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Abstract 47 
Cognitive control often requires suppression of prepotent stimulus-driven responses in favour of 48 

less potent alternatives. Suppression of prepotent saccades has been shown to require proactive 49 

inhibition in the frontoparietal saccade network. Electrophysiological evidence in macaque 50 

monkeys has revealed neural correlates of such inhibition in this network, however the 51 

interlaminar instantiation of inhibitory processes remains poorly understood as these areas lie 52 

deep within sulci in macaques, rendering them inaccessible to laminar recordings. Here we 53 

addressed this gap by exploiting the mostly lissencephalic cortex of the common marmoset 54 

(Callithrix jacchus). We inserted linear electrode arrays into areas 8Ad – the putative marmoset 55 

frontal eye field - and lateral intraparietal area (LIP) of two male marmosets, and recorded neural 56 

activity during performance of a task comprised of alternating blocks of trials requiring a saccade 57 

either toward a large, high-luminance stimulus or the inhibition of this prepotent response in 58 

favour of a saccade toward a small, low-luminance stimulus. We observed prominent task-59 

dependent activity in both alpha/gamma bands of the local field potential and discharge rates of 60 

single neurons in area 8Ad during a prestimulus task epoch in which the animals had been 61 

instructed which of these two tasks to perform but prior to peripheral stimulus onset. These data 62 

are consistent with a model in which rhythmic alpha-band activity in deeper layers inhibits 63 

spiking in upper layers to support proactive inhibitory saccade control. 64 

 65 

Significance 66 

Failures to inhibit automatic saccadic responses are a hallmark of many neuropsychiatric 67 

disorders. How this process is implemented across the cortical layers in the frontoparietal 68 

saccade network remains unknown, as many of the areas are inaccessible to laminar recordings 69 

in macaques. Here we investigated laminar neural activity in marmoset monkeys which have a 70 

smooth cortex. Monkeys were required either to generate or inhibit a prepotent saccade response. 71 

In area 8Ad, the putative frontal eye field in marmosets, rhythmic alpha-band activity (9-14 Hz) 72 

was higher in deeper layers and spiking activity was lower in upper layers when the animals 73 

were instructed to suppress a saccade towards a peripheral stimulus. Reduced alpha power during 74 

task preparation may be the underlying common neural basis of a saccade suppression deficit. 75 

 76 

 77 
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 79 

Introduction 80 

A fundamental aspect of executive control is the ability to respond flexibly to events in the 81 

environment (Miller and Cohen, 2001). Flexible responding often requires overriding prepotent 82 

stimulus-driven responses in favour of less potent alternatives. A popular saccadic eye 83 

movement paradigm that probes this ability is the antisaccade task (Munoz and Everling, 2004; 84 

Antoniades et al., 2013) which requires participants to suppress a saccade toward a suddenly 85 

appearing peripheral stimulus in favour of a saccade away from that stimulus. Performance in 86 

this task is typically contrasted with a simple prosaccade task requiring a saccade toward the 87 

stimulus. While patients with a variety of neuropsychiatric disorders show normal saccade 88 

behaviour in the prosaccade task (Everling and Fischer, 1998; Hutton and Ettinger, 2006), they 89 

often exhibit difficulty in suppressing saccades towards the stimulus in the antisaccade task, a 90 

finding consistent with an impairment of executive control.  91 

 92 

Functional imaging studies have shown that a network of frontoparietal areas is more active for 93 

anti- than prosaccades (O'Driscoll et al., 1995; Desouza et al., 2003) and that many areas are 94 

already more active during preparatory periods when subjects look at an initial fixation stimulus 95 

before the peripheral stimulus appears (Connolly et al., 2002; Curtis and D'Esposito, 2003; 96 

Desouza et al., 2003; Brown et al., 2007). In the macaque frontal eye fields (FEF), saccade-97 

related neurons are less active during the preparatory period on anti- than prosaccade trials, and 98 

more active on erroneous antisaccade trials in which the monkey fails to suppress a saccade 99 

towards the stimulus (Everling and Munoz, 2000). These findings indicate that correct 100 

antisaccade performance requires proactive inhibition of saccade neurons in FEF which in turn 101 

decreases excitatory drive to the superior colliculus (SC), leading to reduced saccade preparation 102 

on antisaccade trials (Munoz and Everling, 2004). 103 

 104 

Such proactive inhibition of saccade-related activity might be mediated by alpha-band 105 

oscillations, as magnetocephalography (MEG) recording studies in human participants have 106 

reported increased alpha power on antisaccade trials and reduced alpha power on error trials in 107 
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the FEF (Hwang et al., 2014). The neural mechanisms by which alpha power may inhibit activity 108 

of FEF neurons remain to be understood however.  109 

 110 

Recently, it has been demonstrated that alpha power in deep cortical layers of macaque frontal 111 

cortex suppress gamma power and spiking activity in upper cortical layers (Bastos et al., 2018). 112 

Such a mechanism has previously been shown in visual cortex where slower oscillations are 113 

prominent in deep layers (Maier et al., 2010; Buffalo et al., 2011; van Kerkoerle et al., 2014) and 114 

where the phase of deep alpha modulates the amplitude of upper gamma (Spaak et al., 2012).  115 

Accordingly, deep alpha in the FEF might suppress gamma and spiking activity in upper FEF 116 

layers when prepotent saccade responses must be suppressed.  Unfortunately, evaluating this 117 

model in macaque monkeys is practically intractable since the FEF lies in the anterior bank of 118 

the arcuate sulcus (Bruce and Goldberg, 1985; Bruce et al., 1985), making this area inaccessible 119 

to laminar-specific recordings. 120 

 121 

To address this, we adopted the common marmoset (Callithrix jacchus) model, as these New 122 

World  primates have a lissencephalic (smooth) cortex amenable to laminar recordings. For this 123 

species we used a simplified version of the antisaccade task that retained the response 124 

suppression and voluntary saccade generation components but did not require a vector inversion 125 

of the stimulus location into a saccade command. We simultaneously recorded local field 126 

potentials (LFPs) and single neuron activity with laminar electrodes in frontal area 8Ad, the 127 

putative homologue of FEF in marmosets (Ghahremani et al., 2016), and in parietal cortex (area 128 

LIP) during performance of this task. We observed prominent task-dependent activity in 129 

alpha/gamma bands and single neuron activity during the preparatory period, consistent with the 130 

hypothesis that deeper alpha inhibits spiking activity in upper layers for proactive saccade 131 

control in the FEF.  132 

 133 

Methods 134 

Subjects 135 

Two male marmoset monkeys (Callithrix jacchus), Marmoset M and Marmoset B, aged 5 and 4 136 

years and weighing around 360 g, were the subjects in this study. All experimental methods 137 

described were performed in accordance with the guidelines of the Canadian Council on Animal 138 
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Care policy on the care and use of experimental animals and an ethics protocol approved by the 139 

