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Summary 12 

Achieving behavioral goals requires integration of sensory and cognitive information, across 13 

cortical laminae and cortical regions. How this computation is performed remains unknown. 14 

Using local field potential recordings and spectrally resolved conditional Granger causality 15 

(cGC) analysis, we mapped visual information flow, and its attentional modulation, between 16 

cortical layers within and between macaque areas V1 and V4. Stimulus induced inter-17 

laminar information flow within V1 dominated upwardly, channeling information towards 18 

supragranular cortico-cortical output layers. Within V4, information flow dominated from 19 

granular to supragranular layers, but interactions between supragranular and infragranular 20 

layers dominated downwardly. Low-frequency across-area communication was stronger 21 

from V4 to V1, with little layer specificity. Gamma-band communication was stronger in the 22 

feedforward V1 to V4 direction. Attention to the receptive field of V1 decreased 23 

communication between all V1 layers, except for granular to supragranular layers 24 

interactions. Communication within V4, and from V1 to V4, increased with attention across 25 

all frequencies. While communication from V4 to V1 was stronger in lower frequency bands 26 

(4-25 Hz), attention modulated cGCs from V4 to V1 across all investigated frequencies. Our 27 

data show that top down cognitive processes result in reduced communication within cortical 28 

areas, increased feedforward communication across all frequency bands and increased 29 

gamma band feedback communication.   30 

 31 

32 

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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

The copyright holder for this preprintthis version posted June 11, 2020. ; https://doi.org/10.1101/2020.06.09.142190doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.09.142190
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Introduction 33 

Goal-directed behavior requires the brain to integrate sensory information with cognitive 34 

variables. In neocortical areas sensory information is conveyed by feedforward connections, 35 

while feedback connections convey information about cognitive states and goals. 36 

Feedforward and feedback connections rely on separate anatomical pathways and have 37 

been proposed to map onto distinct oscillatory frequency bands. It is, however, unknown 38 

whether these signals differ across laminae, or how they are communicated between 39 

laminae within and between cortical areas.  40 

Feedforward connections predominantly terminate in layer IV of sensory cortical areas. This 41 

information is passed on to layers II/III and further to layers V/VI, where recurrent inputs to 42 

layer II/III arise (Callaway, 1998; Callaway, 2004; Douglas et al., 1989; Douglas and Martin, 43 

2004). Cognitive variables affect sensory processing through feedback connections, which 44 

predominantly terminate in layer I and V (Rockland and Pandya, 1979), but this termination 45 

pattern varies depending on hierarchical distances between areas (Markov et al., 2014). 46 

Feedforward and feedback signals have been proposed to show separate local field 47 

potential (LFP) spectral signatures. Feedforward signals have been associated with low-48 

frequency theta (Bastos et al., 2015; Spyropoulos et al., 2018) and gamma band oscillatory 49 

activity, originating and dominating in supragranular layers (Bastos et al., 2015; Bollimunta 50 

et al., 2011; Buschman and Miller, 2007; Lakatos et al., 2008; Maier et al., 2010; Smith et 51 

al., 2013; Spaak et al., 2012; Spyropoulos et al., 2018; van Kerkoerle et al., 2014; Xing et 52 

al., 2012). Feedback signals have been associated with lower frequency (alpha, beta band) 53 

oscillations, prominent in infragranular layers across the cortical hierarchy (Bastos et al., 54 

2015; Buffalo et al., 2011; Buschman and Miller, 2007; Popov et al., 2017; Smith et al., 2013; 55 

van Kerkoerle et al., 2014; Xing et al., 2012), although attention-related feedback signals in 56 

the gamma frequency band between FEF and V4 have been reported (Gregoriou et al., 57 

2009; Gregoriou et al., 2012). Alpha related feedback has been linked to active inhibition 58 

(Bagherzadeh et al., 2020; Zumer et al., 2014), suggesting that feedback signals, induced 59 

by attention to the receptive field, should result in reduced alpha oscillatory power. This 60 

occurs in infragranular layers in visual areas (Buffalo et al., 2011), but can also be less layer 61 

specific (van Kerkoerle et al., 2014). It is thus questionable whether feedback is 62 

characterizable by alpha frequencies as attention, employing feedback, shunts alpha 63 

oscillations, instead of using them. In extrastriate sensory areas, attention increases LFP 64 

power in the gamma frequency band (Bosman et al., 2012; Chalk et al., 2010; Fries et al., 65 

2001; Gregoriou et al., 2009; Gregoriou et al., 2012; Grothe et al., 2012; Grothe et al., 2018; 66 

Richter et al., 2017; Taylor et al., 2005), while in primary visual cortex attention can increase 67 
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or decrease LFP power in the gamma frequency band (Bastos et al., 2015; Bosman et al., 68 

2012; Buffalo et al., 2010; Buffalo et al., 2011; Chalk et al., 2010).  69 

Many of the above results were obtained by methods which do not provide insight how these 70 

signals differ between laminae within an area, or between laminae across different areas. 71 

Thus, it remains unclear whether layer differences in these signals between cortical areas 72 

exist, and whether they are differently affected by cognitive goals. 73 

To understand how information within and between areas is conveyed as a function of 74 

cognitive task, we performed simultaneous laminar recordings in areas V1 and V4 using 16-75 

contact laminar probes while macaque monkeys performed a feature based spatial attention 76 

task. We quantified communication between laminae and areas using Granger Causality.  77 

Results 78 

Monkeys performed a covert, top-down, feature guided spatial attention task. On each trial 79 

attention was directed by a central colored cue to one of 3 possible locations in a pseudo-80 

randomized manner (Figure 1A). Monkeys had to detect a stimulus change at the cued 81 

location and ignore changes at uncued locations. To investigate how spatial attention affects 82 

interactions within cortical columns and between cortical columns of areas V1 and V4, we 83 

recorded Local Field Potentials (LFP), using 16 channel laminar probes (150 µm inter-84 

contact spacing) in 2 adult male monkeys (62 sessions in total: 34 for monkey 1, 28 for 85 

monkey 2). We inserted probes perpendicular to the cortical surface (Figure 1B). The depth 86 

of recording contacts relative to cortical layers was determined by computing the LFP current 87 

source density (CSD, Figure 1C) (Nicholson, 1973; Nicholson and Freeman, 1975) and the 88 

multi-unit response latency (Roelfsema et al., 2007). The earliest current sink of the CSD 89 

and the shortest response latency identified input layer IV (Figure 1C). Recording sites 90 

superficial to the input layer contacts were defined as supragranular layers (L I/II/III), deeper 91 

sites were defined as infragranular layers (L V/VI) (for exact assignments see Methods) 92 

(Bollimunta et al., 2008; Lakatos et al., 2008; Self et al., 2013; Nandy et al., 2017; van 93 

Kerkoerle et al., 2014). Data were analyzed for sessions in which V1 and V4 receptive fields 94 

(RF) overlapped (supplemental information for details), although centre-to-centre RF 95 

positioning could be offset (Figure 1D).  96 

 97 

 98 
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 99 
Figure 1: Behavioral task and recording setup. A) Covert, feature-guided visuospatial attention task. Monkeys fixated  100 
a fixation point (FP), and held a touch bar. Following fixation, three colored, moving grating stimuli were presented 101 
equidistant to the FP: one stimulus covered receptive field (RF) locations, the other two were located outside the RF (OUT1 102 
and OUT2). With a random delay from stimuli presentation, a colored attention directing cue was presented at FP, indicating 103 
which stimulus was relevant on the current trial. Following the cue, the stimuli sequentially dimmed at unpredictable delays. 104 
When the relevant stimulus dimmed, the monkey had to release the touch bar to receive a fluid reward. Stimuli and cue 105 
colors, as well as the order of dimming of colored stimuli, were randomized across task trials. Ranges on the time line 106 
indicate the range of random event delays. B) Sketch to indicate laminar recording sites. Probes (16 contacts, 150 μm 107 
contact spacing) were injected normal to the cortical surface, aiming to cover all layers. C) Stimulus-induced CSD (example 108 
session), for both V1 (left) and V4 (right). Earliest current sinks were identified as layer IV (black arrows). Based on their 109 
distance from reference depth, recording contacts were assigned to granular, infragranular and supragranular 110 
compartments (shown on the right of CSDs). D) RF maps (mean across depths, same example session as C), for V1 sites 111 
(left) and V4 sites (right). 112 

 113 

LFP data were analyzed in different time windows. Here we mostly present data from the 114 

time window preceding the first stimulus dimming (-503.25 to 0 ms, 512 time points). This 115 

corresponds to the period when attention was most focused on the relevant stimulus, and 116 

when attentional modulation of spiking activity is most profound in this task (Supplementary 117 

