modulated on canceled trials and so were 474 

not described in this manuscript (L2/3: t(317) = -2.51, p = 0.012; L5/6: t(317) = -1.60, p = 0.11). 475 
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Similar results were obtained when controlling for the variation of ERP polarization and 476 

spike rate across different SSDs (not shown) and when measuring the difference in spiking and 477 

ERP between canceled and matched no stop-signal trials (Supplementary Figure 7b). 478 

 479 

Countermanding P3. The N2 was followed by a robust P3 (Fig 5a, b) beginning ~300 ms and 480 

peaking 358 ± 17 ms after the stop-signal, homologous to the human P3 5. The peak 481 

polarization time was better synchronized on the stop-signal than on SSRT (F(28,28) = 0.44, p = 482 

0.0345) (Supplementary Fig 6c). P3 polarization varied most with the log-transformed time of 483 

the feedback tone on canceled trials (Δ BIC > 4.0 against competing models) with weak support 484 

against other time-based models (Δ BIC < 1.30) (Fig 5e, Supplementary Table 2). P3 485 

polarization increased with time until feedback (t(85) = 3.72, p = 3.5×10-4). The conclusions of 486 

these results do not differ if the analyses are performed on the raw EEG polarization in these 487 

intervals.  488 

Peak P3 polarization coincided with the peak recruitment of Goal Maintenance neurons, 489 

while the recruitment of Conflict and Event Timing neurons was decaying (Fig 5b). Accordingly, 490 

variation in P3 polarization was predicted by the spiking activity of Goal Maintenance neurons in 491 

L2/3 but not L5/6 (L2/3: t(57) = 5.46, p = 1.1×10-6; L5/6: t(57) = 1.47, p = 0.15) (Fig. 5f). Higher 492 

spike rates are associated with greater P3 positivity. P3 amplitude was not associated with the 493 

spiking of Conflict (L2/3: t(97) = 0.44, p = 0.66; L5/6: t(97) = -0.49, p = 0.62), Event Timing 494 

(L2/3: t(117) = -1.19, p = 0.24; L5/6: t(117) = -0.78, p = 0.44), or unmodulated neurons (L2/3: 495 

t(317) = -1.11, p = 0.27; L5/6: t(317) = 0.054, p = 0.96) (Supplementary Figure 7c). Similar 496 

results were obtained when SSD was controlled for (not shown) and when measuring the 497 

difference in spiking and ERP between canceled and matched no stop-signal trials 498 

(Supplementary Figure 7d).  499 

 500 

  501 
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DISCUSSION 502 

These results offer important, new insights into the cortical microcircuitry supporting executive 503 

control in primates. Model-based analysis of the latency, temporal dynamics, and variation in 504 

strength of neural spiking across the neuron sample revealed functionally distinct and 505 

theoretically important classes of neurons with particular biophysical and laminar properties. 506 

Moreover, a bridge between these neurophysiological findings and human electrophysiology 507 

was established through the specific associations observed between the N2 and P3 ERP 508 

observed in response inhibition tasks and classes of neurons in particular cortical layers. The 509 

novelty and importance of these findings is amplified by their complementarity with our previous 510 

description of the laminar organization of error and reward processing in SEF 16.  Based on the 511 

new results, we will discuss how SEF can contribute to conflict monitoring, time estimation, and 512 

goal maintenance. Coupled with extensive knowledge about connectivity of SEF 42, 43, 44, this 513 

new information about the laminar distribution of neurons signaling response conflict, event 514 

timing, and maintaining goals suggest several specific hypotheses and research questions 515 

about how SEF and associated structures accomplish response inhibition and executive control 516 

(Fig. 6). Also, complementing our earlier description of the source of the ERN 16, we now report 517 

a macaque homolog of the N2/P3 ERP components associated with response inhibition. The 518 

new results demonstrate one cortical source of these ERP components. 519 

  520 
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 521 

Fig 6 | Extrinsic and intrinsic circuitry for executive control. The laminar distribution observed 522 

for Conflict (orange), Event Timing (dark blue), and Goal Maintenance (dark red) are summarized 523 

with selected anatomical connections based on published studies. Sampled neurons were likely 524 

broad spike pyramidal and narrow spike, possibly inhibitory neurons. The laminar densities of 525 

calretinin (CR), calbindin (CB), and parvalbumin (PV) neurons observed and of D1 and D2 receptors 526 

are indicated on the far right. Left, Conflict signal can arise in SEF through afferents from frontal eye 527 

field (FEF). SEF can receive coincident inputs from Fixation neurons (STOP) and Movement 528 

neurons (GO) in FEF, directly, or in SC, indirectly, via thalamus, terminating in L2/3. These inputs 529 

are integrated within the synapses of L2/3 and L5 Conflict neurons. Intracortical processing 530 

produces later activation of Conflict neurons in L6 which can relay this signal to the Thalamus. 531 

Right, Top: Schematic of the activity profile for Goal Maintenance and Event Timing neurons in 532 

distinct phases indicated by the number. We conjecture that Goal Maintenance neurons, mainly 533 

located in L2/3, suppress unwanted movement through push-pull basal ganglia circuitry with 534 

pyramidal neurons directly projecting to the indirect pathway (D2) and inhibitory neurons, inhibiting 535 

pyramidal neurons that can project to the direct (D1) pathway. The gray symbol indicates that these 536 

neurons are distinct from those reported in this study. Input from dorsolateral prefrontal cortex 537 