Animal Care Committee of the University of Western Ontario. Monkeys were under the close 140 

supervision of the university veterinarians. Using previously described surgical, training, and 141 

experimental techniques (Johnston et al., 2018), both monkeys were implanted with a custom-142 

built oval-shaped recording chamber which incorporated four conical receptacles which were 143 

used to fixate the chamber in a custom-built stereotaxic frame during the experimental sessions. 144 

After training on the behavioural paradigm, burr holes (~3 mm in diameter) were drilled within 145 

the chamber in a second surgery to allow access to area 8Ad (15 mm anterior, 4 mm lateral) and 146 

area LIP (1.5 mm anterior 6 mm lateral).  147 

 148 

Behavioural Task 149 

We initially attempted to train marmosets on a pro-/antisaccade task comparable to what we have 150 

regularly used in macaque monkeys (Munoz and Everling, 2004). During training, however, it 151 

became apparent that some aspects of this task were exceptionally difficult for marmosets, as 152 

evidenced by their poor task performance. One aspect was task mixing. We have often presented 153 

pro- and antisaccade trials interleaved in random order, with the shape or colour of the central 154 

fixation point serving as a task instruction. Marmosets performed poorly on this version of the 155 

task,  so we instead resorted to task blocks of pro- and antisaccade trials, as is the case in most 156 

studies using human participants (Antoniades et al., 2013). The other aspect was difficulty in 157 

generating saccades to an empty visual hemifield. Both marmosets made many errors when 158 

required to perform an antisaccade to a blank location on the display monitor. We therefore used 159 

the final stage of the antisaccade training protocol for macaque monkeys, in which a dim, very 160 

small stimulus cues the target location on antisaccade trials (Johnston and Everling, 2011). This 161 

task retains the cognitive components of response inhibition and voluntary saccade generation 162 

central to the antisaccade task, but does not require the vector inversion process necessary for 163 

generation of saccades to an empty location.   164 

 165 

Animals were required to first fixate a central instruction cue presented at the centre of a dark 166 

CRT display (0.01 cd/m2) within an electronic window of 4° x 4° surrounding it for a duration of 167 

500 – 700 ms. For Marmoset M a cross (1°x 1°, 10 cd/m2) signaled a prosaccade trial and a filled 168 

circle (0.55°, 10 cd/m2) instructed an antisaccade trial. The instructions were reversed for 169 
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Marmoset B. Following this, two circular stimuli were presented simultaneously to the left and 170 

right equidistant from fixation at an eccentricity of 6.7 . One of the stimuli was larger (1.6°) and 171 

of higher luminance (20 cd/m2) than the other (.2°, 1.5 cd/m2). Animals were required to 172 

generate a single saccade toward either the more (prosaccade trials) or less salient stimulus 173 

(antisaccade trials), depending on the shape of the central instruction cue to obtain a liquid 174 

reward (diluted sweetened condensed milk for Marmoset B and diluted corn syrup for Marmoset 175 

M - monkeys were not on any liquid-control schedule). After 10 correctly performed trials, the 176 

task reversed. Monkeys would perform this task reliably for durations varying between 25 and 177 

45 min. The experimental paradigm was presented under the control of the CORTEX real-time 178 

operating system (NIMH Bethesda, MD) running on two Pentium PCs. The program also 179 

monitored the animals’ behaviour and controlled reward delivery.  180 

 181 

Recording Technique 182 

Monkeys were seated in a primate chair that integrated with a custom designed stereotaxic frame 183 

for head restraint and mounting of microelectrode drives. The chair/frame system was mounted 184 

on a table within a sound-attenuating chamber (Crist Instruments Co., Hagerstown, Maryland). 185 

Their heads were restrained and a liquid-spout placed at their mouth for computer-controlled 186 

reward delivery (Crist Instruments Co., Hagerstown, Maryland). Eye positions were monitored 187 

via high-speed (1000 Hz) monocular video tracking of the pupil (EyeLink 1000, SR Research, 188 

Ottawa, ON, Canada).  189 

 190 

Extracellular laminar recordings were made from area 8Ad and area LIP with commercially 191 

available silicon-based 16 contact microelectrodes with 150 μm inter-electrode spacing (ATLAS 192 

Neuroengineering, Leuven, Belgium and Freiburg, Germany) that were inserted into the cortex 193 

vertical to the interaural plane with electrode manipulators (Kopf Inst., Tujunga, CA) attached to 194 

the stereotaxic frame at the beginning of each recording session.  To ensure a relatively unbiased 195 

sampling of neural activity we did not pre-screen neurons for task-related responses. Instead, we 196 

slowly advanced one laminar electrode into area 8Ad and one into area LIP until most of the 197 

contacts were inside the brain, as determined by monitoring local field potentials at each 198 

electrode contact.  We waited ~20 min to allow the electrodes to settle before commencing 199 

behavioral and neural data collection. 200 
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 201 

Neural activity (LFPs and spiking activity) was amplified, filtered, and stored for off-line data 202 

analysis using the Plexon MAP system (Plexon, Dallas, Texas) for one monkey, and the Open 203 

Ephys acquisition board (http://www.open-ephys.org) and digital headstages (INTAN, Los 204 

Angeles, CA) in the other. Data collected with both systems were offline converted to 205 

Neuroexplorer (nex) files and single units were isolated by applying principal component 206 

analysis in 2D and 3D with the Plexon Offline sorter (Plexon, Dallas, Texas). Horizontal and 207 

vertical eye positions and the occurrence of behavioural events (e.g. start of trial, onset of 208 

fixation, stimulus presentation, reward delivery, performance) were also stored.  209 

 210 

Data Analysis 211 

Analysis was performed with custom Matlab code (Mathworks) and the fieldtrip toolbox 212 

(http://www.ru.nl/fcdonders/fieldtrip/). We limited all analyses to the preparatory period from 213 

500ms to 0 s before peripheral stimulus onset, excluding stimulus- and saccade-related activity 214 

occurring later in the trial. We included only single neurons with at least 10 trials in each task 215 

condition (e.g.  >=10 correct pro- and >=10 correct antisaccades). 216 

 217 

Oscillatory LFP activity was calculated for the different electrode contacts in selected frequency 218 

bands  (alpha: 9-14 Hz, gamma: 60-150 Hz) based on Hanning tapered Fourier transforms for the 219 