Figure S8, Thiele et al., 2016; Dasilva et al., 2019). We used bipolar re-referencing to 118 

improve spatial specificity of LFP signals (Methods for details). 119 
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In line with various reports, location of spectral power peaks differed between animals 120 

(Bosman et al., 2012; Bastos et al., 2015; Rohenkohl et al., 2018). Despite this, key analyses 121 

were performed within frequency ranges widely used in the literature (Buzsáki and Draguhn, 122 

2004; Fries, 2005; Lakatos et al., 2008; Bosman et al., 2012; van Kerkoerle et al., 2014; 123 

Bastos et al., 2015; Richter et al., 2017; Rohenkohl et al., 2018; Spyropoulos et al., 2018). 124 

We focused on theta 4-8 Hz, alpha 8-13 Hz, beta 13-25 Hz, low-gamma 25-50 Hz, and high-125 

gamma 50-80 Hz frequency. Adjusting frequency ranges to align with key features of 126 

individual monkey spectra (e.g. spectral peak locations) yielded qualitatively similar 127 

outcomes for all results described.  128 

 129 

Spectral power and coherence across V1 and V4 layers 130 

In V1, stimulus presentation increased spectral power relative to baseline (pre-stimulus) 131 

power, across cortical layers at beta band frequencies and above (p<0.001 for beta and 132 

gamma bands for monkey 1, n=224 pooled contacts; p<0.001 for all frequency bands for 133 

monkey 2, n=257; two-sided Wilcoxon signed rank test; Figure 2A shows data pooled across 134 

layers, supplementary Figures S1, S3 show layer resolved results). Attending to the RF 135 

increased low gamma frequency peak power in monkey 1 across all layers when compared 136 

to attend out conditions (Figure 2A, supplementary Figure S1). An increase in low gamma 137 

frequency peak power was not seen in monkey 2 (Figure 2A, supplementary Figure S1). 138 

However, in both monkeys attending to the RF stimulus resulted in 3-4 Hz higher low gamma 139 

power peak location compared to attend away conditions (changes were 32.82 ± 0.30 140 

(S.E.M) Hz to 35.58 ± 0.26 (S.E.M) Hz in monkey 1, 46.83 ± 0.15 (S.E.M) Hz to 50.63 ± 0.15 141 

(S.E.M) Hz in monkey 2; p<0.001 both monkeys; n=224 for monkey 1, n=257 for monkey 2; 142 

two-sided Wilcoxon signed rank test; Figure 2A). This phenomenon has been described as 143 

a shift towards higher frequencies with attention (Bosman et al., 2012), but it is better 144 

described as a drop in frequencies when attention is directed away from the receptive field, 145 

as stimulus presentation results in a gamma peak slightly higher than that induced by 146 

attention (Figure 2A, dashed lines). Due to the differences in peak location, attention to the 147 

RF resulted in significantly higher spectral power at frequencies above the average of attend 148 

RF and attend out peak frequency location (p<0.001 for monkey 1, n=224; p<0.001 for 149 

monkey 2, n=257; two-sided Wilcoxon signed rank tests) and significantly lower power 150 

below the average frequency (p<0.001 in beta band for monkey 1, n=224; p<0.001 in low 151 

gamma band for monkey 2, n=257; two-sided Wilcoxon signed rank tests; Figures 2A). 152 

Additionally, decreases in V1 LFP spectral power with attention were found at lower 153 

frequencies (p<0.001 for theta and alpha bands in monkey 1, n=224; p<0.05 in alpha band 154 
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in monkey 2, n=257; two-sided Wilcoxon signed rank test; Figure 2A). These attentional 155 

effects were similar across cortical layers in V1 (supplementary Figures S1, S3). 156 

Stimulus onset reduced low frequency spectral power in V4 in monkey 1 but increased it in 157 

monkey 2 (<13 Hz, p<0.001 in theta and alpha bands relative to pre-stimulus power; two-158 

sided Wilcoxon signed rank tests; supplementary Figures S2 and S3). However, in both 159 

monkeys it increased spectral power for higher frequencies (>13 Hz, beta and gamma 160 

bands; p<0.01 in monkey 1 beta band, p<0.001 in monkey 1 low and high gamma band, 161 

n=306; p<0.001 in beta and gamma bands for monkey 2, n=225; two-sided Wilcoxon signed 162 

rank tests). Attention to the RF stimulus resulted in significant increases in LFP spectral 163 

power in intermediate and high frequencies (from beta to gamma band; p<0.001 in both 164 

monkeys, n=306 contacts in monkey 1, n=225 contacts in monkey 2; two-sided Wilcoxon 165 

signed rank tests), and significant decreases at low frequencies (p<0.001 in theta and alpha 166 

bands for monkey 1, n=306; p<0.001 theta band for monkey 2, n=225; two-sided Wilcoxon 167 

signed rank tests; Figures 2B, supplementary Figures S2, S3). In V4, effects of attention on 168 

spectral power were largely similar across cortical layers in both monkeys (supplementary 169 

Figures S2, S3). 170 

 171 
Figure 2: Attention decreases spectral power at lower frequencies and increases power at higher frequencies. A) 

Spectral power (mean ± S.E.M across sessions and depths) of bipolar LFP signals in ≈500 ms time windows. Dashed 

lines show spectral power after stimulus onset (200, 703.25) ms; solid lines show spectral power at times (-503.25, 0) ms 

before first dimming; shaded areas show S.E.M. Frequencies with significant difference between attentional conditions are 

shown by gray background (two-sided Wilcoxon signed-rank tests, FDR corrected qf0.05). B) Same as in A, but for V4 

LFPs. C) LFP attention spectral power modulation index (SMI, mean across sessions and depths) for LFPs from monkey 

1 (top) and monkey 2 (bottom). Spectral analysis was applied to 503.25 ms time windows sliding in 20 ms steps, at times ≈(-1000, 0) ms before the first dimming. D) Same as in C, but for V4. 
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To assess attentional modulation of spectral power relative to the time of cue onset and to 172 

the time of the first dimming we calculated spectrogram modulation indices (SMIs) using a 173 

sliding window of 512 time points (503.25 ms length, Methods). Attentional modulation of 174 

spectral power (either positive or negative) increased after cue onset and persisted until the 175 

time of first dimming (supplementary Figures S1-S3). In V1, SMIs were positive for higher 176 

gamma frequencies, showed negative SMI for a narrow frequency just below the average 177 

gamma peak, followed by positive SMIs in the beta band and negative SMIs in low frequency 178 

ranges (alpha and theta band, Figure 2C). In V4, SMIs were negative for low frequency 179 

spectral power, i.e. attention reduced low frequency power in V4, while they were positive 180 

for frequencies >15-20 Hz, i.e. attention increased spectral power for mid and high 181 

frequencies (Figure 2D).  182 

Attentional modulation of intra-area LFP spectral coherence largely followed the pattern 183 

described for spectral power (Figures 3A-B). This indicates that the local (bi-polar 184 

referenced) LFP power at specific frequencies is tightly coupled between layers. Attention 185 

to the RF resulted in significantly ≈1-2 Hz higher spectral coherence peak locations in the 186 

gamma-band in V1 (from 35.53 ± 0.13 (S.E.M) Hz to 36.50 ± 0.12 (S.E.M) Hz in monkey 1, 187 

from 47.53 ± 0.06 (S.E.M) Hz to 49.61 ± 0.06 (S.E.M) Hz in monkey 2; p<0.001 in both 188 

monkeys, n=1100 contact pairs for monkey 1, n=1512 for monkey 2; two-sided Wilcoxon 189 

signed rank tests; Figure 3A), it increased spectral coherence at higher frequencies 190 

(p<0.001 in low and high gamma in monkey 1, n=1100 contact pairs; p<0.001 high gamma 191 

in monkey 2, n=1512; two-sided Wilcoxon signed rank tests; Figure 3A) and decreased 192 

coherence at lower frequencies (p<0.001 in theta and alpha bands, p<0.05 in beta band for 193 

monkey 1, n=1100; p<0.001 in beta and low gamma bands in monkey 2, n=1512; two-sided 194 

Wilcoxon signed rank tests; Figure 3A). Slight increases were also found in lower bands 195 