(DLPFC) and anterior cingulate cortex (ACC), terminating in L2/3 can inform SEF of the anticipated 538 

reward association based on the experienced stop-signal delay contingent on successful stopping. 539 

Dopamine (DA) neuron projections in L2/3 from the SNpc and VTA can also relay this information. 540 

These inputs can result in the phasic response in Goal Maintenance neurons (phase 1, red). 541 

Following the phasic response, activity can remain elevated via recurrent connections and balance 542 

of excitation and inhibition (phase 2, red). The auditory feedback tone, integrated with the task rule 543 

from DLPFC cues the termination of operant control on behavior, resulting in the inhibition of 544 

pyramidal and inter-neurons by CR and CB neurons. This results in the termination of the sustained 545 

activity (phase 3). Event Timing neurons can receive input from DLPFC and ACC terminating in L2/3 546 

informing neurons in L2/3 and L5 about an upcoming event. Ramping results from recurrent 547 

connections (1, dark blue). SEF can receive information about stop-signal appearance and 548 

successful stopping from ventrolateral prefrontal cortex (VLPFC) and DLPFC and Conflict neurons 549 

within the microcircuitry. This information can suppress the ramping activity via inhibitory 550 
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connections by direct inhibitory connections onto Event Timing neurons (phase 2, dark blue). This 551 

resets these neurons for the next phase of ramping (phase 3, dark blue) which is terminated by the 552 

appearance of the feedback tone (4). The activity of Event Timing neurons can project to the 553 

caudate nucleus to inform the fronto-striatal reinforcement learning loop about the experienced 554 

timing of the event. Further details in text. 555 

 556 

Conflict. One class of SEF neuron was characterized by a pronounced facilitation after the 557 

stop-signal when saccades were inhibited. The modulation followed SSRT and scaled with 558 

P(error). These neurons were predominantly broad spiking and found in all layers. We 559 

hypothesize that these neurons signal response conflict 15, 39 defined as co-activation of mutually 560 

incompatible response processes 31. Previous research has characterized the neural 561 

mechanism of saccade countermanding 27, 45. On canceled trials, gaze-shifting and gaze-holding 562 

neurons in the frontal eye field (FEF) and superior colliculus (SC) are co-active in a dynamically 563 

unstable manner that varies with P(error) precisely because these are the neurons producing 564 

the performance. In the interactive race model 29, 30, the multiplicative conflict between GO and 565 

STOP accumulator units scales with P(error) (Supplementary Figure 2a) and can be used to 566 

adjust interactive race parameters to accomplish post-stopping slowing 39. Thus, these neurons 567 

signal a quantity central to theories of executive control. Furthermore, different neurons in SEF 568 

signal conflict, error, and reward, highlighting the possible independence of these executive 569 

control signals. 570 

Further evidence dissociating conflict, reward, and error signals is offered by comparing 571 

our results with those of a recent investigation of the nigrostriatal dopamine system of monkeys 572 

performing saccade countermanding 46. Dopamine (DA) neurons concentrated in the 573 

dorsolateral substantia nigra exhibited a pattern of activity that paralleled the conflict neurons in 574 

SEF. The DA neurons produced a brisk response to the stop-signal that was stronger when 575 

saccades were canceled in either direction. This observation is consistent with reports that 576 

besides responding to rewarding events, dopamine neurons respond to salient signals, such as 577 

a stop-signal. Unlike movement neurons in FEF 27 and SC 45 but like SEF, nearly all DA neurons 578 
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modulate after SSRT. Moreover, the modulation of DA neurons scaled with P(error) just like the 579 

SEF neurons.  580 

The striking parallels between SEF and SNpc modulation patterns invites consideration 581 

of cause and effect. SEF is innervated by DA neurons in Substantia Nigra pas compacta (SNpc) 582 

47, and SNpc DA neurons modulated significantly earlier than did the SEF conflict neurons 583 

(Supplementary Figure 8). However, because of the very slow conduction of DA axons 48, 49, 50, 
584 

51, we estimate that the spike conduction time from SNpc to SEF is ~100 ms (Supplementary 585 

Figure 8). Consequently, the estimated arrival times of DA spikes in SEF were not significantly 586 

different from the modulation times of the conflict neurons (Supplementary Figure 8). The 587 

influence of DA in SEF is slowed further by the well-known second-messenger delay of 588 

influence. Therefore, we infer that the SEF conflict modulation cannot be caused by DA inputs. 589 

However, because axon terminals from SEF are rare in SNpc 42, 44, SEF neurons are unlikely to 590 

cause directly the modulation of the SNpc DA neurons. Instead, other investigators have shown 591 

that the phasic DA activation is delivered by the SC 52. Through the conflict neurons in L5, SEF 592 

can influence SC directly 42. Curiously, though, the modulation specifically after SSRT scaling 593 

with P(error) has not been observed in SC 45.  594 

Theories of DA function can facilitate understanding the putative conflict signal in SEF. 595 