500 ms preparatory window after removal of the powerline artifacts at 60 and 120 Hz using a 220 

discrete Hamming bandstop filter. Data were analyzed across recording sessions by aligning 221 

electrode contacts to the cortical surface which was easily identified by a prominent increase in 222 

LFP power (see Fig. 1D).  223 

 224 

The effects of electrode depth and task on alpha and gamma power were analyzed with repeated 225 

measures ANOVAs with the factors DEPTH at 9 levels (150, 300, 450, 600, 750, 900, 1050, 226 

1200, 1350 μm below the cortical surface) and TASK at 2 levels (correct prosaccades and 227 

correct antisaccades). The effects of electrode depth and performance on alpha and gamma 228 

power were analyzed with repeated measures ANOVAs with the factors DEPTH at 9 levels (150, 229 

300, 450, 600, 750, 900, 1050, 1200, 1350 μm below the cortical surface) and PERFORMANCE 230 

at 2 levels (erroneous antisaccades and correct antisaccades). 231 
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 232 

To test whether alpha or gamma power in area 8Ad could predict performance on antisaccade 233 

trials on a trial-by-trial basis, we performed linear discriminant analyses. We randomly selected 234 

the same number of correct antisaccade and error trials from each session (i.e. 20 correct 235 

antisaccade trials and 20 error trials from a file that had 50 correct antisaccade trials and 20 error 236 

trials). We then used half of the correct and half of the error antisaccade trials to train a linear 237 

discriminant analysis model with the alpha or gamma power recorded at each electrode contact 238 

using Matlab’s (Mathworks) fitcdiscr function, and the other half of the trials to test the model’s 239 

prediction using the predict function. These steps were repeated 200 times to obtain distributions 240 

of prediction rates (between 0 and 100%) for each recording session which we then tested 241 

against the chance median of 50 using Wilcoxon signed rank tests, evaluated at p<0.001. 242 

 243 

To identify the effect of alpha troughs in deep layers on single neuron activity, we filtered the 244 

LFP recorded at 1350 μm below the cortical surface for all trials on which the monkeys 245 

maintained central fixation until the peripheral stimulus was presented. This was accomplished 246 

using a Hamming bandpass filter between 9 and 14 Hz, followed by the identification of the 247 

troughs of the alpha cycles in the 500 ms period prior to stimulus presentation using Matlab’s 248 

(Mathworks) findpeaks function on the inverted filtered LFP. We then aligned single neuron 249 

activity, convolved with a 15 ms Gaussian filter, on the troughs of the alpha cycles. Neural 250 

activity was compared between activity around the peak (-50 to -30 ms before the trough) and 251 

the trough of the alpha cycle (-10 ms to 10 ms). A modulation index was computed to compare 252 

the effects of the strength of the alpha trough on neural activity through the formula: 253 

(peak_activity – trough activity) / (peak_activity + trough activity).  254 

 255 

To characterize the cross-frequency correlations in the LFPs, especially those between the alpha 256 

and gamma bands, we calculated Tort’s Modulation Index (MI) using the methods detailed in 257 

(Voloh et al., 2015) and (Tort et al., 2010). Variable bandpass filters defined as ±1/3 of the center 258 

frequency were used to filter the raw LFP signals, which were then Hilbert transformed (Voloh 259 

et al., 2015). We calculated the MI between the phases of low-frequency bands centered between 260 

4.5 and 30Hz (with 1.5-Hz steps), and the amplitudes of high-frequency bands centered between 261 

30 and 159Hz (with 3-Hz steps). The phases and amplitudes used in each calculation of MI were 262 
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always from different channels to avoid spurious coupling within channel (Tort et al., 2010). For 263 

a given channel pair, we binned (N = 18 bins) the phases extracted from the phase-providing 264 

channel; the amplitudes from the amplitude-providing channel were then binned according to the 265 

phases and averaged within each bin. Finally, the amplitude from each bin was normalized by 266 

the mean of amplitudes from all bins. The Kullback-Leibler (KL) distance, which is used to 267 

quantify the difference between the distribution of amplitudes across the phase bins and a 268 

uniform distribution, is calculated as follows: 269 

 270 

 

 271 

Where P is the observed distribution and Q is the uniform distribution with the same mean 272 

amplitudes. j is an individual phase bin, and N is the total number of phase bins. The MI is then 273 

calculated as the normalized KL distance: 274 

 275 

 276 

 

The MI equals to the normalized Shannon entropy of the gamma amplitude distribution across 277 

the low-frequency oscillation phase bins minus 1—the entropy of the uniform distribution. 278 

 279 

To determine the significance of the MI values, we also calculated surrogate MI values by 280 

randomly dividing the high-frequency amplitude signal in two and reconnecting them in reversed 281 

order while keeping the low-frequency phase signal the same (Voloh et al. 2015). This way the 282 

temporal structures within the phase and the amplitude signals were mostly maintained, but any 283 

potential correlation between the two was disrupted. This procedure was repeated 200 times 284 

(Voloh et al., 2015). To identify the cross-frequency correlation specifically associated with the 285 

antisaccade rule, we calculated the Rule Selectivity Index (RSI): 286 

 287 

 288 
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 289 

 290 

The RSIs were also calculated for the surrogate data. Following the method demonstrated by 291 

(Maris and Oostenveld, 2007), we then performed a cluster-based permutation test based on 292 

paired t-statistic between the RSIs from real and those from surrogate data, to determine the 293 

significant cross-frequency correlations during antisaccade trials (Fig 5c). Specifically, a map of 294 

t-statistics was calculated between real and surrogate data. The significance level was then 295 

determined from a distribution of t-statistics generated by 1000 iterations of pooling and random 296 

splitting of the data. Original t-statistics that were greater than 99.9% of the generated 297 

distribution were considered significant. Significant t-statistics were then clustered using the 298 

clusterdata function in MATLAB. 299 

 300 

The MI also allowed us to determine the preferred phase of alpha oscillation (9-14Hz) of gamma 301 

activities. This was calculated as circular mean across the phase bins, weighted by the amplitude 302 

and its probability. Each channel pair produced a single preferred phase bin. We then constructed 303 

the distributions of preferred phases of all channel pairs during the correct trials under the 304 

prosaccade and antisaccade rules, and errors under the antisaccade rule (Fig 5d). The polarity of 305 

each distribution was determined using Rayleigh’s test using the CircStat toolbox (Berens, 2009). 306 

