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Summary

Theta (3-9 Hz) and gamma (30-100 Hz) oscillations have been observed at different levels along
the hierarchy of cortical areas and across a wide set of cognitive tasks. In the visual system, the
emergence of both rhythms in primary visual cortex (V1) and mid-level cortical areas V4 have
been linked with variations in perceptual reaction times [1-5]. Based on analytical methods to
infer causality in neural activation patterns, it was concluded that gamma and theta oscillations
might both reflect feedforward sensory processing from V1 to V4 [6-10]. Here we report on
experiments in macaque monkeys in which we experimentally assessed the presence of both
oscillations in the neural activity recorded from multi-electrode arrays in V1 and V4 before and
after a permanent V1-lesion. With intact cortex theta and gamma oscillations could be reliably
elicited in V1 and V4 when monkeys viewed a visual contour illusion and showed phase-to-
amplitude coupling. Laminar analysis in V1 revealed that both theta and gamma oscillations
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occurred primarily in the supragranular layers, the cortical output compartment of V1. However,
there was a clear dissociation between the two rhythms in V4 that became apparent when the
major feedforward input to V4 was removed by lesioning V1: While V1 lesioning eliminated V4
theta, it had little effect on V4 gamma power except for delaying its emergence by >100 ms. These
findings suggest that theta is more tightly associated with feedforward processing than gamma and
pose limits on the proposed role of gamma as a feedforward mechanism.

eTOC Blurb

Kienitz et al. show that upon visual stimulation V1 and V4 show theta and gamma oscillations
which interacted in terms of phase-to-amplitude coupling. Lesion of V1, the major input source to
V4, eliminated V4 theta oscillations. In contrast V4 gamma oscillations were less affected, still
contained stimulus information but emerged delayed (>100 ms).
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RESULTS

Visual stimulation elicits theta and gamma activity in V1 and V4

To assess theta and gamma oscillations across two different levels of the cortical hierarchy,
we recorded multi-unit activity (MUA) and local field potential (LFP) in visual areas V1 and
V4 in monkeys that passively viewed a visual contour (‘Kanizsa”) illusion and its non-
illusory control (Figure 1 A). This visual stimulation elicited robust increases in multi-unit
activity (MUA) both in V1 and V4, whereas stimulus-specific effects across channels were
only seen in V4 (Figure 1B-C, Figure S1A, Table S1, see also Figure 4E-F, left panels, left
wings). In addition to this increase in firing rates after stimulus onset, spectral analyses of
MUA responses focusing on the sustained response period after stimulus onset (0.3-1s)
revealed significant theta oscillations both in V1 and V4 and gamma oscillations in V1
(Figure 1B-C, Figure S1A, see Table S2 for detailed statistics). In contrast to the non-
rhythmic MUA in V1, both the theta and gamma modulation of V1 MUA showed
significantly stronger increases for the illusion compared to the control (Figure 1B, Table
S2). Similarly, V4 exhibited strong theta oscillations associated with the Kanizsa illusion
(Figure 1C, see also Figure 4E, right panel, left wing and F, right panel, left wing, Table S2).

Analysis of V1 LFP revealed that all channels showed theta and gamma power increases
following visual stimulation. However, in contrast to the rhythmic MUA, these power
changes were not significantly modulated by the presence of the illusion (Figure 1D, Figure
S1B, Table S3, theta: p=0.99, gamma: £=0.97, n=61, Wilcoxon rank sum test). V4 LFP
exhibited similar theta oscillations as V4 MUA. Yet, compared to V4 MUA it also showed
significant power increases in the gamma range (Figure 1E, Figure S1C-D, Table S3, see
also Figure 4G, left and right panel, left wings). Both the theta and gamma activity in V4
proved sensitive to the illusion (see also Figure 4H, left and right panel, left wings). As
spiking and gamma oscillations can sometimes be linked to each other [11,12], we

Curr Biol. Author manuscript; available in PMC 2022 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kienitz et al.

Page 3

correlated MUA and LFP gamma power and found close to zero correlations between MUA
and LFP gamma power across trials in both monkeys (average r = 0.01, n = 60 in monkey B
and average r = 0.02, n = 57 in monkey F). No channel showed significant correlations after
correcting for multiple comparisons.