From the reinforcement perspective, the phasic DA signal may act as an immediate eligibility 596 

trace broadcast to SEF and other regions to associate reinforcement with successful 597 

cancelation to the infrequent stop-signal. Such eligibility traces must be salient to be useful. The 598 

reinforcement perspective suggests an alternative to the conflict interpretation. The imbalance 599 

between gaze-holding and gaze-shifting arising on canceled trials increases with the 600 

progressive commitment from gaze-holding to gaze-shifting through time. Consequently, as the 601 

likelihood of unsuccessful response inhibition increases, the surprise of successful response 602 

cancelation increases. We observed a divergence in the values of P(error)—which is 603 

necessarily proportional to the product of the activation of GO and STOP units—and P(error | 604 
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SSseen)—which is a proxy of error likelihood learned through experience with the task—at 605 

longer SSDs. Others have described SEF neural signals in terms of surprise 12. Thus, the 606 

modulation after SSRT scaling with P(error) may just be another element of the reinforcement 607 

learning needed to perform this task. Further research is needed to resolve the conflict and 608 

surprise hypotheses. 609 

Conflict neurons were found in all layers. To signal conflict, SEF can be informed about 610 

the dynamic state of gaze-shifting and gaze-holding through inputs from FEF and oculomotor 611 

thalamic nuclei. To signal surprise, SEF can be informed about saccade production from the 612 

thalamus 53 and task rules from DLPFC and ventrolateral prefrontal cortex (VLPFC) 54.  Based 613 

on previous conjectures 6 and recent biophysical modelling 55 we hypothesize that the 614 

integration of information producing the modulation of these neurons is derived through synaptic 615 

processes in L2/3. However, if this is so, and if the apical dendrites of L6 pyramidal neurons in 616 

SEF do not extend into L2/3, then this conflict signal can arise in L6 through translaminar 617 

interactions. The observation that conflict arises later in L6 is consistent with this supposition. 618 

Another implication of the hypothesis that conflict in L6 is derived from that in L2/3 is that the L6 619 

feedback to thalamus will be delayed relative to the gaze-holding and gaze-shifting signals 620 

conveyed from the SC. 621 

 622 

Time estimation and goal maintenance. The interpretation of the other two classes of 623 

neurons that we found is framed by motivation more than reinforcement. To earn reward, 624 

monkeys must hold gaze for an extended period, which requires preventing blinks that would 625 

interrupt the camera-based eye tracker. This entails learning and possibly exploiting any 626 

regularities in the timing of task events 33, 40. A contribution of SEF and nearby areas in action 627 

timing and explicit time production tasks has been demonstrated 13, 14. We extend that 628 

description to this stop-signal task.  629 



 29 

A distinct group of SEF neurons produced ramping activity before saccades, which 630 

decayed after the gaze shift. But, when the saccade was countermanded, the ramping was 631 

interrupted by pronounced suppression. A previous description of these neurons recognized 632 

that the modulation on canceled trials arose too late to contribute to reactive inhibition but 633 

offered no explanation for these neurons 7. The new task design used here exposed a second 634 

period of ramping before the feedback tone on ~30% of these neurons. This monotonically 635 

rising activity reached different levels for different interval durations ranging from ~1000 to 1400 636 

ms after SSRT on canceled trials. Our discovery of an association between spiking rate and the 637 

log-transformed duration of the preceding interval motivates a more integrated interpretation 638 

framed by a body of research on time keeping 37, 41 56 57.  639 

We interpret the ramping activity as representing the timing of task events. Spiking rate 640 

increases as the learned time of an event like the stop-signal approaches. Strong suppression 641 

after the event resets a proportion of these neurons to ramp until the next event, i.e., the 642 

feedback tone. The stop-signal and feedback tone events differ in two ways. First, they differ in 643 

predictability, for the stop-signal only occurs on a proportion of trials while feedback tone is not. 644 

Second, they differ in the action required following the event, for the stop-signal announces a 645 

prolonged period of fixation in which blinks must also be withheld while the tone announces the 646 

release of control over behavior.  647 

Recent work has shown that different neurons in the basal forebrain signal timing of 648 

events depending on surprise, salience, and uncertainty 37. We found similar differences in SEF. 649 

We conjecture that those neurons with ramping activity before both SSRT and the feedback 650 

tone encode the timing of expected salient events regardless of certainty or expected action. In 651 

contrast, the neurons with only ramping activity before successful stopping encode events that 652 

are less certain in occurrence or consequence. These differences were reinforced by the 653 

distribution of the neurons across the cortical layers. While Event Timing neurons were found in 654 
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all layers, those that encoded timing regardless of predictability or action were most common in 655 

L3 and L5 with broad spikes consistent with pyramidal projection neurons. 656 

This laminar differentiation demonstrates that the timing of different types of events can 657 

engage different circuits mediated by different layer-specific extrinsic connections. The timing 658 

signal can be sent via cortico-cortical connections to other cortical areas to influence motor, 659 

cognitive, and limbic processes. Further research is needed to clarify this projection. Also, these 660 

neurons can contribute to fronto-striatal pathways to learn and update the temporal structure of 661 

the task 57, 58, 59. Axon terminals from SEF are dense in the caudate nucleus 43, arising from 662 

pyramidal neurons in L3 and L5 60, 61, 62. In fact, neurons with this pattern of modulation have 663 

been described in a recent investigation of the caudate nucleus of monkeys performing saccade 664 

countermanding 46. Our finding that the suppression in the caudate nucleus occurred 665 

significantly later after SSRT than that of Event Timing neurons in SEF (Supplementary Figure 666 