The presence of difference between the preferred-phase distributions from correct prosaccade 307 

and antisaccade trials, and between correct and erroneous antisaccade trials, was determined 308 

using the chi-square goodness of fit test.  309 

 310 

To determine whether the erroneous prosaccades made on antisaccade trials (‘the errors’ in 311 

short) were preceded by gamma activities with similar preferred alpha phases to those preceding 312 

correct antisaccades, we also compared two difference distributions: one between correct 313 

prosaccades and errors, and the other between correct antisaccades and errors. To do this, we 314 

calculated the difference in the products of gamma amplitudes and their corresponding 315 

probability between correct trials (either pro- or antisaccade) and the errors. We then computed 316 

the circular mean across all bins and the corresponding preferred phases of these difference 317 
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distributions. Again, each channel pair now produced a single preferred phase bin. Finally, we 318 

applied the chi-square goodness of fit test to the two sets of count data (each channel pair 319 

contributed one count) across phase bins, the same way as we tested the original distributions.   320 

 321 

 322 

 323 

 324 

 325 

 326 

Results 327 

 328 
Behavior 329 
 330 
We recorded laminar neural activity in 16 sessions in Marmoset M and 15 sessions in Marmoset 331 

B while they performed alternating blocks of pro- and antisaccade trials (Fig. 1a). Figure 1b 332 

shows the distribution of reaction times (SRTs) for the saccades recorded in those sessions. The 333 

left panel shows correct prosaccades (blue) and response errors (red), i.e. saccades away from the 334 

large stimulus to the small stimulus in the left panel. The right panel shows the distribution of 335 

correct antisaccades (red) and erroneous saccades towards the large stimulus (blue).  Prosaccades 336 

had significantly shorter SRTs than antisaccades (mean  SD; 209  100 ms vs. 229  98 ms, 337 

two-sample t-test, t(3973) = 5.68, p=1.4 x 10-8). In addition, errors on prosaccade trials (255  338 

114 ms) had longer SRTs than correct prosaccades (two-sample t-test, t(2906)=10.46, p<1 x 10-339 
14) and errors on antisaccade trials (201  98 ms) had shorter SRTs than correct antisaccades 340 

(two-sample t-test, t(3327)=7.22, p=6 x 10-13). Monkeys also made more errors on the 341 

antisaccade trials (1371/3329 or 41%) than on the prosaccade trials (891/ 2908 or 31%) (χ2-test, 342 

χ2 =74.66, df = p=5.6 x 10-18). Together, the longer SRTs and higher error rates on antisaccade 343 

trials indicate that the antisaccade task was more difficult for the marmosets than the prosaccade 344 

task, consistent with the behaviour of macaques (Everling et al., 1999; Bell et al., 2000) and 345 

human subjects (Everling and Fischer, 1998). 346 

 347 
Fig. 1C shows a schematic of the recording locations in area LIP and 8Ad in the marmoset. 348 

These areas were identified based on the cytoarchitectonic atlas (Paxinos et al., 2012) and on the 349 
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results of an fMRI functional connectivity study (Ghahremani et al., 2016).  Example laminar 350 

activity in areas 8Ad and LIP on a single trial is illustrated in Fig. 1D. LFP power clearly 351 

increased once electrode contacts entered the cortex (blue lines).  In frontal cortex, gamma power 352 

was maximal in the upper layers and then it decreased in deeper layers whereas alpha power was 353 

higher in deeper than upper layers. We did not find such differences between alpha and gamma 354 

power in parietal cortex.  355 

 356 

In this study, we were interested in potential task-related differences in neural activity during the 357 

preparatory period prior to peripheral stimulus presentation during which the animal had been 358 

instructed to perform either a pro- or an antisaccade, but did not yet know in which hemifield the 359 

large and small stimuli will be presented. We therefore combined trials with left and rightward 360 

saccades and limited the analysis to the 500 ms period immediately prior to peripheral stimulus 361 

onset during which the animals were required to maintain central fixation (Fig. 2A). We first 362 

looked at the LFP power during this period. Figure 2B shows an example power spectrum for 363 

electrode contacts 150 m below the cortical surface (dashed lines) and 1200 m below the 364 

surface (solid lines) in area 8Ad on antisaccade (red) and prosaccade (blue) trials. The spectrum 365 

shows a clear peak in alpha power (9-14 Hz) that was larger for antisaccade trials and stronger 366 

on the deeper electrode contact than the upper electrode contact. In contrast, we observed higher 367 

gamma power (60-150 Hz) at the upper than at the deeper electrode contacts.  Moreover, gamma 368 

power was higher for prosaccades than antisaccades.  369 

 370 

We next quantified these single session differences across recording sessions. We 371 

included 23 sessions in which we recorded in area 8Ad, and for which at least 9 of the 16 372 

electrode contacts were identified as within the cortex. Figure 2C, top left panel shows the alpha 373 

power for pro- (blue) and antisaccade (red) trials across cortical depth. A two-way repeated 374 

measures ANOVA showed a strong main effect of DEPTH (F(8,176) = 40.0, p<1 x 10-11), a 375 

main effect of TASK (F(1,22) = 7.73, p = 0.011), and a strong interaction effect of DEPTH with 376 

TASK (F(8,22)  = 7.87, p = 5 x 10-9). For gamma power (60-150 Hz) depicted in Fig. 2C, top 377 

right panel, we found a significant effect of DEPTH (F(8, 176) = 8.55, p = 8.3 x 10-10) and 378 

TASK (F(1,22) = 5.48, p = 0.029) but not for the interaction (F(8,22) = 1.07, p = 0.38). These 379 

results show stronger alpha power for antisaccade trials at the deeper cortical depths and higher 380 
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gamma power across cortical depth on prosaccade trials. This analysis demonstrates that alpha 381 

power in the deeper cortical layers is reduced, and gamma power across cortical layers is 382 

increased on erroneous antisaccade trials.  383 

 384 

The results were similar for the comparison of correct antisaccade trials (red) with error trials, 385 

shown in Fig. 2C, bottom panel. A two-way ANOVA showed a significant main effect of 386 

DEPTH (F(8, 176) = 39.21, p < 1 x 10-10), no main effect of PERFORMANCE (F(1,22) = 1.13, p 387 

= 0.30) but a significant interaction between DEPTH and PERFORMANCE (F(8,22) = 2.59, p = 388 

0.01) for alpha power. Gamma power showed a main effect of DEPTH (F(8,2176) = 8.62, p < 389 

6.9 x 10-10), and PERFORMANCE (F(1,22) = 11.70, p < 0.0024), but no interaction effect 390 