(p<0.05 in lower beta band within ≈16-18 Hz in monkey 1, n=1100; p<0.001 in theta band 196 

for monkey 2, n=1512; Figure 3A). In V4 spectral coherence was increased by attention at 197 

higher frequencies (beta and gamma bands, p<0.001 in both monkeys; n=1949 contact pairs 198 

in monkey 1, n=1295 in monkey 2; two-sided Wilcoxon signed rank tests; Figure 3B), and 199 

decreased at lower frequencies (p<0.001 in theta and alpha bands in monkey 1, n=1949; 200 

p<0.01 in theta band in monkey 2, n=1295; two-sided Wilcoxon signed rank tests; Figure 201 

3B). Inter-areal spectral coherence showed three main peaks (Figure 3C). One peak 202 

occurred at low frequencies (theta/alpha band), where attentional modulation differed 203 

between monkeys for the theta, but not for the alpha band (coherence was decreased in 204 

theta band for monkey 1, p<0.001, n=1940; increased in alpha band for monkey 1, p<0.001, 205 

n=1940; increased in theta band p<0.05, and alpha band p<0.001 for monkey 2, n=1802; 206 
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two-sided Wilcoxon signed rank tests). A second peak occurred in the beta band, with 207 

increased coherence for attend RF conditions (p<0.001 in both monkeys; n=1940 in monkey 208 

1, n=1802 in monkey 2; two-sided Wilcoxon signed rank tests). A third peak occurred in the 209 

gamma band which increased for attend RF conditions (p<0.001 in low gamma for both 210 

monkeys, p<0.001, n=1940 in high gamma in monkey 1; p<0.001, n=1802 in monkey 2; two-211 

sided Wilcoxon signed rank tests; Figure 3C). The effects of attention on spectral coherence 212 

were largely similar between layer pairs within areas, as well as across layer pairs between 213 

areas (supplementary Figure S4). 214 

 215 

 216 
Figure 3: Effect of attention on LFP spectral coherence. A) LFP spectral coherence across V1 depths (mean ± S.E.M 

across sessions and depth pairs) at times (-503.25, 0) ms before the first dimming for monkey 1 (top) and monkey 2 

(bottom). Gray background shows frequencies with significant difference between attentional conditions (two-sided 

Wilcoxon signed-rank tests, FDR corrected qf0.05). B) Same as in A, but for V4. C) Same as in A, but for V1 -V4 

coherence. 

 217 

Causal communication between cortical layers and between cortical areas 218 

To determine the flow of information within and between layers within and between areas 219 

we calculated conditional Granger Causality (cGC). cGC (Geweke, 1984) is a multivariate 220 

directed measure that allows to quantify the degree of causal relationship (or 221 

communication) between two nodes. For any directed contact pair (X,Y), cGC yields a 222 

conditional estimate of the causal flow from Y to X (and from X to Y), with the aim to discount 223 

the indirect influence of time-lagged interactions with contacts not covering the same laminar 224 

compartments as X and Y (Methods). 225 

We first describe dominant interactions between layers and areas, irrespective of the effects 226 

of attention. This provides insight which frequency bands predominantly carry feedforward 227 
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and which frequency bands predominantly carry feedback information, independent of 228 

changing cognitive variables. Spectrally resolved intra-areal and inter-areal cGCs averaged 229 

across contact pairs are shown in Figure 4. All cGCs were significant (significance threshold 230 

is shown by dashed line in Figures 4A-D, computed as 95th percentile of cGCs with trials 231 

randomly shuffled; Methods).  232 

 233 

 234 
Figure 4: Conditional Granger Causality (cGC) for LFP signals. A) Conditional cGC pooled across depths in V1 (mean 

± S.E.M across sessions and directed depth pairs) at times (-503.25 to 0) ms before first dimming for monkey 1 (left) and 

monkey 2 (right). Gray background shows frequencies with significant difference between attentional conditions (Wilcoxon 

signed-rank tests, FDR corrected qf0.05,). B) Same as in A, but for V4. C) Same as in A, but for cGC from V1 to V4. D) 

Same as in A, but for cGC from V4 to V1. 

 

To plot cGC results, we normalized each cGC to the maximum cGC across the 5 frequency 235 

bands (separately for within area and between areas cGCs after averaging across all 236 

sessions) for each monkey. To assess the dominant directionality of communication, for 237 

each contact pair (X,Y) we determined whether cGC was stronger from X to Y,  or whether 238 

it was stronger from Y to X, and whether the directional difference was significant for a given 239 

frequency range (q<0.05, two-sided Wilcoxon signed rank tests, FDR corrected within 240 

frequency bands). We only present contact pairs where the directional cGC difference was 241 

significant. Significant differences are reported with color code indicating the dominant 242 

directions. For example, if a granular to supragranular cGC was larger than vice versa, it will 243 

be displayed in green in the cGC matrices, while the inverse direction will be displayed in 244 

magenta (Figure 5; for all contact cGCs differences, including non-significant ones see 245 
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supplementary Figure S6). Color intensity shows the relative strength of the interactions.   246 

 247 

 248 
Figure 5: Directed connection matrices and influencer diagram of dominant cGC interactions before the first 249 
dimming. A) Normalized cGCs matrices (mean across sessions, pooled for the two monkeys) within V1 columns, for 250 
different frequency bands. Connection matrices are color coded to show significant dominant directions (green) and the 251 
opposite weaker directionality (magenta). Color intensity shows the relative cGC strength. Significance of cGCs difference 252 
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was assessed by two-sided Wilcoxon signed rank tests, FDR corrected (qf0.05) within frequency bands. cGCs were first 253 
normalized for each monkey to the peak magnitude across frequencies, then pooled. B) Same as in A, but cGCs for V4. 254 
C) Same as in A, but for V1 to V4 pairs. D) Same as in A, but for V4 to V1 pairs. E) Influencer diagram of significant 255 
dominant cGC interactions, summarizing results in A-D. Arrows show dominant cGC interactions pooled for the two 256 
monkeys, averaged for the three laminar compartments (supragranular, granular, infragranular). Gray scale intensity of 257 
arrows indicates relative strength of cGCs (independently normalized for directions within V1, within V4, and between V1 258 
and V4).  259 

 260 

In V1, cGCs dominate in an upwards direction within supragranular layers for all frequencies 261 

(Figure 5A), they dominate in an upwards direction for all frequencies from granular to 262 

supragranular contacts, and they dominate in an upwards direction from infragranular to 263 

granular and supragranular contacts in the theta, alpha and beta frequency range, with 264 

smaller directional differences in the gamma frequency ranges. This pattern suggests that 265 

dominant interactions converge onto feedforward cortico-cortical output (supragranular) 266 

layers.  267 

In V4 (Figure 5B), dominant interactions occurred in an upward direction within 268 

supragranular layers, across all frequency bands. Additionally, dominant cGCs were present 269 

in an upward direction from granular to supragranular layers, and from infragranular to 270 

granular layers. However, unlike in V1, cGCs dominated in a downward direction from 271 

supragranular to infragranular layers for most contacts and frequencies. Thus, within V4, a 272 

bidirectional dominance was found, whereby directly neighboring compartments 273 

communicated more strongly in an upward direction, while more distant compartments 274 

communicated more strongly in a downward direction. 275 

Interactions between V1 and V4 were dominated in the feedback direction in lower (theta to 276 

beta) frequency bands (magenta color dominates for these frequency bands in Figures 5C-277 

D) and in the feedforward directions in the gamma frequency ranges (green color dominates 278 

for these frequency bands in figure 5C-D). These V1-V4 interactions had little layer 279 

specificity with respect to origin or destination.  280 

cGC interactions from V4 to V1 were strongest in theta to beta frequency bands (Figure 5D). 281 

In the theta and alpha band, they were most pronounced from V4 supragranular to all V1 282 

layers. Strong interactions also occurred from V4 infragranular to V1 infragranular layer 283 

(Figure 5D). In comparison, V4 to V1 cGCs in the gamma frequency ranges were small 284 

(even though they were significant). Thus, the feedback cGC interactions predominantly 285 

occurred in lower frequency bands, they originated in V4 supra- and infragranular layers and 286 

affected V1 supra- and infragranular layers.  287 

These intra- and inter-areal cGC interactions are summarized in an 8influencer9 diagram 288 