8) suggests a primary role of the cortex in this signaling.  667 

The rapid suppression of the ramping activity after SSRT merits consideration. One 668 

source can be intracortical inhibition from the narrow-spike, putative PV neurons that we 669 

observed. Another source can be the very small CB and CR neurons concentrated in L2/3 that 670 

are innervated by DLPFC and selectively inhibit pyramidal neurons 63, although our methods are 671 

unlikely to sample spikes from them. We note that although SEF is an agranular structure with 672 

weak interlaminar inhibitory connections 21, CR neurons in L2/3 can potently inhibit L5 neurons 673 

through specialized projections on the apical dendrites 64. This inhibition must be informed about 674 

the presence of the stop-signal and the cancelation of the saccade. We observe that such a 675 

signal is available in the conflict neurons. However, the suppression of Event Timing neurons 676 

occurred significantly earlier than the facilitation of the conflict neurons. Further research can 677 

resolve these cortical interactions. 678 

The Event Timing neurons that represent the duration of a preceding interval can 679 

support the patterns of modulation observed in the final class of neuron we found. The third 680 
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class of neuron produced a phasic response after SSRT on canceled trials that scaled with the 681 

duration of the upcoming interval until the feedback tone. Recall that on canceled trials the 682 

interval from target presentation until tone presentation was of fixed duration, making it 683 

progressively shorter after progressively longer SSD. Such phasic responses have previously 684 

been observed when the timing of events followed discrete predictable durations 65 similar to the 685 

time of feedback tone in our task following successful stopping. This phasic representation of 686 

the time was followed by sustained spiking until the tone. Note that by design, when the tone 687 

sounded, monkeys could shift gaze before receiving the fluid reward. We propose that these 688 

neurons can be identified with the operation of goal maintenance, which is necessary in 689 

canceled trials to prevent blinking or gaze shifts before the tone. This inference is consistent 690 

with an interpretation of the original theory of response inhibition 26 and supported by previous 691 

evidence linking SEF to working memory 10, 11 and working memory to time representation 66, 67. 692 

We have obtained further evidence for this interpretation in ongoing experiments with two other 693 

monkeys performing the same saccade countermanding task but with the requirement to 694 

maintain fixation on the stop-signal until the fluid reward is delivered. Goal maintenance neurons 695 

have been observed, but they continue spiking after the tone until the fluid reward when operant 696 

control over behavior is released (data not shown).  697 

Goal maintenance neurons were mainly found in L2/3. Inputs to these neurons from 698 

DLPFC, VLPFC, and ACC can signal task rules and the expected time of the secondary 699 

reinforcer when executive control can be released. Dopaminergic release in SEF from VTA 700 

where similar time-predicting signals are observed 65 can enhance these influences through 701 

higher density of D1 relative to D2 receptors in L2/3 68, 69. The sustained discharge can be 702 

maintained through recurrent activation within SEF and between other structures 11, 70. Also, 703 

many goal maintenance neurons had narrow spikes, consistent with PV inhibitory neurons, 704 

which can balance excitation and inhibition necessary for the maintenance of persistent activity 705 

in recurrent networks 71, 72, 73, 74. 706 
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We hypothesize that pyramidal Goal Maintenance neurons can encourage the 707 

suppression of movements through projections to the indirect pathway D2 neurons in the 708 

striatum 60, 61, 62. Inhibitory Goal Maintenance neurons, on the other hand, can inhibit the D1 709 

direct (action-promoting) pathway and the frontal eye field to suppress movement. As PV 710 

neurons in primates do not have extrinsic connections, we propose that this can be mediated by 711 

the inhibition of other excitatory neurons (unidentified neurons and possibly Gain neurons 712 

identified in 16) that send projections to these motor structures (gray neurons). Therefore, Goal 713 

Maintenance neurons can achieve their role by altering the balance in the push-pull mechanism 714 

mediated by the direct (D1) and indirect (D2) pathways. This function is consistent with the 715 

observation that many of these neurons also exhibit higher activity on unrewarded trials that, as 716 

previously described, influences post-error adjustments in RT in the next trial 16. Also consistent 717 

with this hypothesis, neurons with facilitated activity after SSRT were described in an 718 

investigation of the caudate nucleus of monkeys performing saccade countermanding 46. The 719 

facilitation in the caudate nucleus coincided with that measured in SEF (Supplementary Figure 720 

8). The parallel between SEF and the striatum in patterns of modulation associated with 721 

proactive but not reactive inhibition are surprisingly, but satisfyingly, clear.  722 

 723 

Origin of Countermanding N2/P3. We showed that macaque monkeys exhibit a N2/P3 ERP 724 

complex homologous to that observed in humans 5. We discovered that variation in N2 and P3 725 

polarization was predicted by spiking of specific, different neuron classes in L2/3 and not L5/6. 726 

These findings extend and parallel our previous demonstration that SEF contributes to the error-727 

related negativity (ERN) 16. We found that variations in error-related spiking in L2/3 but not in 728 

L5/6 predicted variation of EEG polarization across both error and correct trials. Because action 729 

potentials are not large or sustained enough to produce event-related potentials, we surmise 730 

that this neural spiking coincides with coherent current flow strong enough to produce in the 731 
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ERN 55. These new results show synaptic activity in L2/3 of SEF contributes to the N2/P3 732 

complex.  733 

Disagreement persists about what the frontal N2 indexes 75, 76. We found that the 734 

amplitude of the macaque homologue of the N2 during the stop-signal task varied most with the 735 

likelihood of error associated with experienced SSDs and not conflict and SSD as previously 736 

suggested 5, 77. Further, we demonstrate that the spiking of different classes of neurons in L2/3 737 