(F(8,22) =1.25, p = 0.27).  391 

 392 

For the 27 sessions in area LIP with at least 9 electrode contacts in cortex, there was a significant 393 

effect for alpha power (Fig. 2D, top panel) in the factor DEPTH (F(8, 208) = 32.29, p < 1 x 10-20) 394 

but not in TASK (F(1,26) = 2.27, p = 0.14) or interaction between DEPTH and TASK (F(8,26) = 395 

1.19, p = 0.31). This was similar when we compared alpha power for correct and error 396 

antisaccade trials (Fig. 2D, bottom panel). The two-way ANOVA showed a significant main 397 

effect of DEPTH (F(8,208) = 38.35, p < 1 x 10-20), no effect of PERFORMANCE (F(1,28) = 398 

0.11, p = 0.74) and no interaction effect (F(8,26) = 1.32, p = 0.23). Likewise, the analysis of 399 

gamma power for error and correct antisaccade trials (Fig. 2D, top panel) only showed a 400 

significant main effect of DEPTH (F(8, 208) = 10.33, p = 3.8 x 10-12) but not for 401 

PERFORMANCE (F(1,26) = 1.37, p = 0.25) or the interaction of DEPTH and PERFORMANCE 402 

(F(8,26) = 0.98, p = 0.45).  An ANOVA on gamma power for correct and error antisaccade trials 403 

(Fig. 2d, bottom panel) also only revealed an effect of DEPTH (F(8,208) = 11.91, p < 1 x 10-10), 404 

but not of PERFORMANCE (F(1,26) = 0.52, p = 0.70) and no interaction effect (F(8,26) = 1.33, 405 

p = 0.23). Together, these findings show depth-dependent alpha- and gamma-power in area 8Ad 406 

and area LIP but only task-selective and performance-selective alpha- and gamma-power in area 407 

8Ad. 408 

 409 

To test whether preparatory alpha- or gamma-power could predict task performance on a single 410 

trial, we performed linear discriminant analyses (see methods). This analysis determined the 411 
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success rate on which a single trial could be classified into the appropriate response population 412 

(correct anti-saccade trials or error trials).  The classification rates averaged across all 23 413 

sessions were very low for alpha (49.94% - 51.40%) and gamma power (48.72%-51.73%) for the 414 

different recording depths, with significant differences only at 450 m below the cortical surface 415 

for gamma power (mean classification rate 51.73%, Wilcoxon signed rank test against a median 416 

of 50, z=2.07, p=0.038). However, in some sessions, single trials could be classified above 417 

chance levels.  In 30% (7/23) of the sessions, alpha power recorded at a depth of 1050 m below 418 

the cortical surface was predictive of task performance (57.3% mean correct classification rate, 419 

range 52.2-70%). This was also the case in 39% (9/23) of the sessions using gamma power at 420 

450 m below the surface (55.1% mean correct classification rate, range 52.7-60.5%). 421 

 422 

 423 

Single unit activity during the preparatory period 424 

We next investigated single neuron activity recorded at different depths in area 8Ad and area LIP 425 

during the preparatory period (Fig. 3). For these analyses, we grouped neurons into upper layer 426 

neurons, recorded at depth between 150 and 900 m below the cortical surface, and deeper layer 427 

neurons, recorded at depth >900 m (see Methods).  428 

 429 

Neurons in the upper layers of area 8Ad were more active (Wilcoxon signed rank test, z=3.31, p 430 

= 0.0009) for pro- (7.12  1.15 spikes/s) than antisaccades (6.45  1.16 spikes/s) during the 431 

preparatory period. Neurons in upper layers were also significantly more active on error trials 432 

(7.73  1.38 spikes/s) than on correct antisaccade trials (6.82  1.38 spikes/s) (Wilcoxon signed 433 

rank test, z=2.26, p = 0.02). Neurons in deeper layers did not exhibit different activity between 434 

pro- (6.87  .1.12 spikes/s) and antisaccade trials (6.65  1.15 spikes/s) (Wilcoxon signed rank 435 

test, z=0.47, p = 0.63) during this pre-stimulus period. There were also no differences between 436 

error and correct trials in deeper layers (7.05  1.11 versus 6.96  2.0 Wilcoxon signed rank test, 437 

z=1.31, p = 0.19) during the preparatory period. 438 

 439 

In area LIP, there were no differences in discharge rate between pro- and antisaccades  in the 440 

upper (6.19  0.87 and 6.14  0.81, Wilcoxon signed rank test, z=0.48, p = 0.63) or deeper layers 441 



 

 

15 

15 

(7.84  1.07 and 7.32  0.92, Wilcoxon signed rank test, z=1.03, p = 0.30).  On error trials, 442 

neurons in upper layers were more active (6.24  0.94 spikes/s) than in correct antisaccade trials 443 

(5.67  0.8 spikes/s) (Wilcoxon signed rank test, z=2.19, p=0.028). No differences were found 444 

between error and correct trials for neurons in deeper layers (7.35  0.89 versus 7.2  0 .81 445 

spikes/s, Wilcoxon signed rank test, z=0.36, p = 0.71).  446 

   447 

These findings show that neurons in the upper layers of area 8Ad, corresponding to the marmoset 448 

FEF, show task-selective and performance-related preparatory activity that is consistent with 449 

proactive inhibitory control.  450 

 451 

 452 

Influence of Alpha power on single unit activity 453 

The previous analyses showed that alpha power was enhanced in deeper layers and single neuron 454 

activity was reduced in upper layers on antisaccade trials in FEF. This suggests that deep alpha 455 

may inhibit the discharge of upper FEF neurons. To directly test this hypothesis, we computed 456 

average alpha phase-aligned single neuron activity during the preparatory period (see Methods). 457 

To test whether stronger alpha has a larger inhibitory effect than weaker alpha, we performed a 458 

median-split of the aligned spiking activities based on the magnitude of the alpha troughs. Figure 459 

4 shows neural activity in upper and deeper FEF and LIP aligned on the trough for high and low 460 

alpha cycles (left and right panels, respectively). These results show that particularly for high 461 

alpha, neural activity was suppressed at the trough of the alpha cycle in upper area 8Ad 462 

(Wilcoxon signed rank test, z=4.27, p < 2 x 10-5) and upper LIP layers (Wilcoxon signed rank 463 

test, z=3.23, p = 0.0012).  For upper-layer area 8Ad neurons, the modulation index of the 464 

discharge rate during the strong alpha trough was higher than during the weak alpha trough 465 

(0.095 vs. 0.03, Wilcoxon signed rank test, z=2.95, p = 0.0032). No difference between high and 466 

low alpha troughs was found for deeper FEF neurons (0.05 vs. 0.03, Wilcoxon signed rank test, 467 

z=0.02, p = 0.98), upper LIP neurons (0.10 vs. 0.08, Wilcoxon signed rank test, z=1.14, p = 0.26), 468 

or deeper LIP neurons (0.06 vs. 0.04, Wilcoxon signed rank test, z=0.18, p = 0.86). 469 