In addition to their mere presence in both areas, LFP theta and gamma oscillations showed
interactions in time (Figure 2A). Such phase-to-amplitude coupling (PAC) has been
proposed as a link between large-scale and local neuronal computation [13] and has been
shown to decrease with attention-related modulation in electrocorticogram (ECoG)
recordings of V1 and V4 [7]. To examine this PAC further in our data, we computed a
modulation index (MI) [14] in V1 and V4 (STAR Methods). We found that both V1 and V4
showed significant phase-to-amplitude coupling in the majority of channels, whereas
illusion-related modulation was stronger in V4 (Figure 2 B-C, see Table S4 for detailed
statistics).

Taken together, visual stimulation elicited theta- and gamma-rhythmic MUA in V1 and
theta-rhythmic MUA in V4, all of which carried information about stimulus identity. In the
LFP, theta and gamma oscillations were present both in V1 and V4. However, stimulus-
specific modulation of rhythmic LFP was more prominent in V4. In addition, gamma
amplitude was modulated by theta phase, with stronger illusion-specific effects in V4 and
close to no illusion-effects in V1.

Theta and gamma activity predominantly emerge in V1 supragranular layers

Having verified the presence of both theta and gamma rhythms in V1 and V4, our next aim
was to assess whether their laminar cortical distribution within V1 as recorded by linear
multi-contact electrodes (monkey Br, STAR Methods) is consistent with their proposed role
in feedforward processing. While feedforward projections tend to originate from
supragranular layers, feedback connections preferentially target extragranular layers [15,16].
Using the laminar designation from the current source density (CSD) profile in response to
visual stimulation to identify cortical layers [17] (Figure 3A, STAR Methods), we analyzed
the theta-MUA as well as theta and gamma LFP as a function of V1’s cortical depth (Figure
3B). This revealed that peak MUA theta power is specific to the superficial layers. For theta-
range LFP, an additional peak emerged in VV1’s infragranular layers. Gamma-range power of
the LFP peaked (supra-)granularly, in line with previous findings [18]. In summary, the
predominant supragranular localization of theta and gamma oscillations supports the
proposed engagement of both rhythms in feedforward processing, as V1 projections to V4
originate in supragranular layers [15,16].

V1 lesion diminishes spiking and eliminates theta activity in V4

Our next aim was to experimentally test the proposed feedforward hypothesis of theta and
gamma oscillations, by longitudinally comparing V4 activity before and after a focal V1
lesion that causes persistent cortical blindness [19,20] and removes the major feedforward
sensory input source to V4. Stimulus-specific changes were assessed by a sensitivity
measure d’ where positive values indicate stronger responses to the illusionary stimulus
compared to the control (STAR Methods). We first examined non-rhythmic components of
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the recorded signals. Although lesioning V1 removed the largest part of V4 activity (Figure
4A), residual visually evoked MUA responses were still significantly present in almost all
electrodes (p<0.05, Wilcoxon signed rank test, Figure 4E, left panel), likely due to residual
input from the V1 lesion boundary or V1-bypassing geniculate input to V4 [19,21-23].
Analysis of MUA onset latencies after the lesion showed a slight delay relative to prelesion
conditions of 13.0+2 ms in monkey B (p=1.9x10710, n = 59) and 7.7+0.5 ms in monkey F
(p=3.8x107%4, n = 54). However, the stimulus-selectivity related to the visual illusion was
greatly diminished in monkey B or even lost in monkey F after the lesion (d” of Kanizsa-
modulated channels, p(pre>post): p=1x1075, n=37 in monkey B, p=2x107°, n=24 in monkey
F, Wilcoxon signed rank test, Figure 4F, left panel). The stimulus-selectivity related to the
visual illusion was thus virtually lost after the V1 lesion. We then used spectral analysis to
assess the rhythmic nature of the recorded signals. We first describe the results for theta and
in the following section for gamma, as the results differed dramatically for these two
rhythms.

Following the V1 lesion, V4 theta rhythmicity disappeared, both for MUA and LFP (see
Figure 4B-C, Figure S2A, see Table S5 for further statistics). This loss of theta activity was
seen throughout our sampled population. The average theta power for the MUA channels
that were visually responsive in the theta range dropped from an average of 167+21% in
monkey B and 79+16% in monkey F to the non-significant noise level with residual values
of 24+12% and 33+£9%, in monkeys B and F, respectively (Figure 4E, right panel, Table S5).
Not surprisingly, the corresponding Kanizsa MUA theta d’ values dropped from 0.37+0.03
and 0.27+0.02 to non-significant values close to zero in monkey B and F, respectively
(Figure 4F, right panel, Table S5).