(but not L5/6) predicted the magnitude of the N2. Specifically, N2 magnitude was unrelated to 738 

spiking of Goal Maintenance neurons but co-varied with spiking of Conflict and Event Timing 739 

neurons in addition to the spiking of other neurons that did not modulate around the time of 740 

successful stopping. Recognizing that the N2 manifests the influence of different processes 741 

occurring in functionally distinct neurons can explain the disagreement about the nature of this 742 

ERP component. 743 

Likewise, the macaque homologue of the P3 component in this task resembled that 744 

reported in humans 5. Consistent with previous reports of P3 indexing expectation and temporal 745 

aspects of behavior 75, we found that P3 amplitude co-varied most with the expected time of the 746 

feedback tone. Reinforcing this interpretation, we found that P3 amplitude was predicted by the 747 

spiking of Goal Maintenance but not Conflict or Event Timing neurons. Therefore, we surmise 748 

that the P3 expressed in our experimental design indexes temporal prediction underlying goal 749 

maintenance. Overall, these results demonstrate that N2 and P3 index distinct processes 750 

mediated by the activity of different populations of neurons. 751 

 752 

Conclusion  753 

Pioneering insights into the microcircuitry and mechanisms of primary visual cortex began by 754 

describing the properties of neurons in different layers 78. The present results complete the first 755 

catalogue for an agranular frontal lobe area. Contrasts with primary sensory areas will reveal 756 

the degree of computational uniformity across cortical areas. Being a source contributing to 757 
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ERPs indexing performance monitoring and executive control, details about laminar processing 758 

in SEF will offer unprecedented insights into the microcircuitry of executive control. These 759 

results validate the tractability of formulating neural mechanism models of performance 760 

monitoring and executive control, especially when constrained by formal 26, algorithmic 29, 30, and 761 

spiking network 79 models of performance of a task with clear clinical relevance 80.  762 

 763 

  764 



 35 

METHODS 765 

Animal care and surgical procedures. Data was collected from one male bonnet macaque 766 

(Eu, Macaca Radiata, 8.8kg) and one female rhesus macaque (X, Macaca Mulatta, 6.0kg) 767 

performing a countermanding task 20, 24. All procedures were approved by the Vanderbilt 768 

Institutional Animal Care and Use Committee in accordance with the United States Department 769 

of Agriculture and Public Health Service Policy on Humane Care and Use of Laboratory 770 

Animals. Surgical details have been described previously 81. Briefly, magnetic resonance 771 

images (MRIs) were acquired with a Philips Intera Achieva 3T scanner using SENSE Flex-S 772 

surface coils placed above or below the animal’s head. T1-weighted gradient-echo structural 773 

images were obtained with a 3D turbo field echo anatomical sequence (TR = 8.729 ms; 130 774 

slices, 0.70 mm thickness). These images were used to ensure Cilux recording chambers were 775 

placed in the correct area. Chambers were implanted normal to the cortex (Monkey Eu: 17°; 776 

Monkey X: 9°; relative to stereotaxic vertical) centered on midline, 30mm (Monkey Eu) and 777 

28mm (Monkey X) anterior to the interaural line. 778 

 779 

Acquiring EEG. EEG was recorded from the cranial surface with electrodes located over 780 

medial frontal cortex. Electrodes were referenced to linked ears using ear-clip electrodes 781 

(Electro-Cap International). The EEG from each electrode was amplified with a high-input 782 

impedance head stage (Plexon) and bandpass filtered between 0.7 and 170 Hz. Trials with 783 

blinks within 200ms before or after the analysis interval were removed.  784 

 785 

Cortical mapping and electrode placement. Chambers implanted over the medial frontal 786 

cortex were mapped using tungsten microelectrodes (2-4 MΩ, FHC, Bowdoin, ME) to apply 787 

200ms trains of biphasic micro-stimulation (333 Hz, 200 µs pulse width). The SEF was identified 788 

as the area from which saccades could be elicited using < 50 µA of current 82, 83. In both 789 

monkeys, the SEF chamber was placed over the left hemisphere. The dorsomedial location of 790 
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the SEF makes it readily accessible for linear electrode array recordings across all cortical 791 

layers. A total of five penetrations were made into the cortex—two in monkey Eu, three in 792 

monkey X. Three of these penetration locations were perpendicular to the cortex. In monkey Eu, 793 

the perpendicular penetrations sampled activity at site P1, located 5 mm lateral to the midline 794 

and 31 mm anterior to the interaural line. In monkey X, the perpendicular penetrations sampled 795 

activity at site P2 and P3, located 5 mm lateral to the midline and 29 and 30 mm anterior to the 796 

interaural line, respectively. However, during the mapping of the bank of the cortical medial wall, 797 

we noted both monkeys had chambers place ~1 mm to the right respective to the midline of the 798 

brain. This was confirmed through co-registered CT/MRI data. Subsequently, the stereotaxic 799 

estimate placed the electrodes at 4 mm lateral to the cortical midline opposed to the skull-based 800 

stereotaxic midline. 801 

 802 

Acquiring neural spiking. Spiking activity and local field potentials were recorded using a 24-803 

channel Plexon U-probe with 150 µm between contacts, allowing sampling from all layers. The 804 