 470 

 471 

Cross frequency coupling between alpha phase and gamma power 472 
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To test whether task preparation was associated with cross-frequency interactions between 473 

deeper and upper layers in area 8Ad, we quantified how high-frequency activity variations in 474 

upper layers related to the phases of slow frequency activity modulations in deeper layers (Fig. 475 

5). Across all 396 channel pairs, we found a significant cross-frequency increase in correlations 476 

between the alpha phase in deeper layers and of ~100-120 Hz gamma-frequency activity in upper 477 

layers on antisaccade trials (cluster-based permutation test, p<0.001; Fig. 5C). Next, we 478 

characterized the alpha-phase at which gamma-activity modulations aligned to correct 479 

prosaccades and antisaccades, and antisaccade error trials, for the channel pairs. The polar plot in 480 

Fig. 5D shows the histogram of the preferred phase among all channel-pairs. Across LFP pairs, 481 

gamma bursts phase locked to the rising phase of the alpha cycle at 300o, with significant non-482 

uniform distributions for all trial types (Rayleigh’s z-test, prosaccades, z = 31.5, p = 1.2 × 10-14; 483 

correct antisaccades, z = 54.3, p = 3.6 × 10-25; error antisaccades, z = 45.7, p = 3.8 × 10-21). The 484 

distributions were significantly different between pro- and antisaccades (goodness of fit test: χ2 = 485 

36.3, df = 11, p = 1.5 × 10-4), indicating that alpha-phase with gamma activity correlations are 486 

task-dependent. Additionally, the preferred alpha phase of gamma activities preceding erroneous 487 

antisaccades was distinct from both the preferred phase on prosaccade trials (χ2 = 21.9, df = 11, p 488 

= 0.025) and that on correct antisaccade trials (χ2 = 37.8, df = 11, p = 8.4 × 10-5). Because 489 

prosaccades were made on erroneous antisaccade trials, we wondered if the distribution of the 490 

preferred phases preceding such errors would resemble the distribution preceding correct 491 

prosaccades more than it does the distribution from the correct antisaccade trials. To do this, we 492 

built a difference distribution of gamma amplitudes by taking the difference between the 493 

products of mean amplitudes and their corresponding probability from the error (antisaccade) 494 

trials and the correct antisaccade trials, before calculating the circular mean and finding the 495 

preferred alpha phase angle for each channel pair. The same was done for the difference between 496 

error trials and correct prosaccade trials. We did not find a significant difference between the 497 

preferred phase of the two newly constructed distributions (goodness of fit test: χ2 = 6.29, df = 11, 498 

p = 0.85). Thus, although prosaccades were made as erroneous responses on antisaccade trials, 499 

the neural processes as reflected in preferred phase of gamma activities before these errors did 500 

not resemble those before correct prosaccades. 501 

 502 

 503 
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Discussion 504 

Numerous studies have linked alpha oscillations to perceptual processes (Varela et al., 1981; 505 

VanRullen and Koch, 2003; Ergenoglu et al., 2004; Thut et al., 2006; Busch et al., 2009; 506 

Haegens et al., 2011; Bonnefond and Jensen, 2015; Milton and Pleydell-Pearce, 2016). More 507 

recently, alpha power and phase have also been implicated in voluntary saccade control in 508 

humans (Hamm et al., 2012b; Hamm et al., 2012a; Hwang et al., 2014, 2016). Here, we took 509 

advantage of the lissencephalic cortex in marmoset monkeys and recorded laminar neural 510 

activity in two main nodes of the frontoparietal saccade network. Consistent with findings from 511 

MEG recordings (Hwang et al., 2014, 2016) in humans, we found stronger alpha power in area 512 

8Ad, the putative marmoset FEF (Ghahremani et al., 2016), on anti- than prosaccade trials and 513 

weaker alpha power when monkeys failed to suppress a saccade towards the stimulus. In line 514 

with recent laminar recordings in other frontal areas in macaques  (Bastos et al., 2018), we found 515 

also that LFP alpha power was strongest in deeper layers while gamma power was strongest in 516 

upper layers of area 8Ad. Our findings support a model in which alpha activity in deeper cortical 517 

layers inhibits upper spiking activity for proactive saccade control in the FEF.  518 

 519 

Task-related differences in FEF 520 

Different levels of spiking activity between pro- and antisaccade trials have been reported for 521 

most cortical and subcortical areas of the saccade network in macaque monkeys, including the 522 

FEF (Everling and Munoz, 2000). In the FEF, saccade-related neurons are less active for anti- 523 

than prosaccade trials during the preparatory period, consistent with proactive inhibition in these 524 

areas on antisaccade trials.  Here we found a similar result for marmoset FEF neurons in the 525 

upper layers whereas the population of deeper FEF neurons failed to show significant task-526 

related differences during the preparatory period. This finding may be surprising given that 527 

neurons that were identified as layer V neurons using antidromic stimulation of the SC in 528 

macaques were more active for pro- than antisaccades (Everling and Munoz, 2000).  We believe 529 

that this difference is likely related to differences in neural sampling between the two studies. 530 

While we included here all neurons that could be isolated, only neurons with saccade-related 531 

activity were included in the former macaque study. Thus, while our data show that task-532 

selectivity is prominent in upper FEF neurons, it is not inconsistent with previous macaque data 533 

demonstrating task-selectivity in a subset of FEF neurons in deeper layers. Indeed, the presence 534 
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of higher gamma power for prosaccades throughout the cortical layers in FEF indicates task-535 

selectivity in deeper FEF layers in marmosets. 536 

 537 

It should be noted that while we observed differences in alpha and gamma power between 538 

correct and error antisaccade trials, these differences were poor predictors of trial outcome when 539 

considered on a trial-by-trial basis. We attribute this to several potential factors. First, previous 540 

studies investigating differences in preparatory activity between correct and error antisaccade 541 

trials in the FEF (Everling and Munoz, 2000) and SC (Everling et al., 1998) have shown that 542 

significant differences in spiking activity between correct and error trials appears only late in the 543 

preparatory period, in the period 40-50ms after stimulus onset but prior to saccade onset. The 544 

late onset and short duration of these differences may be difficult to capture in the power of the 545 

periodic LFP signal. Second, we did not attempt to optimize our stimulus presentation with 546 

respect to the response fields of the neurons under study, as this is impractical with multicontact 547 

probes sampling a relatively large cortical area. In the SC, it has been shown the ability of a trial 548 