Analysis of LFP theta oscillations paralleled observations in the MUA domain. The
prominent peak in the theta range and its modulation by the illusion stimulus given intact V1
(Figure 1E, 4C) virtually disappeared after the lesion (Figure 4C, 4G—H, left panel, Table
S5, SNR>0: p=0.46, n=60 in monkey B, p=0.99, n=50 in monkey F, Wilcoxon signed rank
test). Similarly, LFP-derived theta d” values (Figure 4H, left panel) were no longer
significantly positive once V1 was removed (p=0.28, n=59 in monkey B, p=0.99, n=27 in
monkey F, Wilcoxon signed rank test). Thus, although non-rhythmic residual visual
activation was present in both monkeys, the neural theta rhythm and its illusion related
modulation completely vanished, when V1 input was removed.

V4 gamma oscillations survive V1 lesion

The observed dependence of V4 theta rhythms on V1 input, did not hold for LFP gamma,
for which lesioning V1 appeared to have little effect. In fact, visually elicited activity in the
low gamma band remained clearly present, despite the severed V1 input (Figure 4C-D,
Figure S2B). V4 LFP gamma power responses, averaged across trial-time (Figure 4G, right
panel), decreased after the V1 lesion (-16.0+5.13%, n=60, in monkey B and —31.9+2.22%,
n=57 in monkey F), but remained overall positive (SNR>0: p=3.9x10711, n=60 in monkey
B, p=0.001, n=57 in monkey F, Wilcoxon signed rank test). Even more surprisingly, gamma
power was still significantly modulated by the Kanizsa illusion compared to its control
condition (d’>0: p=7.4x1077, n=36 in monkey B and p=1.9x10~7, n=47 in monkey F,
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Wilcoxon signed rank test) (Figure 4H, right panel). We performed again a correlation
between post-lesion LFP gamma power and residual MUA across trials per channel and
found only very weak correlation in both monkeys (r=0.04, n=60 in monkey B and r=0.02,
n=57 in monkey F). Only 5 channels in monkey B and 0 channels in monkey F showed
significant correlations across trials (Student’s t-test, corrected for multiple comparisons).
Thus in our data there seemed to be very little relation between V4 MUA and LFP gamma
oscillations. This pattern was present under intact conditions and did not change when V1
was lesioned.

Interestingly however, the onset of gamma activity in V4 post-lesion increased by >100 ms
compared to pre-lesion conditions (Figure 4D, Figure S2B). On average, following the V1
lesion, gamma power responses significantly exceeded pre-stimulus baseline levels
161.12431.04ms and 121.01+43.69ms after they did so with intact V1 in monkey B
(p=5.2x1075, n=50, Wilcoxon signed rank test) and F (¢=0.0058, n=31, Wilcoxon signed
rank test), respectively (Figure 41, see Figure S2C for absolute latencies). This marked delay
by >100 ms in gamma oscillation onset is in contrast with the finding for MUA, for which
the onset latency increased by <15 ms post-lesion. Further analysis of the gamma onset
latency as function of recording sessions after the V1 lesion showed that significant gamma
power was present in each recording session and that there was no consistent effect
regarding changes over time across monkeys (which might have been due to postlesional
plasticity, Figure S2E).

In addition, we found a decrease in peak gamma frequency without V1 in one monkey
(Figure S2B). Specifically, gamma peak frequencies changed on average by —5.73+0.86 Hz
in monkey B (p=1.29x1075, n=49, Wilcoxon signed rank test) and 0.51+0.64 Hz in monkey
F (p=0.51, n=60, Wilcoxon signed rank test), respectively, compared to pre-lesion conditions
(Figure 4J, see Figure S2D for absolute frequencies).

In summary, while residual MUA responses could still be visually elicited in V4 following
V1 lesions, theta activity and Kanizsa-associated modulations of spiking activity were lost.
In contrast, gamma activity was well preserved and even contained stimulus-related
information that emerged with a significant time-delay compared to pre-lesion conditions.