(Figure 5E). It shows that in V1 dominant communication across almost all frequencies 289 

occurs in an upwards direction towards the supragranular cortico-cortical output layer. In 290 
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area V4 dominant communication occurs in a circular manner for lower frequencies (theta 291 

to beta), upwards within compartments and between neighboring compartments, but 292 

downwards from supragranular layers onto infragranular layer. In the gamma frequency 293 

range, dominant V4 communications were directed upwards towards the supragranular 294 

cortico-cortical output layer, mirroring the effects seen in V1. In the theta to beta frequency 295 

range, almost all interactions between V1 and V4 dominated in the feedback direction, while 296 

feedforward cGCs significantly dominated in the gamma frequency range.  297 

 298 

Attentional modulations of cGC interactions. 299 

To assess attentional modulation of cGCs, we calculated modulation indices (MIs) for each 300 

recording and determined whether MIs of cGCs between layer compartments were 301 

significant (q<0.05, two-sided Wilcoxon signed rank tests, FDR corrected within frequency 302 

bands, Methods). Figure 6 shows significant intra- and inter-areal contact pairwise cGC 303 

attentional MIs pooled for the two monkeys. Figure 7 shows significant cGC attentional MI 304 

averaged by laminar compartments (supragranular, granular, infragranular; for all contact 305 

cGCs MIs differences, including non-significant ones see supplementary Figure S7). 306 

Surprisingly, within V1 cGC MIs were mostly negative, indicating that attention reduced 307 

cGCs in an upward and a downward direction across frequency bands (Figures 6A, 7A). 308 

except from granular to supragranular contacts. Additionally, high gamma band cGCs 309 

increased with attention from granular to supragranular layers, from supragranular to 310 

granular contacts, and from granular to infragranular contacts (Figures 6A, 7A). The 311 

predominant reduction in cGC with attention within V1 was surprising given that attention 312 

increased neuronal firing rates across layers within V1 (supplementary Figure S8). 313 

 314 
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 315 
Figure 6: Attentional modulation of cGCs. A) Significant attentional modulation index of cGC (cGC MI) among depth 

pairs within V1 (mean across sessions, pooled for the two monkeys), at different frequency bands (significance assessed 

via two-sided Wilcoxon signed rank tests, FDR corrected (qf0.05) within frequency bands). B) Same as in A, but for V4. 

C) Same as in A, but for cGCs MIs from V1 to V4. D) Same as in A, but for cGCs MIs from V4 to V1. 
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 316 
Figure 7: Attentional modulation of compartment-wise cGCs. A) Significant attentional modulation index of cGC (cGC 

MI) among compartment pairs within V1, (mean across sessions, pooled for the two monkeys), at different frequency bands 

(significance assessed via two-sided Wilcoxon signed rank tests, FDR corrected  within frequency bands; * qf 0.05, ** qf0.01, *** qf 0.001). B) Same as in A, but for V4. C) Same as in A, but for cGCs MIs from V1 to V4. D) Same as in A, but 

for cGCs MIs from V4 to V1. 

 
Figure 8: Main effects of attention on directed communication in different frequency bands. Arrows show significant 

attentional cGC modulation indices (cGC MI) (mean across sessions, pooled for the two monkeys), for the three laminar 

compartments (supragranular, granular, infragranular). Color indicates whether attention increases directed 

communication (red), or whether it decreases directed communication (blue), within and between areas.  
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Attentional modulation of cGCs in V4 was very different to the pattern seen in V1 (Figure 317 

6B, 7B). Across all frequency ranges it increased from supragranular to infragranular layers 318 

but decreased from infragranular to granular layers for theta to low gamma frequencies. This 319 

could enable feedback information to flow prominently to lower areas (supragranular V4 to 320 

infragranular V4 and onwards to e.g. V2, V1), while at the same time limiting potentially 321 

inhibitory interactions (assuming infragranular layers communicate inhibitory prediction 322 

signals) on stimulus related processing (V4 infragranular to granular layers). In addition, 323 

downward communication (supragranular to infragranular) was increased by attention from 324 

theta to low gamma frequencies (Figures 6B, 7B). With an increasing oscillatory frequency, 325 

attentional modulation of cGCs between compartments increased, such that for high gamma 326 

frequencies, communication increases occurred across almost all compartments.  327 

Despite the overall reduction of cGCs by attention within V1, its influence on V4 increased 328 

across frequency bands for most compartment comparisons (Figure 6C, 7C). In lower 329 

frequency bands, attention increased cGCs from V1 granular to all V4 layers (except for 330 

theta V1-V4 granular-granular interactions). However, in the theta to beta band V1 331 

supragranular to V4 infragranular interactions were decreased. In the gamma frequency 332 

bands almost all V1 to V4 interactions were increased by attention.  333 

cGCs from V4 to V1 were decreased by attention in the theta band from all V4 layers to V1 334 

supragranular layers. In the alpha band significant decreases occurred from granular and 335 

supragranular V4 to supragranular V1, (Figure 6D, 7D). In the beta and low gamma band, 336 

attention increased V4 to V1 cGCs in a downwards direction (V4 supragranular to V1 337 

granular and infragranular layer; from V4 granular to V1 granular and infragranular layer, 338 

and from V4 infragranular to V1 infragranular layer, Figures 6D, 7D). In the high gamma 339 

range attention increased cGCs from V4 supragranular and from V4 granular layers to all 340 

V1 layers, but decreased cGCs from V4 infragranular to V1 supragranular and infragranular 341 

layers.  342 

These patterns of attentional modulations are summarized in a frequency dependent 343 

8influencer9 diagram in Figure 8. It shows the attention dependent reduction in cGCs across 344 

cortical layers and frequencies within V1, which nevertheless resulted in an increase in 345 

cGCs from area V1 to area V4. Feedback interactions were reduced by attention in the theta 346 

band, but mostly increased in the beta and gamma band. Within V4 cGCs were mostly 347 

increased in the beta and gamma bands. Some of these interactions are predicted by 348 

established theories of the frequency specificity interactions of feedforward and feedback 349 

connections, but many were in violation of established theory.   350 

 351 
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 Discussion 352 

 353 

Granger causal communication and its modulation by attention within and between areas 354 

V1 and V4 partly confirms, but also challenges current models of cortical processing. Within 355 

V1 dominant communication streams are directed towards supragranular cortico-cortical 356 

feedforward outputs. Conversely, in V4, dominant communication was bi-directional, with 357 

one stream of supragranular cortico-cortical feedforward flow, and a separate stream of 358 

supra- to infragranular feedback flow. Stimulus driven feedforward communication from V1 359 

to V4 dominated in theta and gamma frequency ranges, with little layer specificity. Stimulus 360 

driven feedback communication from V4 to V1 dominated in the low frequency range. 361 

Surprisingly, attention to the receptive field generally reduced communication between 362 

cortical layers in area V1, with a notable exception for granular to supragranular 363 

communication. Within area V4, attention predominantly increased communication in beta 364 

and gamma frequency ranges. Despite the attention induced decrease of intra-areal V1 365 

communication, attention increased feedforward communication from V1 to V4 across 366 

frequency bands. Attentional effects on feedback communication (V4 to V1) differed 367 

between frequency ranges. Theta and alpha communication decreased, while beta and 368 

gamma communication increased. Thus, feedforward interactions within and between 369 

cortical areas are neither limited to, nor dominant, in the gamma frequency range. Moreover, 370 

attention does not selectively increase gamma feedforward communication. Finally, 371 

feedback interactions between cortical areas, while dominant in the lower frequency range, 372 

are generally decreased by attention at low frequencies, but increased by attention in the 373 

gamma band.  374 

  375 
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For V1 LFPs, spectral power peak locations in the gamma range differed between attend 376 

RF and attend away conditions. The peak location for attend RF conditions resided at higher 377 

frequencies than for attend away conditions (~3-4 Hz). An equivalent result using ECoG 378 

surface recordings has been interpreted as a shift towards higher gamma peak frequencies 379 

induced by attention (Bosman et al., 2012). However, our comparison with steady state post 380 

stimulus gamma peak locations shows that attention keeps the peak gamma frequency 381 

closer to the stimulus induced gamma frequency, i.e. attention stops it from dropping. This 382 

difference in interpretation is important, as it speaks to the role of attention, and potential 383 

mechanisms involved. Attention affects normalization circuits, causing a concomitant 384 

increase in excitatory and inhibitory drive of the attended object/location (Carandini and 385 

Heeger, 2013; Lee and Maunsell, 2009; Ray et al., 2013; Reynolds and Heeger, 2009; 386 

Sanayei et al., 2015). This increases the power and the frequency of gamma oscillations 387 

(Gieselmann and Thiele, 2008; Ray and Maunsell, 2010; Ray et al., 2013). Attention thus 388 

ensures that stimulus representations remain sensory input driven, and sustained 389 

responses remain elevated (Pooresmaeili et al., 2010; Reynolds et al., 1999; Reynolds and 390 