by trial discriminant analysis to predict outcomes on antisaccade trials declines substantially 549 

when the visual stimulus is presented outside the response field (Everling et al. 1998). Since 550 

broad spatial tuning of LFP responses has been observed in macaque FEF (Babapoor-Farrokhran 551 

et al., 2017), it seems likely that non-optimal stimulus presentation at some sites affected our 552 

results here. Finally, the more general consideration of trial by trial variability in neural 553 

responses may have played a role. It has been well-established that neural responses between 554 

even identical stimulus presentations vary considerably (Tolhurst et al., 1983; Kelly et al., 2010) 555 

due to factors such as variation in the intrinsic states of neural networks and random noise 556 

fluctuations in neurons (Faisal et al., 2008). Such variability may also have contributed to low 557 

classification rates of correct and error antisaccade trials based on single trial LFP power. It 558 

should be noted that even the successful mean classification rate for single SC neuron activity in 559 

the period of 40-50ms after stimulus onset is only 68% (Everling et al., 1998) (compared with 560 

the 57% that we found for 30% of the sessions here). 561 

 562 

 563 

Deep alpha suppresses neural activity in upper layers of area 8Ad 564 
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Alpha-oscillations are the most prominent feature of the awake human brain (Berger, 1929). 565 

While they have for a long time been interpreted as simply reflecting “cortical 566 

idling”  (Pfurtscheller et al., 1996), there is now strong evidence that alpha-oscillation play an 567 

important role in perceptual, motor, and cognitive processes. Detection of a visual stimulus, for 568 

example, is reduced on trials with high alpha power (Ergenoglu et al., 2004; Thut et al., 2006) 569 

and the phase of ongoing alpha-oscillations in the EEG predicts visual detection (Busch et al., 570 

2009; Milton and Pleydell-Pearce, 2016). By recording in the somatosensory cortex in a 571 

macaque monkey, Haengens et al. showed that alpha-power decreased during a vibrotactile 572 

discrimination task and that lower alpha-power was associated with better detection performance 573 

(Haegens et al., 2011). In addition, spiking activity was directly modulated by the phase of the 574 

alpha-cycle. A similar result was obtained in a human MEG study that showed a decrease in 575 

alpha-power at the trough of the alpha-cycle (Bonnefond and Jensen, 2015). These results are in 576 

line with the pulsed-inhibition model (Varela et al., 1981; VanRullen and Koch, 2003), 577 

according to which pulses of alpha inhibit spiking and gamma activity every 100 ms.  Jensen 578 

proposed that such a “pulsed inhibition” serves to functionally disengage a region from a 579 

network (Jensen and Mazaheri, 2010; Gips et al., 2016). Accordingly, the stronger alpha power 580 

in FEF may also disengage this important saccade-related area from the saccade network on 581 

antisaccade trials to reduce the probability of an unwanted automatic saccade towards the 582 

upcoming potent stimulus. 583 

 584 

In macaques, alpha-oscillations are strongest in deep cortical layers in both visual (Maier et al., 585 

2010; Buffalo et al., 2011; van Kerkoerle et al., 2014) and frontal cortical areas (Bastos et al., 586 

2018) and the phase of deep alpha modulates the power of upper gamma (Spaak et al., 2012). 587 

Here we show a similar pattern in marmoset area 8Ad with strong alpha power in deeper layers 588 

which modulates spiking activity in upper layers in a phase-dependent manner, namely a 589 

suppression of activity at the trough of the alpha cycle.   590 

 591 

The strong alpha power in deeper area 8Ad layers may directly originate locally within the deep 592 

layers where neurons intrinsically burst at alpha frequencies (Silva et al., 1991). These neurons 593 

suppress activity throughout the cortical column via polysynaptic inhibition, corresponding to the 594 

trough of the alpha-cycle (Olsen et al., 2012). In parallel, thalamo-cortical projections also 595 
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provide alpha-paced pulsed signals to layers 4, 5, and 6 (Constantinople and Bruno, 2013). 596 

Although neurons in the mediodorsal thalamus do not express different activities for pro- and 597 

antisaccades during the preparatory period,  many neurons in the ventroanterior and ventrolateral 598 

thalamus are more active for antisaccades during this period (Kunimatsu and Tanaka, 2010), 599 

making them possible sources for task-dependent pulsed inhibition to the FEF.  600 

 601 

Absence of task-related differences in parietal cortex 602 

In addition to FEF, some human fMRI studies have reported higher preparatory activation for 603 

anti- than prosaccades in the intraparietal sulcus (IPS) (Desouza et al., 2003; Brown et al., 2007), 604 

though another study did not find such signals (Connolly et al., 2002). Here we did not find any 605 

significant differences in alpha-power, gamma-power, or population single neuron activity 606 

between the two tasks in marmoset parietal area LIP during the preparatory period. This is 607 

consistent with the earlier described human FEF MEG study that also did not find task-selective 608 

in alpha power in the IPS (Hwang et al., 2014). Hwang and colleagues speculated that IPS may 609 

be more involved in the vector inversion process which can only start after peripheral stimulus 610 

presentation (Zhang and Barash, 2000) but not in setting the preparatory state for the task.  611 

 612 

Marmosets as an additional nonhuman primate model for cognitive saccade control 613 

Recently, marmoset monkeys have garnered a great deal of attention, due primarily to their 614 

potential as transgenic primate models (Sasaki et al., 2009; Izpisua Belmonte et al., 2015), but 615 

also for practical reasons such as their small size, relative ease of handling, breeding potential, 616 

and their lissencephalic cortex which allows access to cortical areas that are buried in sulci in 617 

macaques (Mitchell and Leopold, 2015). Although it had been shown that marmosets can be 618 

trained to perform simple visually-guided eye movement tasks under head restraint (Mitchell et 619 

al., 2014; Johnston et al., 2018), it remained unclear whether they could perform more cognitive 620 

saccade tasks such as antisaccades. Here, we found that marmosets could be trained to perform 621 

up to the final antisaccade training stage for macaques within in a few months. In this final stage 622 

of training, a very small and dim stimulus is still present at the mirror location of the peripheral 623 

stimulus, cueing the target location for the antisaccades. While the final step from this cued task 624 

to an antisaccade to an unmarked location is also challenging for most macaques, we found that 625 

the two marmosets in this study could not consistently perform antisaccades without such a 626 
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visual cue.  We thus stopped the training at this point and commenced with the laminar 627 

recordings. Saccades toward the small stimulus have the same properties as antisaccades in 628 

macaques (Bell et al., 2000) and humans (Dafoe et al., 2007), including longer reaction times, 629 

higher error rates, and shorter response errors. Most importantly, while this task does not require 630 

the geometrical calculation of vector inversion, it retains the need for saccade inhibition and for 631 

voluntary saccade generation, clinically the most important features of the antisaccade task. 632 