U-probes were 100 mm in length with 30 mm reinforced tubing, 210 µm probe diameter, 30° tip 805 

angle, with 500 µm between the tip and first contact. Contacts were referenced to the probe 806 

shaft and grounded to the headpost. We used custom built guide tubes consisting of 26-gauge 807 

polyether ether ketone (PEEK) tubing (Plastics One, Roanoke, VA) cut to length and glued into 808 

19-gauge stainless steel hypodermic tubing (Small Parts Inc., Logansport, IN). This tubing had 809 

been cut to length, deburred, and polished so that they effectively support the U-probes as they 810 

penetrated dura and entered cortex. The stainless-steel guide tube provided mechanical 811 

support, while the PEEK tubing electrically insulated the shaft of the U-probe, and provided an 812 

inert, low-friction interface that aided in loading and penetration. 813 

Microdrive adapters were fit to recording chambers with <400 µm of tolerance and 814 

locked in place at a single radial orientation (Crist Instruments, Hagerstown, MD). After setting 815 

up hydraulic microdrives (FHC, Bowdoin, ME) on these adapters, pivot points were locked in 816 
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place by means of a custom mechanical clamp. Neither guide tubes nor U-probes were 817 

removed from the microdrives once recording commenced within a single monkey. These 818 

methods ensured that we were able to sample neural activity from precisely the same location 819 

relative to the chamber on repeated sessions. 820 

Electrophysiology data were processed with unity-gain high-input impedance head 821 

stages (HST/32o25-36P-TR, Plexon). Spiking data were bandpass filtered between 100 Hz and 822 

8 kHz and amplified 1000 times with a Plexon preamplifier, filtered in software with a 250 Hz 823 

high-pass filter and amplified an additional 32,000 times. Waveforms were digitized at 40 kHz 824 

from -200 to 1200 µs relative to voltage threshold crossings. Thresholds were typically set at 3.5 825 

standard deviations from the mean. All data were streamed to a single data acquisition system 826 

(MAP, Plexon, Dallas, TX). Time stamps of trial events were recorded at 500 Hz. Single units 827 

were sorted online using a software window discriminator and refined offline using principal 828 

components analysis implemented in Plexon offline sorter. 829 

 830 

Cortical depth and layer assignment. The retrospective depth of the electrode array relative 831 

to grey matter was assessed through the alignment of several physiological measures. Firstly, 832 

the pulse artifact was observed on a superficial channel which indicated where the electrode 833 

was in contact with either the dura mater or epidural saline in the recording chamber; these 834 

pulsated visibly in synchronization with the heartbeat. Secondly, a marked increase of power in 835 

the gamma frequency range (40-80Hz) was observed at several electrode contacts, across all 836 

sessions. Previous literature has demonstrated elevated gamma power in superficial and middle 837 

layers relative to deeper layers 84, 85. Thirdly, an automated depth alignment procedure was 838 

employed which maximized the similarity of CSD profiles evoked by passive visual stimulation 839 

between sessions 20.  840 

Further support for the laminar assignments was provided by an analysis of the depths 841 

of SEF layers measured in histological sections visualized with Nissl, neuronal nuclear antigen 842 
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(NeuN), Gallyas myelin, acetylcholinesterase (AChE), non-phosphorylated neurofilament H 843 

(SMI-32), and the calcium-binding proteins parvalbumin (PV), calbindin (CB), and calretinin 844 

(CR) 16, 20. Additional information about laminar structure was assessed through the pattern of 845 

cross-frequency phase-amplitude coupling across SEF layers 22. Owing to variability in the 846 

depth estimates and the indistinct nature of the L6 border with white matter, some units 847 

appeared beyond the average gray-matter estimate; these were assigned to the nearest cellular 848 

layer.  849 

 850 

Acquiring eye position. Eye position data was collected at 1 kHz using an EyeLink 1000 851 

infrared eye-tracking system (SR Research, Kanata, Ontario, Canada). This was streamed to a 852 

single data acquisition system (MAP, Plexon, Dallas, TX) and combined with other behavioral 853 

and neurophysiological data streams. 854 

 855 

Data collection protocol. The same protocol was used across monkeys and sessions. In each 856 

session, the monkey sat in an enclosed primate chair with their head restrained 45 cm from a 857 

CRT monitor (Dell P1130, background luminance of 0.10 cd/m2). The monitor had a refresh rate 858 

of 70 Hz, and the screen subtended 46° x 36° of the visual angle. After advancing the electrode 859 

array to the desired depth, they were left for 3 to 4 hours until recordings stabilized across 860 

contacts. This led to consistently stable recordings with single units typically held indefinitely. 861 

Once these recordings stabilized, an hour of resting-state activity in near-total darkness was 862 

recorded. This was followed by the passive presentation of visual flashes followed by periods of 863 

total darkness in alternating blocks. Finally, the monkey performed approximately 2000 trials of 864 

the saccade countermanding (stop-signal) task. 865 

 866 

Countermanding task. The countermanding (stop-signal) task utilized in this study has been 867 

widely used previously 25. Briefly, trials were initiated when monkeys fixated at a central point. 868 
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Following a variable time period, drawn from an aging function to avoid anticipation of the visual 869 

stimulus 40, the center of the fixation point was removed leaving an outline. Simultaneously, a 870 

peripheral target was presented to the left or right of the screen.  871 

On no stop-signal trials the monkey was required to shift gaze to the target. Fixation on 872 

the target was required for 600 ms, until an auditory tone sounded, whereupon monkeys could 873 

shift gaze anywhere. Fluid reward was delivered 600 ms later. 874 

On stop-signal trials, comprising less than half of all trials, the center of the fixation point 875 

was re-illuminated after a variable stop-signal delay (SSD). An initial set of SSDs, separated by 876 