Discussion

Theta rhythms across the cortical hierarchy

In primates, spiking and LFP theta oscillations have been observed in various cortical as
well as subcortical structures during a variety of cognitive tasks [24-35]. Our results show
that theta oscillations are present in the spiking of neurons both in V4 and V1. However,
whether theta emerges across these cortical areas (like V1 and V4) in parallel via
independent local processes [2] or whether it is coordinated to enhance long-range inter-
areal communication [32,36,37] remains to be solved. In our data, theta organized gamma
oscillations [38] and might be a candidate mechanism for long-distance integration or
transfer of information to high-level association areas [32,39,40].
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The predominant supragranular occurrence of MUA theta in V1 is in line with it being a
feedforward signal [15,16,41] given that supragranular layers project to downstream visual
areas. In addition, we found an infragranular peak of LFP theta oscillations. This finding
might reflect the LFP’s sensitivity to synaptic signals [42,43], in principle arising from
either local or remote sources [15,16,41], and therefore does not contradict the feedforward
hypothesis of theta. The infragranular LFP theta peak could point towards an integrative role
of theta oscillations: While the supragranular MUA theta arguably reflects oscillatory
spiking of feedforward projection units, infragranular LFP theta oscillations could reflect
local postsynaptic oscillations which might serve to integrate incoming feedback signals to
the local computations (e.g. via PAC to gamma oscillations) or to the theta-rhythmic
feedforward output. In that sense theta might also help to integrate feedback signals.

In a direct test of the hypothesis that theta spiking represents a feedforward signal [6] by
lesioning V1 and recording from V4, our data provide first causal evidence that this may
indeed be the case. A theta rhythm that emerges first in early visual cortex and is then
transmitted into higher cognitive and motor areas appears as an attractive mechanism for
long-range coordination of local activity. This could help explain the wide-spread
observations of theta oscillations across a wide set of visuo-motor tasks in various areas,
including attentive sampling, saccadic exploration and motor tracking [3,26,27,44-46]. A
loss of theta oscillations and stimulus-related information in spiking, as seen here under
conditions of cortical blindness from V1 injury, might be indicative of a disrupted cortical
information transfer and neurological dysfunction.

Unlikely role of gamma as feedforward signal

Perhaps the most surprising finding of our study is that, compared to theta oscillations,
gamma oscillations in V4 remained less affected by the lesion in V1, which is at odds with
the proposal of gamma as a feedforward signal [6,10,47]. What might then be the source of
this V1-independent gamma in V4? One possibility is that it may reflect weak preserved
gamma-rhythmic V1 input from the border of the lesion zone. While we cannot entirely rule
out this scenario, it seems unlikely as it would involve an intact V1-V4 transmission circuit
that cannot easily explain the > 100 ms delayed emergence of the gamma response with little
change in amplitude. A similar interpretation of post-lesional gamma activity as a mere
reflection of (non-rhythmic) residual MUA appears also unlikely: For one, under our testing
conditions, there was no significant correlation between MUA and LFP gamma power
before as well as after the V1 lesion. Whereas the lesion delayed MUA onset in V4 by <15
ms relative to prelesion conditions, LFP gamma power was delayed by > 100 ms after the
lesion. Though it is tempting to compare residual V1 input to low-contrast stimulation
conditions, the latency delay accounted for stimulation at low contrast [48-50] would only
explain the delay in MUA, but not the more pronounced effect in the LFP. A third
possibility, that this gamma oscillation is a result of microsaccades [51], also appears
unlikely, given the narrowband frequency range of the oscillation and its sustained time
course. A fourth possibility builds up on the thalamic, VV1-bypassing inputs to V4, which can
account for at least part of the residual activity in V4. Yet that gamma in V4 is inherited
from direct LGN or Pulvinar input to V4 appears unlikely, again due to latency
considerations and also as gamma has so far not been reported for these brain structures.
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Irrespective of the actual source of the input source to V4 in our experiments, these inputs
are able to induce sufficiently strong interactions between local excitatory and inhibitory
networks within V4 to generate gamma. Our results thus hint at a very local origin of
gamma oscillations within the microcircuit of an area. According to this view, a visual
stimulus will drive a sweep of excitation across cortical areas that is associated with
subsequent increases in gamma response in each area, simply due to the repeated gamma
generating microarchitecture in each area. However secondary synchronization of local
excitatory activity might be a very useful marker of ongoing interareal communication,

In this study, we tested the hypothesis that theta and gamma rhythms act as sensory
feedforward signals from V1 to V4 when monkeys viewed a visual contour illusion. With
intact cortex both oscillations were present in both areas, interacted in time and showed
stronger illusory contour related activity in V4. While their predominant occurrence in V1
supragranular layers is consistent with a feedforward circuit, a direct causal test revealed a
clear difference for the two rhythms: While lesioning V1 eliminated the theta rhythm of V4,
gamma rhythms were less affected. This result supports the proposed function for
feedforward processing from V1 to V4 of theta but not gamma rhythms and poses, together
with the increasing literature body of the stimulus dependency of gamma [52-55], limits on
the proposed role of gamma as a feedforward mechanism.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources should be directed to and
will be fulfilled by the Lead Contact, Ricardo Kienitz (ricardo.kienitz@esi-frankfurt.de).