Indeed, many studies in humans (Barton et al., 2002; Edelman et al., 2006; Aponte et al., 2018) 633 

also cue the peripheral saccade targets to facilitate vector inversion.  634 

 635 

Conclusion 636 

Our findings support a model in which alpha power in deep cortical layers provides a pulsed 637 

inhibition signal to both deeper and upper cortical layers. Modulation of the strength of these 638 

alpha pulses may be be the mechanism through which proactive saccade control is instantiated in 639 

the primate FEF. In fact, reduced alpha power has been found in human populations known to 640 

exhibit impairments in the antisaccade task such as adolescents, and patients with 641 

neuropsychiatric conditions such as schizophrenia (Everling and Fischer, 1998; Hutton and 642 

Ettinger, 2006). Reduced alpha power has been directly observed in adolescents during the 643 

preparatory period on antisaccade trials (Hwang et al., 2016). Likewise, schizophrenia patients 644 

have long been known to exhibit reduced alpha-power (Moran and Hong, 2011). Therefore, 645 

failure to increase alpha power on antisaccade trials during task preparation may be the 646 

underlying common neural basis of a saccade suppression deficit. 647 

 648 

 649 

 650 

  651 
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Figure Legends. 797 

 798 

Figure 1. Task, behavior, and neural recordings. A) Blocked pro- and antisaccade task 799 

adapted for marmosets. Animals were presented with a central instruction stimulus and required 800 

to generate a saccade toward a highly salient (top panel, prosaccade trials), or small, dim 801 

stimulus (bottom panel, antisaccade trials) to receive a liquid reward. B) Saccadic reaction times 802 

for correct (blue bars) and error (red bars) responses on pro (left panel) and antisaccade (right 803 

panel) trials. C) Recording locations. Top panel, coronal sections of parietal and frontal cortex 804 

depicting locations of electrode penetrations with respect to cytoarchitecturally defined regions 805 

of marmoset cortex. Sections correspond to rostrocaudal locations marked on a lateral view of 806 

marmoset brain presented in bottom panel. D) Example recordings depicting raw LFP, , , and 807 

normalized  and  power across time as a function of electrode contact depth for Area 8Ad (top 808 

panels) and Area LIP (bottom) panels. Blue traces in LFP signals indicate depth of first contact 809 

identified as lying within cortex. This landmark was used as the basis for depth categorization in 810 

subsequent analyses.  811 

 812 

Figure 2. LFP power as a function of frequency band and depth during the preparatory 813 

period in areas 8Ad and LIP. A) Preparatory period. Marmosets were maintaining fixation on 814 

central instruction cue. Analysis epoch was 500 ms prior to peripheral stimulus onset. B) LFP 815 

power spectrum on pro (blue lines) and antisaccade (red lines) trials for electrode locations 150 816 

(dashed lines) and 1200 m (sold lines) below the cortical surface. Main panel depicts LFP 817 

power as a function of task and depth in the  band, inset, rescaled to highlight differences in  818 

band. C) LFP power in  (left panels), and  (right panels) bands as a function of depth for area 819 

8Ad. Top panels,  and  power as a function of depth on pro (blue lines) and antisaccade (red 820 

lines) trials. Bottom panels, same as top, but for correct (red lines) and erroneous (blue lines) 821 

antisaccade trials. Dashed lines represent standard errors. D) same as C) for area LIP.  822 

 823 

 824 

Figure 3. Discharge rate of single neurons in two cortical depth categories on pro- and 825 

antisaccade trials in areas 8Ad and LIP. A) Area 8 Ad. Left panels, scatterplots depicting 826 

relative discharge rates on correct pro- and antisaccade trials in upper (top panel) and deeper 827 
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(bottom panel) layers. Right panels, relative discharge rates on correct and error antisaccade 828 

trials in upper (top panel) and deeper (bottom panel) layers. B) Same as A) but for parietal area 829 

LIP. 830 

 831 

Figure 4. Discharge rates of single neurons in upper and deeper cortical layers in relation 832 

to phase and magnitude of the LFP alpha cycle. A) Area 8 Ad. Leftmost five panels, data 833 

from trials with high amplitude alpha as determined by median split (see Methods). Top left 834 

panel, mean LFP recorded at 1350 m below the cortical surface, filtered between 9 and 14 Hz, 835 

aligned on trough of the alpha cycle. Middle left panel, single neuron discharge mean  standard 836 

error of the mean in upper layers as a function of time, aligned on trough of the alpha cycle. 837 

Shaded windows depict 20ms epochs aligned on peak (t1) and trough (t2) of alpha cycle, within 838 

which mean discharge rates of single neurons were determined. Bottom left panel, same as 839 

middle, but for deeper layers. Scatterplots depict mean discharge rates in epoch t1 plotted against 840 

that in epoch t2 for upper (middle panel) and deeper (bottom panel) layers, respectively. Five 841 

panels to immediate right, same as Leftmost panels, but for low amplitude alpha as determined 842 

by median split. Panels to extreme right, top, modulation index of single neuron discharge rates 843 

on low alpha trials plotted against that on high alpha trials. Top panel, upper layers, bottom, 844 

deeper layers. B) Area LIP. Description same as for area 8 Ad above.  845 

 846 

Figure 5. Correlations between deep layer alpha phase and upper layer gamma amplitude 847 

on pro- and antisaccade trials. A) Comodulogram depicting the normalized modulation index 848 

(MI) quantifying the correlation between low-frequency LFP phase in deeper layers with high-849 

frequency amplitude in upper layers on prosaccade trials (see Methods). B) Same as A) but for 850 

antisaccade trials. C) Comodulogram of t-statistics between the rule-selectivity index (RSI) of 851 

real and surrogate data. The RSI quantified rule-related difference in the MI: positive values 852 

signify stronger MI during antisaccade trials and negative values signify strong MI during 853 

prosaccade trials. Area within black lines depicts significant positive t-statistics (p < .001, see 854 

Methods). Significant variations of the RSI reflect correlations between deep layer alpha phase 855 

and upper level gamma amplitude selectively on antisaccade trials. D) Polar plot depicting 856 

preferred phase of alpha oscillation for gamma activity on correct pro and antisaccade trials, and 857 
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antisaccade error trials, for all channel pairs. Alpha-gamma MI’s were highest on the rising 858 

phase at 300  of the alpha cycle and their magnitudes were task-specific.  859 