40-60 ms for Monkey Eu and by 100 ms for monkey X, were selected for each recording 877 

session. To ensure that monkeys failed to countermand on ~50% of stop-signal trials, SSD was 878 

adjusted through an adaptive staircasing procedure. When a monkey failed to inhibit a 879 

response, the SSD was decreased by 1, 2, or 3 steps (randomly drawn) to increase the 880 

likelihood of success on the next stop trial. When a monkey canceled the saccade, SSD was 881 

increased by 1, 2, or 3 steps (randomly drawn) to decrease the likelihood of success on the next 882 

stop trial. On stop-signal trials, the monkey was required to maintain fixation on the central point 883 

until the tone sounded, whereupon monkeys could shift gaze anywhere. Fluid reward was 884 

delivered 600 ms later. By design, the duration from target presentation until the tone was a 885 

fixed interval of 1500 ms. Thus, as SSD increased, the duration of fixation decreased 886 

(Supplementary Figure 2b). 887 

Performance on this task is characterized by the probability of not canceling a saccade 888 

as a function of the SSD (the inhibition function) and the distribution of latencies of correct 889 

saccades in no-stop-signal trials and of noncanceled error saccades in stop-trials (Fig 1b). 890 

Performance of the stop-signal task is explained as the outcome of a race between a GO and a 891 

STOP process 26. The race model provides an estimate of the duration of the covert STOP 892 

process, the time taken to accomplish response inhibition, known as stop-signal reaction time 893 

(SSRT) 29, 30, 79. SSRT was calculated using two approaches—the conventional weighted-894 
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integration method and the more recent Bayesian Ex-Gaussian Estimation of Stop-Signal RT 895 

distributions (BEEST) 86 (Supplementary Figure 3a, 4a, 5a). Compared to weighted integration 896 

method, the Bayesian approach provides estimates of the variability in SSRT and the fraction of 897 

trigger failures for a given session 86. Individual parameters were estimated for each session. 898 

The priors were bounded uniform distributions (μGo, μStop: U (0.001, 1000); σGo, σStop: U (1, 899 

500) τGo, τStop: U (1, 500); pTF: U (0,1)). The posterior distributions were estimated using 900 

Metropolis-within-Gibbs sampling ran multiple through three chains. We ran the model for 5000 901 

samples with a thinning of 5. None of our conclusions depend on the choice of SSRT calculation 902 

method. 903 

 904 

Analysis of EEG. Methods paralleling those used in human studies were used. The N2 and P3 905 

were obtained from average EEG synchronized on stop-signal presentation. Peak N2 was the 906 

time when the mean ERP reached maximal negativity in a 150-250 ms window after the stop-907 

signal. Peak P3 was the time when the mean ERP in a 250-400 ms window after the stop-908 

signal. The amplitude of the N2 and P3 was quantified as the mean Z-transformed voltage for 909 

each SSD in a ±50 ms window around the maximal ERP deflection determined for each 910 

session. Indistinguishable results were obtained with wider (±75 ms), and narrower (±25 ms) 911 

windows or just the instantaneous maximal polarization. To characterize the polarizations 912 

associated with response inhibition, a difference ERP (ΔERP) was obtained by subtracting from 913 

the ERP recorded on canceled trials the ERP recorded on RT-matched no stop-signal trials. 914 

 915 

Analysis of neural spiking. Spike density functions (SDF) for individual trials were constructed 916 

by convolving the spike times with a kernel matching the time course of an excitatory post-917 

synaptic potential with an area equal to 1  918 

𝑅(𝑡) = &1 −	𝑒(+ ,-.)/ ∙ 𝑒(+ ,-1) 919 



 41 

The influence of each spike (R(t)) increases with a short time constant (τg = 1 ms) and decays 920 

slower (τd = 20 ms). To analyze spiking activity associated with successful stopping, we 921 

compared the activity on canceled trials and on no stop-signal trials with RT greater than SSD + 922 

SSRT. This latency-matching compares trials in which countermanding was successful with 923 

trials in which countermanding would have been successful had the stop-signal been presented. 924 

Neurons were distinguished by patterns of modulation consisting of periods of facilitation or 925 

suppression using a consensus clustering algorithm 28 (Supplementary Fig 1B). The input to 926 

this analysis pipeline was the spike-density function on canceled trials and on latency-matched 927 

no stop-signal trials during the 100 ms preceding SSRT and 200 ms following SSRT. Results 928 

did not change much if interval durations were changed.  929 

To prevent outlying values from exerting excessive influence, population spike density 930 

plots were obtained by scaling the SDF of each neuron by the 95% confidence interval between 931 

the 2.5% lowest rate and the 97.5% highest rate in one of two intervals. The first interval was a 932 

600 ms window centered on SSRT on canceled and on no stop-signal trials. The second 933 

interval was -100 to +300 ms relative to the feedback tone. 934 

To identify spiking modulation, we applied methods previously employed. First, we 935 

calculated a difference function (ΔSDF), the difference between the SDF on canceled and 936 

latency-matched no stop-signal trials. Periods of statistically significant modulation were 937 

identified based on multiple criteria—(a) the difference function must exceed by at least 938 