Materials Availability—This study did not generate new unique items, such as animal
lines or reagents.

Data and Code Availability—The data underlying the figures were deposited on a public
repository (https://doi.org/10.12751/g-node.nb4nnp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Two healthy adult female and two male rhesus monkeys (Macaca mulatta, monkey B, F, K
and Br) were used in the study. All procedures were in accordance with the Institute for
Laboratory Animal Research Guide for the Care and Use of Laboratory Animals and
approved by the Animal Care and Use Committees of the National Institute of Mental
Health and Vanderbilt University or by the Regierungsprasidium Darmstadt in accordance
with EU directive 2010/63. All surgeries were carried out aseptically under general
anesthesia using standard techniques including peri-surgical analgesia and monitoring. Each
monkey received a head-immobilization implant and an implant to record neural data (see
section below on Neurophysiology). Throughout the study animal welfare was monitored by
veterinarians, technicians and scientists.
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METHOD DETAILS

Parts of the dataset underlying this study (V4 data from monkey B and F) have been
analysed and published with regard to the dependence of a Kanizsa-specific increase in
single (and multi-) unit spiking on the receptive field focus [56]. The respective study did
not study oscillatory signals.

Behavioral task and visual stimulation—Each monkey was trained to maintain
fixation within a 1-1.5° diameter window centered on a small red spot (0.2° diameter, white
for monkey K) during the presentation of various visual stimuli. To map receptive fields,
white random dot kinematograms (1.5° diameter, see [56] for details) were shown on a black
background at 64 different positions in the lower right visual hemifield. The Kanizsa illusion
and the control stimulus consisted of four inducers (~1° diameter) located at (1°, —1°), (3°,
-1°), (1°, -3°) and (3°, —3°), presented for 1 s (1.5 s in V1 recordings) after 1 s of fixation
baseline. Each inducer consisted of a white disk with one quarter of the circle colored in red,
giving them a “pacman-like” appearance. For the illusory stimulus, the red quarter faced the
inner illusory surface (IF1 in [56]) creating an illusory rectangle. The control stimulus
consisted of inducers that were rotated by 180° such that the red cutouts were facing
outward (CF1 in [56]). For monkey K, the stimulus position was adapted to the V1 receptive
fields (center of stimulus: x = 1°, y = -4.2°). V1 receptive field centers ranged from 0.06° to
4.7° and from -6.7° to —0.9° along the horizontal and vertical meridian respectively. For the
laminar V1 recordings, the Kanizsa stimulus and its control were positioned such that the
receptive field focus (RFF, see [56]) of the recording site was centered on the illusory parts
of the stimulus.