Heeger, 2009; Treue and Maunsell, 1999; Williford and Maunsell, 2006). Within a predictive 391 

coding framework (PC) (Bastos et al., 2012; Kanai et al., 2015; Rao and Ballard, 1999), this 392 

could be interpreted in two ways. First, if attention reduced prediction generation for 393 

attended locations/features/objects, then prediction error coding populations would respond 394 

more strongly to sensory stimuli, as these are less predicted. This in turn increases 395 

feedforward communication, which has been associated with gamma frequency oscillations 396 

(Bosman et al., 2012; van Kerkoerle et al., 2014; Von Stein et al., 2000).  Second, according 397 

to an extension of predictive coding that allows attentional signatures to arise naturally within 398 

the model (Feldman and Friston, 2010; Spratling, 2008), attention increases the precision 399 

of predictions, making neurons respond more strongly to hidden causes (sensory input). 400 

Gamma oscillations, as a signal of prediction errors (Bastos et al., 2012; Bastos et al., 2015) 401 

in superficial layers would thus be increased. Which of the two interpretations is correct 402 

remains to be determined.  403 

 404 

We did not find consistent increases in gamma power with attention in V1 (only consistent 405 

differences in peak location were found). However, V4 gamma power, and peak location 406 

were increased in both monkeys, in line with previous reports (Bosman et al., 2012; Buffalo 407 

et al., 2011; Fries et al., 2001; Gregoriou et al., 2009; Vinck et al., 2013). Prominent gamma 408 

oscillations and its modulation by attention have been argued to be largely confined to 409 

supragranular layers (Buffalo et al., 2011; Maier et al., 2010; Xing et al., 2012). We did not 410 
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find major differences in absolute gamma power, gamma power peak location, or attentional 411 

modulation of gamma power across supra-, granular, or infragranular layers in either V1 or 412 

V4. Using local bipolar referencing for all our analyses ensured that this was not an artefact 413 

of volume conduction. It shows that gamma frequency oscillations are not restricted to 414 

superficial layers, and they are thus unlikely a unique signature of feedforward interactions.  415 

Attention reduced oscillatory activity in theta and alpha bands  in area V1 and V4, consistent 416 

with previous work  (Bastos et al., 2015; Bollimunta et al., 2011; Brunet et al., 2015; Buffalo 417 

et al., 2011; Chalk et al., 2010; Spyropoulos et al., 2018; van Kerkoerle et al., 2014). 418 

However, just as for gamma oscillations, these changes were not restricted to infragranular 419 

layers, but occurred across laminar compartments. These results equally question a strict 420 

separation between layer specific oscillatory frequency bands (Maier et al., 2010; Spaak et 421 

al., 2012; Xing et al., 2012), and their potential association with feedforward and feedback 422 

signaling. They are more in line with recent reports about alpha sources across different 423 

modalities in primary sensory cortex (Haegens et al., 2015).   424 

 425 

Communication across layers within and between areas  426 

Interareal cGCs support the proposal that gamma and theta frequency interactions dominate 427 

in the feedforward direction (V1 to V4. Bastos et al., 2015; Bosman et al., 2012; Spyropoulos 428 

et al., 2018; van Kerkoerle et al., 2014), while alpha and beta frequency interactions 429 

dominate in the feedback direction (V4 to V1. Bastos et al., 2015; Bosman et al., 2012; 430 

Spyropoulos et al., 2018; van Kerkoerle et al., 2014). However, cGCs within areas deviated 431 

from this scheme in important aspects. While local feedback interactions from infragranular 432 

to granular layers and to supragranular layers were most prominent at low frequencies 433 

(Spaak et al., 2012; van Kerkoerle et al., 2014), strong and dominant low frequency cGCs 434 

from granular to supragranular layers occurred. Moreover, dominant gamma cGC intra-areal 435 

feedback direction occurred (from infragranular to granular and to supragranular) were 436 

present, which have been argued to label feedforward circuits (van Kerkoerle et al., 2014). 437 

Thus, all cGCs in V1 dominate in a direction that targets the cortico-cortical output 438 

(supragranular) layers. This was the case for all frequencies, irrespective of the assumed 439 

role of oscillations in different frequency bands (Babapoor-Farrokhran et al., 2017; Bastos 440 

et al., 2015; Bonnefond and Jensen, 2013; Buschman et al., 2012; Fries, 2015; Gregoriou 441 

et al., 2009; Spaak et al., 2012; Womelsdorf et al., 2010). It suggests that V1 plays a key 442 

role as a distributor of feedforward information, with relatively less responsibility of feedback 443 

processing (as a consequence, it may have little effect in the generation of predictions. 444 

Bastos et al., 2012; Feldman and Friston, 2010). The pattern changes slightly in V4, but it 445 
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equally violates some key predictions about feedforward and feedback interactions. Namely, 446 

low frequency cGCs dominated in the feedforward direction (supra- to infragranular layers), 447 

while they dominated in the feedback direction in the gamma band (infra- to supragranular 448 

layers).   449 

Attention to the RF reduced almost all cGCs within area V1, except for low frequency 450 

interactions from granular to supragranular layers. In the low gamma frequency band even 451 

those interactions were reduced, while most interactions were increased in the high gamma 452 

frequency band. The increase of cGCs from granular to supragranular layers is likely to 453 

boost feedforward output to other cortical areas, an expected effect given the increased 454 

efficacy demonstrated for feedforward spiking interactions and thalamocortical interactions 455 

with attention (Briggs et al., 2013; Hembrook-Short et al., 2019). If most intra-columnar 456 

feedback interactions served to compute context, while spatial attention boosts elementary 457 

processing (at the expense of contextual processing), then these cGC reductions are 458 

expected. Low frequency bands may predominantly play inhibitory roles (Bonnefond and 459 

Jensen, 2013; Haegens et al., 2011; Spaak et al., 2012). If these were reduced by attention, 460 

the increased firing rate seen in V1 in our and other studies (Hembrook-Short et al., 2019; 461 

Herrero et al., 2013; McAdams and Maunsell, 1999; Roelfsema et al., 1998; Sanayei et al., 462 

2015; Wannig et al., 2011) would be a natural consequence. Within the PC framework, it 463 

could be postulated that attention reduces the relative weight of predictions (although this is 464 

contrary to the proposal put forth by Feldman and Friston, 2010). Intuitively, attending to 465 

stimuli from the external world could mean re-shifting the balance from inferential to actuality 466 

processing, i.e. reducing the weight of internal priors. This would be achieved through 467 

reduction of feedback (local and interareal) and increase of feedforward processing. Such a 468 

re-shifting has been shown to be mediated by acetylcholine (Hasselmo and Bower, 1992; 469 

Roberts et al., 2005), which plays an important role in attention (Dasilva et al., 2019; Deco 470 

and Thiele, 2011; Herrero et al., 2008; Roberts et al., 2005).  471 

The attentional modulation of cGCs in V4 differed radically from that in V1. Attention 472 

increased theta to beta band cGCs from supra- to infragranular layers and reduced theta to 473 

beta band cGCs from infra- to granular layers. In gamma bands almost all cGCs were 474 

increased. V4 is a major recipient of feedback from attentional signals originating in FEF 475 

(Gregoriou et al., 2012; Gregoriou et al., 2009; Moore and Armstrong, 2003; Moore et al., 476 

2003). The feedback is excitatory and predominantly targets excitatory cells in layer 2/3 477 

(Anderson et al., 2011). It could explain why cGCs originating from V4 supragranular layers 478 

show the most pronounced increases with attention. However, it does not explain why it 479 

occurs across all frequencies, if low frequency interactions label inhibitory interactions. Our 480 
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data suggest that this association with inhibitory roles is debatable for the case of FEF-V4 481 

interactions, as we do not expect attention mediated feedback to increase inhibition, The 482 

strong increases of cGCs between all layer compartments across frequency bands in V4 483 

suggest that feedback and feedforward intracolumnar interactions within V4 do not strongly 484 

differentiate between frequencies.  485 

 486 

Interactions from V1 to V4 were mostly increased by attention across frequency bands. 487 

Attentional increase was most profound in the gamma band, in line with the notion that 488 

gamma oscillations mediate feedforward communication (Bastos et al., 2015; Bosman et 489 

al., 2012; van Kerkoerle et al., 2014). However, low frequency interactions were also 490 

increased, which questions the generality of imputing feedforward communication 491 

exclusively to the gamma band.  492 

A structure involved in coordinating large scale network interactions is the pulvinar, which 493 

regulates cortical synchrony in an attention dependent manner, particularly in the low 494 

frequency range (Saalmann et al., 2012). However, pulvinar also affects oscillatory activity 495 

in the gamma frequency range in V4 (Zhou et al., 2016). The changes seen for V1 to V4 496 

cGCs in the low frequency range could be mediated through cortico-pulvinar-cortical 497 

interactions (Sherman et al., 2002; Shipp, 2003). This might also explain the relative 498 

absence of layer specificity in cGC interactions between V1 and V4, irrespective of their 499 

direction.  500 

Attention reduced communication from V4 to V1 in the theta band, and most strongly 501 

increased cGC in the beta band. However, strong increases also occurred in the gamma 502 

band, demonstrating that feedback interactions also operate strongly in the gamma band. 503 