2 standard deviations a baseline difference measured in the 100 ms interval before the target 939 

appeared, (b) the difference must occur from 50 ms before to 900 ms after the stop-signal, and 940 

(c) the difference must persist for at least 100 ms (or for 50 ms if the difference exceeded 941 

baseline by 3 standard deviations). As commonly found in medial frontal cortex, some neurons 942 

exhibited low spiking rates. To obtain reliable estimates of modulation times, we also convolved 943 

the SDF with a square 8 ms window. The modulation intervals were validated by manual 944 

inspection.  945 
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To determine modulation associated with the systematically variable timing of the 946 

feedback tone on canceled trials, the SDF was compared against the minimum value found 947 

between 500 ms before and 900 ms after the tone. Focusing on modulation occurring only 948 

during the period of operant control on behavior, modulations beginning less than 300 ms after 949 

the tone were not included. For comparisons across neurons and sessions, Z-transformed SDF 950 

or ΔSDF were used. 951 

Spike widths of this sample of neurons exhibited a bimodal distribution 16. Consequently, 952 

neurons were distinguished as narrow- or broad-spikes. Narrow spike neurons had peak-to-953 

trough duration less than 250 µs and broad spike, greater than or equal to 250 µs.  954 

 955 

Mixed effects models. We fit the variation in modulation of spiking or polarization of ERP to 956 

models of each of the behavioral and task measures as detailed in Supplementary Figure 2. 957 

We related neural modulation to the following models: (a) response conflict conceived 958 

computationally as the mathematical product of the activation of the race model GO and STOP 959 

processes and quantified as the probability of noncanceled error (P(error)) as a function of SSD, 960 

(b) P(error) contingent on viewing the stop-signal, denoted P(error | SSseen) and referred to as 961 

error likelihood, (c) absolute and log-transformed SSD, (d) hazard rate of stop-signal, (e) 962 

absolute and log-transformed delay until feedback tone, and (f) hazard rate of feedback tone. 963 

Although these behavioral and task measures can be correlated, random variations allowed for 964 

their differentiation.  965 

To determine which performance measure accounted best for the variation of neural 966 

modulation, the performance and neural quantities were averaged within groups of early-, mid-, 967 

and late-SSD trials. SSD values greater than ~350ms were not included because too few 968 

canceled trials were obtained. The analysis of the facilitation after SSRT as based on ΔSDF 969 

(Fig 2, Fig 4), but the major conclusions held if the analysis used SDF. The analysis of the 970 

modulation before SSRT or the feedback tone was based on the SDF of canceled trials. Before 971 
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SSRT the SDF of canceled and no stop-signal trials was not different. Before the feedback tone, 972 

the interval was longer and more variable on canceled relative to no stop-signal trials. 973 

Mixed-effects models of ΔSDF, SDF, or ΔERP values in relation to the various 974 

performance measures were compared using Bayesian Information Criteria (BIC). We report the 975 

results of the most basic version of each model with a main effect term corresponding to the 976 

performance parameter and random intercepts grouped by neuron (for spiking activity) or 977 

session (for ERP analysis). The values for each performance parameter were z-transform 978 

normalized for fair comparison between models related to different quantities. All constructed 979 

models had the same degrees of freedom, so BIC values between models could be compared 980 

directly. The model with the smallest BIC was endorsed as the best model. The fit of the other 981 

models relative to the best are reported using ΔBIC. As recommended 87, 88, ΔBIC (BICbest – 982 

BICcompeting) < 2 offers weak support against the competing model, 2 < ΔBIC < 6 offers strong 983 

support against the competing model, and ΔBIC > 6 conclusively rules out the competing 984 

model. More complex versions of these models resulted in similar conclusions. Mixed-effects 985 

models were performed using MATLAB’s Statistical Toolbox. 986 

 987 

Relating N2/P3 and neural spiking. We used the method described previously to establish the 988 

relationship between spiking activity and the ERN 16. Single trial spiking was the mean 989 

convolved spike data for that trial recorded from neurons in L2/3 and in L5/6 of perpendicular 990 

penetrations within ±50 ms of the N2 and P3 peaks. To account for variations in ERP voltage 991 

and spike counts across sessions, a fixed-effects adjustment was performed by centering each 992 

distribution on its mean and dividing by its most extreme value. To measure the N2/P3 993 

amplitudes robustly, we grouped rank-ordered single-trial ERP values into 20 successive bins. 994 

From trials in each bin, we calculated the mean N2 and mean P3 magnitude (dependent 995 

variable), the mean spike count in the upper and lower layers (independent variables), and the 996 

average SSD, on Canceled trials. Data from all sessions were combined for a pooled partial 997 
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correlation. Each point in Fig. 5 plots the paired values of the mean normalized ERP voltage 998 

and normalized activity for each of the 20 bins from every session. The statistical relationship 999 

between ERP magnitude and spiking activity was quantified through multiple linear regression 1000 

on normalized data pooled across sessions. Three factors were considered: (1) spiking activity 1001 

in L2/3, (2) spiking activity in L5/6, plus (3) SSD to prevent its variation from confounding the 1002 

relationship between ERP and neural spiking. However, as presented in the main text, the 1003 

inclusion of this factor did not change the results. 1004 
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