Neurophysiology and chronic cortical lesioning—Neurophysiological data was
recorded via chronically implanted multi-microelectrode (“Utah”) arrays that were located
in area V4 (monkeys B and F) or V1 (monkey K) (see [19] for details regarding surgery and
implantation). Each electrode was spaced 400 um from its neighboring electrodes, and 1.5
mm (0.6 and 1.5 mm for monkey K) long. Neural data from monkeys B and F was recorded
at a sampling rate of 24414.1 Hz using a Tucker Davis Technology system and at 30 kHz for
monkeys K and Br on a Blackrock Microsystems Cerebus System. Following 13 sessions in
monkey B and 6 sessions in monkey F, permanent focal aspiration lesions of isohemispheric
primary visual cortex (V1) were performed (see [23] for details). After the lesion, post-
lesion data were recorded in 15 and 6 sessions for monkey B and monkey F, respectively. To
confirm the visual deficit (scotoma) following the V1 lesion, monkeys performed a
perimetry task covering the lower right quadrant (see [20] for details). Data from monkey K
was collected in two sessions. Layer-resolved V1 data was recorded from monkey Br using a
linear microelectrode array, consisting of 22—24 active microelectrodes, linearly spaced 0.1
mm apart, with impedances ranging 0.2-0.8 MQ at 1kHz (UProbe, Plexon). Electrical
reference for data from the UProbe was the probe shaft.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data preprocessing—All neurophysiological data were processed and analyzed using
custom-written code for MATLAB (MathWorks, Inc.) and the FieldTrip MATLAB toolbox
[57]. The continuous recordings were separated into individual stimulus presentations
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(trials) using digital event markers aligned on stimulus onset. We focused our analyses on
the sustained response period 300-1000 ms after stimulus onset, excluding the transient
onset response. Trials containing motion artifacts were excluded by visual inspection
without knowledge of trial type. Four dysfunctional recording channels in monkey B, four in
monkey F and two in monkey K were excluded from the analysis. Details on receptive field
mapping can be found in Cox et al., 2013. An estimate for multi-unit activity (MUA) was
obtained from the high frequency envelope: MUA was extracted by high-pass filtering (300-
12000 Hz), followed by rectification, and low-pass filtering (120 Hz) of the broadband data
(see [19] for further details). The local field potential (LFP) was obtained by low-pass
filtering the signal at 256 Hz. Data from microelectrode arrays was pooled across sessions.
In order to assess the stimulus-specific effects of the Kanizsa illusion, data were normalized
using the average baseline value (-0.7 — 0 s of prestimulus fixation period). MUA and
powerspectra are expressed as percent change from this baseline.

Spectral analysis—To obtain the spectral profile of MUA and LFP responses, we used a
Hanning-tapered Fourier transformation. Visual inspection of the spectra revealed peaks in
the 3-6 Hz and 25-70 Hz bands (monkey B: 25-40, monkey F: 30-60 Hz, monkey K: 40-70
Hz), which are referred to as theta and (low) gamma, respectively. To obtain time-frequency
representations (Figure 1), we performed a wavelet transform based on Morlets. To
optimally assess low and high frequency components, we separately analyzed frequencies
from 1-20 Hz (*low frequencies”, width 3 cycles, 1.3 Hz bandwidth at 4 Hz, 0.01 Hz steps)
and >20 Hz (“high frequencies”, width 7 cycles, 15.7 Hz bandwidth at 40 Hz). As described
above, analyses including spectral assessment focused on the sustained response period 300-
1000 ms after stimulus onset.

Cross-frequency coupling—In order to assess phase-to-amplitude coupling between
theta and gamma oscillations in the LFP, we computed a modulation index M/ as follows
[14]: The original LFP Signal S(#) was bandpass-filtered into the theta and gamma ranges,
respectively, using a two-pass filter (fourth order Butterworth) to avoid frequency-dependent
phase shifts: Sg(f) and S,(9). As a next step, the Hilbert transform /£ of both signals was
computed, producing complex values whose real components represent the amplitude of the
signal and the imaginary part represent phase: A(Sg(9)) and A(S,(9). From the Hilbert-
transformed signals we extracted the phases of the theta signal @,(r) and the amplitude

from the gamma signal A Sy(f)- The composite signal [(DSG(I), A Sy(t)] describes the amplitude
of S, at each phase of Se. The phases @, () were then binned (/7= 18) and the mean

amplitude <Asy>(j) over each bin jwas calculated and normalized by dividing by the sum of

all bins, resulting in the normalized distribution-like function Aj). Finally, the Modulation
Index (MI) was defined as the normalized Kullback-Leibler divergence (KL) computed
between A(j) and a uniform distribution Q()) as follows:

Dk (P,0)= Z P(j)log log(%)
ji=1
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_ Dk
~ log(n)

We tested for significant modulation using a Monte Carlo technique, where we randomly
permuted the amplitude-signal trial-wise against the phase-signal 500 times. To test for
significant differences between Kanizsa illusion and control conditions, we performed a
matched non-parametric test (Wilcoxon signed rank test) across channels. M/ comes with
several caveats (see [14] for a discussion). To avoid an overestimation of phase-amplitude
coupling we verified that (1) there were clear peaks in the TFR and powerspectrum at the
frequencies of interest (theta and gamma) and (2) that frequency band used for amplitude
(gamma, 25-50 Hz) was at least double the frequency we used for the phase signal (theta, 3—
6 Hz). To compute the Comodulogram (Figure 2A, middle panel) phase frequencies ranged
from 5 to 10 Hz (2 Hz) and amplitude frequencies from 15 to 80 Hz (10 Hz). To compute
the theta-phase triggered spectrogram (Figure 2A, right panel), the amplitude of bandpass-
filtered high frequency (ranging from 10 to 80 Hz) was triggered on theta oscillation troughs
and averaged across trials.