V4 to V1 cGCs equally did not show strong laminar specificity. While this could be a 504 

consequence of subcortical routing (Sherman et al., 2002; Shipp, 2003), it could also be a 505 

consequence of a termination pattern of V4 feedback that predominantly targets layer 1 506 

dendritic spines through excitatory synapses (Anderson and Martin, 2006). These 507 

terminations can thereby influence pyramidal cells across supra- and infragranular layers. 508 

The predominance of excitatory connections on pyramidal cell dendrites is not consistent 509 

with the proposal that predictions generated at higher cortical levels act through di-synaptic 510 

inhibition for messages passing to lower areas (Bastos et al., 2012).  511 

A recent theory of 'predictive routing' (Bastos et al., 2020) proposed that low frequency 512 

feedback prepares feedforward pathways, by inhibiting gamma and spiking activity 513 

associated with predicted inputs. A reduction in feedback (prediction) signals would thus 514 

cause disinhibition. Our results align, but also argue for an extension of this predictive 515 

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

The copyright holder for this preprintthis version posted June 11, 2020. ; https://doi.org/10.1101/2020.06.09.142190doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.09.142190
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

routing scheme. We argue for different hierarchies of prediction generation, some are 516 

automatic (e.g. surround suppression, basic contour integration, contrast normalization), 517 

while others are associated with higher cognitive functions (e.g. working memory, feature 518 

search, spatial attention, value estimation). We also propose that these to some extent 519 

employ different feedback networks. Automatic prediction generation mostly works within 520 

connections that affect non-classical receptive field interactions. This would explain why 521 

cooling of higher level areas results in reduced surround suppression (Hupé et al., 1998), 522 

i.e. upon cooling, higher areas cannot pass predictions to lower areas. Inhibition is thus 523 

reduced and prediction error (or to use different words, sensory coding) signaling will be 524 

large. On the other hand, interactions between neurons sharing classical receptive field 525 

(cRF) locations counterbalance the prediction coding, i.e. they are predominantly excitatory. 526 

This explains why cooling of higher cortical areas results in reduced cRF responses (Hupé 527 

et al., 1998). It is these cRF routes that might be exploited by higher cognitive functions, 528 

which through a separate form of feedback generate biased competition, and simultaneously 529 

serve to suppress automatic Bayesian inference (PC). Our data of attention induced 530 

increased feedforward, but decreased feedback communication within V1, increased 531 

feedforward and feedback cGCs within V4, and increased bidirectionally communication 532 

between V1 and V4 (with overlapping cRFs) across most frequency ranges support such a 533 

proposal.  534 
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Methods 556 

EXPERIMENTAL PROCEDURES 557 

 558 

Animals and procedures 559 

We simultaneously recorded from visual areas V1 and V4 of two adult male rhesus macaque 560 

monkeys (Macaca mulatta, 10-11 years of age), while they performed a sustained top-down, 561 

feature-guided, visuospatial attention task. Experimental procedures were in line with the 562 

Directive 2010/63/EU of the European Parliament and of the Council of the European Union, 563 

the Guidelines for Care and Use of Animals for Experimental Procedures from the National 564 

Institute of Health, the Policies on the Use of Animals and Humans in Neuroscience 565 

Research from the Society for Neuroscience, and the UK Animals Scientific Procedures Act. 566 

Animals were motivated to engage in behavioural tasks through fluid control at levels that 567 

do not affect animal physiology and have minimal impact on psychological wellbeing (Gray 568 

et al., 2016). 569 

 570 

Surgical preparation 571 

Animals were implanted with a head post and recording chambers over area V1 and V4 572 

under sterile conditions and general anaesthesia. Surgical procedures and postoperative 573 

care conditions have been described in detail previously (Thiele et al., 2006). 574 

 575 

Behavioral paradigm  576 

Monkeys were trained to comfortably sit in a primate chair while being head stabilized by 577 

the cranial head holder. Stimuli were presented on a cathode ray monitor (22'' CRT, 120Hz, 578 

1280x1024 pixel resolution) placed at 54 cm distance to the monkey's eyes. Eye position 579 

was calibrated and monitored by an eye tracking system operating at a sampling rate of 580 

220Hz. Stimulus presentation and behavioral control was handled by Remote Cortex 5.95 581 

(Laboratory of Neuropsychology, National Institute for Mental Health, Bethesda, MD). 582 

 583 

Attention Behavioral Task 584 

Monkeys had to touch a lever for the appearance of a centrally placed fixation spot. 585 

Thereafter they had to direct their gaze at a fixation point (FP) positioned at the center of 586 

the CRT screen, with a fixation window of ± 0.7°-1.5° of visual angle (DVA) throughout the 587 

trial duration.  588 

500 ms after fixation onset monkeys were presented with three colored, moving grating 589 
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stimuli positioned equidistant from the FP. One stimulus was centered on the receptive field 590 

(RF) of recorded cells in V1, the other two were positioned outside (at locations OUT1 and 591 

OUT2). The RFs of recorded cells were mapped at the beginning of each experimental 592 

session (see below).  593 

630 - 960 ms after stimulus onset (random delay, uniformly distributed, 1 ms steps) a colored 594 

cue was presented at FP. The color of the cue instructed the monkey to monitor the stimulus 595 

of matching color (e.g. a red cue instructed the animal to monitor the red visual stimulus) for 596 

a change in luminance contrast and ignore changes at the other stimulus locations. 597 

After a random delay, the three stimuli started to sequentially dim in a pseudo-random order. 598 

Delays for subsequent dimmings ranged between 1160 – 1820 ms (the first dimming could 599 

occur 1160 - 1820 ms after cue onset, the second dimming could occur 790 - 1120 ms after 600 

the first dimming, etc.).  601 

During the entire trial period monkeys had to keep fixating the FP. Upon cued stimulus 602 

dimming, monkeys had to release the touch bar within 600 ms to receive a fluid reward. 603 

Figure 1A graphically shows the time course of a sample trial of the main behavioral task. 604 

The grating stimuli had a diameter between 2 to 4 DVA, adjusted in accordance with the 605 

size and eccentricity of the recorded RFs. Their spatial frequency was 1.5 cycles/DVA, with 606 

a temporal frequency of 1 cycle/s (in sessions where they moved) and an orientation of 30°. 607 

The stimulus color at a given location was fixed (red, green or blue) for trials of the same 608 

session but randomized across sessions to cover all the 6 possible color configurations. In 609 

the same way, the cue color (red, green or blue), the order of dimming of the three stimuli 610 

(6 possible dimming orders), as well as the direction of movement of the grating stimuli (2 611 

possible opposite directions, where applicable) were pseudo-randomized across trials to 612 

cover all possible task configurations.  613 

Thus, there were 36 conditions total, which comprised a so-called cycle. In each cycle all 36 614 

conditions would occur at least once, selected on a random basis. If the monkey performed 615 

the trial correctly, the condition was removed from the cycle pool. If the trial was not 616 

completed correctly, the condition was reinserted into the cycle pool, and would be 617 

reselected on a random basis, until all conditions had had been performed correctly.  618 

 619 

Electrophysiological recordings 620 

Electrophysiological recordings were performed using passive laminar probes with 16 621 

recording contacts, inter-contact spacing of 150 μm (ATLAS Neuroengineering, Belgium). 622 

The laminar probes were inserted perpendicularly to the cortical surface with the support of 623 

a hydraulic micromanipulator (NARISHIGE MO-97A, Japan). All contacts were initially 624 
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referenced to a wire positioned either in the V1 chamber, or in the V4 chamber. 625 

Data from the two chambers were simultaneously recorded using a digital acquisition and 626 

control system (Digital Lynx, Neuralynx, USA) with a sampling frequency of 32556 Hz (∼32 627 

kHz), at 24 bits.  628 

The data were collected over 62 sessions (34 for monkey 1, 28 for monkey 2), yielding a 629 

total of 35744 correct trials (15892 in monkey 1, 19852 in monkey 2). These were out of 630 

36912 total trials (16698 in monkey 1, 20214 in monkey 2), where monkeys kept fixation, 631 

yielding a behavioral performance of 95.17% correct for monkey 1, and 98.21% correct for 632 

monkey 2. 633 

 634 

Receptive Field Mapping 635 

Prior to starting the attention paradigm, the location and size of the RF was measured by a 636 

reverse correlation method (Gieselmann and Thiele, 2008). 637 

From this, RF maps were initially estimated online to determine the stimulus locations in the 638 

attention paradigm. Offline RF analysis was done based on spike sorted single units, on 639 

thresholded multi-unit activity, as well as based on local population activity (envelope multi-640 

unit activity, MUAE, Supèr and Roelfsema, 2005) using a time window from 50-130 ms after 641 

RF mapping stimulus onset.  642 

 643 

OFFLINE DATA ANALYSIS 644 

 645 

Electrophysiological data analysis 646 

Signals were extracted in time windows relative to task-related events: after stimulus onset 647 

(0 to 503.25 ms, 512 data points see below for LFP sampling frequency), after cue onset (0 648 

to 503.25 ms, 512 data points see below for LFP sampling frequency) and before dimming 649 

times (503.25 ms before each of the three subsequent dimmings, 512 data points see below 650 

for LFP sampling frequency). Baseline activity time window started 200 ms before stimulus 651 

onset and covered up to 30 ms after stimuli onset.  652 

Data were replayed offline, sampled with 16-bit, band-pass filtered at 0.5-300 Hz and down 653 

sampled by a factor of 32 to a sampling frequency Fs =1017.375 Hz to obtain local field 654 

potential (LFP) data. Spiking Activity was accessed by band-pass filtering between 600 and 655 

9000 Hz, then further analyzed both at the level of multi-unit activity by extracting the Multi-656 

Unit Activity Envelope (MUAE), and by sorting single-unit spiking waveforms for RF mapping. 657 

Spikes were sorted manually using SpikeSort3D (Neuralynx). 658 

 659 
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Multi-Unit Activity Envelope and Signal to Noise Ratio 660 

MUAE was computed as described by (Supèr and Roelfsema, 2005). The higher frequency 661 

signal component (600-9000 Hz) was down sampled by a factor of 4, full-wave rectified, low-662 

pass filtered at 500 Hz (Butterworth, zero-phase digital filter of order 5), and further down 663 

sampled by a factor of 8 to a frequency of 1017.375 Hz. 664 

Signal to Noise Ratio (SNR) computation was performed on MUAE signals in n = 8 sliding 665 

time windows of length 50 ms shifted every 10 ms from 30 to 150 ms after stimuli onset. The 666 

SNR is computed as the maximum average magnitude of baseline corrected MUAE signal 667 

across time windows, i.e. SNR = maxn{(+sn(t), 2 +b(t),)/σb}, where +sn(t), is MUAE average 668 

within time window n, and +b(t), and σb are respectively the baseline mean and standard 669 

deviation. 670 

 671 

Laminar alignment 672 

Laminar signals from different experimental sessions were aligned to layer IV of both V1 673 

and V4. Layer IV was identified for each session as the earliest current sink across laminae 674 

using current source density (CSD) of LFPs, and by analyzing the shortest latency of the 675 

stimulus evoked MUAE response. Based on their distance from reference coordinate, signals 676 

from the corresponding recording channels were assigned to three main laminar 677 

compartments: supragranular, granular and infragranular. For V1, channels above the 678 

reference channel at distances of 0.25 - 1 mm were labelled as supragranular, channels 679 

above or below the reference channel within 0.25 mm were labelled as granular, and 680 

channels below reference at distance range 0.25 - 0.75 mm were labelled as infragranular. 681 

For V4, channels above the reference channel in the range 0.1 - 1 mm were labelled as 682 

supragranular, channels within 0.1 mm above or below the reference channel were labelled 683 

as granular, channels below the reference channel at 0.1 - 0.75 mm were labelled as 684 

infragranular. 685 

 686 

Current Source Density analysis 687 

The current source density (CSD) signal was obtained by applying the spline inverse CSD 688 

(iCSD) method (Pettersen et al., 2006). Starting from the direct equation for the field 689 

potential � generated by a point source � positioned at the origin of an isotropic medium 690 � = � ⋅ �, the iCSD was estimated by inversion of the conduction matrix � as �̂ = �2� ⋅ �. 691 

The coefficients of � were computed by electrostatic field equations for point sources by 692 

assuming that they are evenly distributed within isotropic cylindrical discs of finite radius R, 693 

and by assuming smooth CSD variation along depth dimension. CSD variation along depths 694 
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was approximated by cubic splines interpolation. In our computations we assumed a disc 695 

radius R =500 μm (Mountcastle, 1957), and we used conductance σ = 0.4 S/m (Logothetis 696 

et al., 2007). The conductance term could affect the magnitude of iCSDs but not their spatial 697 

profile. The iCSD was filtered by a Gaussian filter with standard deviation 200 μm along the 698 

depth dimension.   699 

 700 

Response Latency analysis 701 

The method used to compute stimulus response latency followed the formulation by 702 

Roelfsema et al. (2007), i.e. by assuming that stimulus responses arises at random times 703 

with a Gaussian distribution, and that a fraction of the response function dissipates 704 

exponentially after reaching a peak magnitude. On our data, the response function was 705 

estimated by fitting the 150 ms baseline-corrected post-stimulus MUAE signals to a 706 

distribution f(t) consisting in the sum of ex-Gaussian and cumulative Gaussian functions: 707 f(t) = d ⋅ eμα+(σ2α2/2)2αt ⋅ G(t, ¼ + σ2α, σ) +  c ⋅ G(t, ¼, σ). 708 

The parameters ¼ and σ respectively match the mean and standard deviation of the 709 

response function onset time when considering the response as non-dissipating. The 710 

parameter α is the dissipation rate, and the parameters c and d act as weighting factors for 711 

the response magnitude and dissipation terms. The functions G(t, ¼′, σ′) are cumulative 712 

density functions of a generic normally distributed variable with mean ¼′ and standard 713 

deviation σ′. 714 

Response latency is computed as the smallest time delay allowing to achieve 33% of the 715 

peak in the response magnitude  f̂(t) estimated by least-square error minimization. In 716 

symbols, we computed latency as: lat33 = min {t ∈ T: f̂(t) = 0.33 ⋅ maxu∈T f̂(u)}. To reduce 717 

computational cost of the least-square fit procedure, the empirical MUAE response was 718 

smoothed by a moving average filter with length 5 samples, covering ≈5 ms. 719 

 720 

Trials and Channels inclusion criteria 721 

All our analyses only included trials with behaviorally successful outcome. To correct for 722 

eventual artifacts, which could be due to transient drifts of the probe, possibly caused by 723 

slight movements of the animal, we set a signal thresholding rule for trials selection. Trials 724 

were discarded if the baseline normalized signal energy was higher than the energy of a 725 

signal with magnitude 20 times bigger than baseline, i.e. if the signal x̅(t) =726 (x(t) 2 +b(t),)/σb  had energy ξx̅ > 202, where ξx̅ = 1T ∫ |x̅(t)|2dt,T0  x(t) is the LFP/MUAE 727 

signal in any of the task-relevant time windows, +b(t), and σb are the signal mean and 728 
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standard deviation at baseline.  729 

Applying this thresholding rule led to the rejection of 2.1% of the trials, hence to the selection 730 

of 34992 out of 35744 behaviorally correct trials (15468 were from monkey 1, 19524 for 731 

monkey 2).  732 

In all analyses we ensured to use equal amount of trials per attentional condition (RF, OUT1, 733 

OUT2) by random sub-selecting trials in each session so that the amount of trials per 734 

condition was equal to the minimum amount of trials available in the three conditions.  735 

To prevent signal contamination due to common grounding or strong remote signal sources, 736 

the signals for each electrode contact from the two cortical areas were locally referenced via 737 

bipolar differentiation. The signal from depth zi was replaced by the difference between 738 

signals at depths zi+1 and zi21, as if it was recorded by a virtual electrode located at 739 

intermediate depth between its two neighboring contacts. This procedure could not allow us 740 

to consider the two most outer channels (as they could not be re-referenced with respect to 741 

their neighbor channels), but this was often not problematic as the channels located at outer 742 

positions were usually outside the grey matter of the targeted cortical areas. In addition, the 743 

quality of signals recorded from any of the channels was determined by the computation of 744 

SNR, and we only included channels with SNR g 3. This resulted in data included from 481 745 

channels for V1 (224 in monkey 1, 257 in monkey 2) and 531 channels for V4 (306 in monkey 746 

1, 225 in monkey 2).  747 

 748 

Spectral Power  749 

The estimation of LFP signal power across frequencies was performed using a multi-750 

tapering approach (Thomas, 1982). We used the Chronux toolbox developed by Mitra and 751 

Bokil (2008). We set the tapering to K = 3 Slepian waveforms with time-bandwidth product 752 TW = 2 (T = N/Fs ≈ 500 ms, W ≈ 4 Hz). The LFP spectral power Si(») was normalized for 753 

each » ∈ [0, Fs/2] to baseline spectral power (minus trial-averaged baseline power, divided 754 

by the standard deviation of baseline power).  755 

 756 

Spectral Coherence 757 

The relationship between the spectral components of LFP signals recorded from multiple 758 

channels was quantified in terms of spectral coherence. This measure is computed by 759 

means of the cross-spectrum power density Sij(») = Xi(») ⋅ Xj∗(»), involving the spectral 760 

representations Xi(») and Xj(») of signals in channels i and j. The spectral coherence is 761 
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defined as Cij(») = |Sij(»)|2/|Si(») ⋅ Sj(»)|, » ∈ [0, Fs/2]. The values assumed by Cij(») are in 762 

the range [0,1], where 0 means that the frequency components of the two signals are 763 

completely unrelated, and 1 means the two signals have perfectly linear relationship at given 764 

frequency component. The terms Si(»), Sj(»), and Sij(») were computed with the use of the 765 

Chronux toolbox via multi-taper estimation (using K = 3 Slepian sequences, TW = 2).  766 

 767 

Time-frequency spectral modulation 768 

The spectral characterization was also performed in the time/frequency domain. LFP 769 

spectral power and coherence were both computed by using sliding time windows of 770 

duration 503.25 ms (N =512 time points), shifted in time every 20 ms to cover 1000 ms 771 

before the time of first stimulus dimming. The spectral resolution was Δf = Fs/N ≈ 2Hz and 772 

temporal resolution was Δt =20 ms.  773 

 774 

Granger Causality Analysis 775 

We measured directed causal communication between LFPs recorded at different contacts 776 

by using Granger causality (GC). We analyzed GC in a 503.25 ms time window (512 time 777 

points at 1017.375 Hz sampling rate) preceding the first dimming time. To reduce 778 

computational time, the signals were down sampled to 128 time points at a sampling 779 

frequency of 254.34 Hz.  780 

 781 

In its original formulation (Granger, 1969; Geweke, 1982), the GC between two times series 782 Y(t) and X(t) is computed by fitting a multivariate vector autoregressive model (MVAR) with 783 

finite memory p. The fit consists in estimating the linear interaction coefficients �k,k=1&p by 784 

least squares regression, yielding residual fit error of mean zero and covariance �.  785 

Spectral GC is characterized at each frequency » ∈ [0, Fs/2] via the cross-spectral density 786 

matrix �(») and the MVAR transfer function matrix ÿ(») yielding factorization �(») = ÿ(») ⋅787 � ⋅ ÿ(»)∗ (Geweke, 1982). Spectral GC is then defined as: 788 fY→X(») = ln ( |Sxx(»)||Sxx(») 2 Hxy(») ⋅ (Σyy 2 Σxy ⋅ Σxx21 ⋅ Σxy∗ ) ⋅ Hxy∗ (»)|) ,   » ∈ [0, FS/2]. 789 

To provide a more refined measure of the communication between time series of LFPs in 790 

channels Y and X, in our analysis we computed the GC between Y and X conditioned on � 791 

(called here Conditional GC, with acronym cGC).  792 

This more refined measure discounts the possible confounding effect of time-lagged 793 
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interactions mediated by activity of other recorded channels � = {Z1, & , Zm} rather than 794 

direct communication between the two considered nodes Y and X (see below for details of 795 

our infomax partial conditioning choice of the m channels �).  796 

Following the derivation by Geweke (1984), cGC fY→X|� was computed by first applying a 797 

reduced least-square autoregression to the time series X, � only, yielding residual error time 798 

series X†, �†. Then, cGC was defined via the identity: fY→X|�(») = f(Y⊕�†)→X†(»)  , » ∈799 [0, Fs/2], allowing to express cGC with the original definition as unconditional GC between 800 

the variables (Y ⊕ �†) = ( Y�†) and X†.   801 

In our analysis, cGC was computed by the 8MVGC9 method based on the computation of 802 

MVAR autocovariance sequences via Yule-Walker equations using the 8MVGC toolbox9 by 803 

Barnett and Seth (2014). The magnitude of spectral GCs did not qualitatively vary when 804 

using alternative methods such as matrix partitioning (Chen et al., 2006), nonparametric 805 

spectral factorization (Dhamala et al., 2008), or time reversed GC (Vinck et al., 2015). 806 

The stationarity of LFPs, an important check for the application of Granger analyses, was 807 

assessed by ensuring that the MVAR characteristic polynomial φ�k(z) = |Ā 2 ∑ �kzkk | was 808 

invertible within unit disc, i.e. that max{1/|z|, z ∈ ℂ ∶ φ�k(z) = 0} was always < 1 (Barnett and 809 

Seth, 2014). 810 

 811 

An important aspect of the analysis is the choice of which and how many (� parameter) the 812 

channels � are chosen for conditioning in cGC. Conditioning on all available channels 813 

complementary to Y and X (m = ALL) (8full conditioning9) might suffer from lack of sufficient 814 

data to estimate all autoregressive models needed for this calculation. In addition, full 815 

conditioning would make cGC unevenly scaled (since the number of available channels 816 

could vary across sessions), and regressing out channels � within the same laminar 817 

compartments of Y or X would likely discount genuine interactions, because of the stronger 818 

correlations between channels within the same compartment due to volume conduction or 819 

other effects. Following Marinazzo et al. (2012), we thus applied the infomax partial 820 

conditioning strategy. We considered for conditioning only channels outside the laminar 821 

compartments of channels X and Y.  822 

We then chose � to be the m channels with the highest mutual information with Y and X 823 

(cGCs for different m are shown in Supplementary Figure S5). Mutual information (Shannon, 824 

1948) between channel pairs was computed on the Hilbert envelope of LFP time series 825 

demodulated in 2 Hz frequency bins, then integrated in time and frequency. We used the 826 

8Information toolbox9 (Magri et al., 2009) for mutual information estimation, and the method 827 
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by Panzeri and Treves (1996) for subtracting the limited sampling bias. 828 

 829 

We chose the free parameters of the conditioning (the number and identity of conditioning 830 

channels) as the ones with the best Akaike Information Criterion (AIC) and the 831 

autoregression coefficient of determination R2 (Supplementary Figures S5A-D). The two 832 

indices were adjusted to the size of the data sample to AICc (Hurvich and Tsai, 1989) and 833 Rc2 (Theil, 1961) in order to prevent from data overfitting, though the correction did not affect 834 

the results much. The optimization of AICc and Rc2 led us to the selection of an MVAR model 835 

with memory p=10 (≈40 ms), and conditioning variable � made by m = 2 channels outside 836 

the compartments of X and Y, achieving average R2=0.8, s.e.m.= 0.0006 (p=10 and m=2 837 

(out) in Figure S5).  838 

To estimate the statistical significance of the empirical cGCs and to exclude any possible 839 

residual limited sampling biases, we recomputed cGCs after randomly shuffling the data 840 

across trials (we used 100 different shuffles for each directed channel pair). The significance 841 

of empirical cGC magnitudes was then assessed by setting a significance threshold equal 842 

to the 95th percentile of shuffled cGCs (Chen et al., 2006). 843 

 844 

Attentional Modulation Index 845 

To investigate the effects of attention, we compared results for the trials where attention was 846 

directed towards RF visual location against the ones where it was directed at outside 847 

locations OUT1, OUT2. Since the LFP spectral characterization for these two latter cases did 848 

not show prominent differences, we combined them in a single attend OUT condition by 849 

random subsampling an equal number of trials with condition OUT1 and OUT2. The 850 

modulation index (MI) for the measure F (spectral power or cGC) was defined as FMI =851 (FRF 2 FOUT)/(FRF + FOUT). 852 

 853 

Statistical tests and significance 854 

In all our analyses, the significance of the difference in spectral power, coherence, or 855 
cGCs (e.g. between time windows [before stimuli onset and after stimuli onset], attentional 856 
conditions [attend RF vs attend OUT], directionality of cGCs (fX→Y|� vs fY→X|�)), as well as 857 

the significance of attentional modulation indices (FMI), were tested across experimental 858 
sessions by two-sided Wilcoxon signed rank tests (Wilcoxon, 1945). The p-values were 859 
corrected for False Discovery Rate (FDR) at q = 0.05 (Benjamini and Hochberg, 1995). 860 
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