Analysis of laminar V1 data—To obtain a more localized measure of neural activity
based on the LFP, and to locate electrodes on the U-Probe across cortical layers, we
computed the laminar current source density (CSD) by approximating the second spatial
derivative of the LFP [58]. The CSD constitutes a measure of localized current flow, which
can be used to delineate upper from middle and lower cortical layers [17]. The transition
from granular to infragranular layers was visually identified by selecting the bottom of the
initial response sink of the CSD profile of the respective recording session [17]. We
computed the laminar theta power based on MUA [43] and the laminar theta and gamma
power based on LFP. The average laminar profiles were smoothed by fitting a spline for
display purpose. Significance was assessed using a one-sided Wilcoxon signed rank test
against baseline, 7= 29).

Statistics—All statistical tests were done in MATLAB (MathWorks, Inc.) using their
standard-implementation or custom-written code. Average values of the measures defined
above (spectral power, PPC, MI) were calculated as the mean value across time and
frequency. Differences between conditions were tested with nonparametric Wilcoxon signed
rank tests (paired data) or to test if a distribution was significantly greater/smaller than zero,
Mann-Whitney U tests (equals Wilcoxon rank sum test, unpaired data) or the computational
resampling statistics described above. Data was smoothed for display purposes. To quantify
effect sizes associated with the illusory stimulus, we computed the sensitivity measure

HK — HC

%(0'%( + o%)

[

where pxand ucare the sample means and oy and o the standard deviations for the
Kanizsa and control conditions, respectively. To assess the strength of any residual theta
rhythm (post lesion) we computed the signal-to-noise ratio:
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SNR = 20@,
Pn

where ggand ¢, are the power values in the theta (signal) and high frequency (noise) ranges
(15-25 Hz (MUA) and 128-256 (LFP)), respectively. The percentage of variance explained
was assessed by computing how well one signal predicted the other using a multilinear
regression model. For the latency analysis (Figure 41) we assessed the post-stimulus time
point (excluding the initial transient, i.e. t >= 0.2 s) where gamma power significantly
exceeded baseline levels on a channel-by-channel basis. Significance in this context was
assessed using the Wilcoxon rank sum test for each post-stimulus time point across trials,
followed by a Bonferroni-Holm correction. The time-point of reaching significance equaled
the time-point where p-values within a sliding moving average window of 100 ms fell below
alpha = 0.05 for the first time. Time points were then compared before and after the V1
lesion.

For the peak shift analysis (Figure 4J) pre- and post-lesional gamma peaks were defined as
the strongest peak (as detected by the ‘findpeaks” MATLAB function) in the gamma range
after subtracting a fitted polynomial of degree 1 from the spectra (which allowed for better
detection of smaller peaks) on a channel-by-channel basis. Gamma peaks were then
compared before and after the V1 lesion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Visual stimulation elicits theta and gamma oscillations in V1 and V4
Theta and gamma oscillations interact in time

While lesion of V1 eliminates V4 theta oscillations, gamma oscillations
survive

Gamma oscillations still contain stimulus information but emerge delayed
without V1
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Figure 1. Rhythmic theta activity in V1 and V4 in response to the Kanizsa illusion.
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(A) Depiction of the Kanizsa illusion (upper panel) and the control stimulus (lower panel).
(B) Upper panel: example V1 MUA response from one representative electrode channel,

lower panel: MUA powerspectrum for area V1 averaged across channels from monkey K.
Kanizsa (red) and control conditions (gray), shaded areas depict SEM.

(C) Same as (B) but for V4 (monkey B).

(D) Time-frequency representations of V1 LFP, averaged across channels from monkey K
for the Kanizsa condition for low (lower panel) and high frequencies (top panel). Low and
high frequencies are displayed separately due to the large increase in the theta range.

(E) Same as (D) but V4 (monkey B).
See also Figure S1 Table S1-3.
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Figure 2. Theta-phase-to-gamma-amplitude coupling in V1 and V4.
(A) Left panel, from top: MUA response of one example electrode channel (averaged across

trials), raw LFP, as well as theta and gamma band-pass filtered extracellular voltages for the
~ —0.1-1 s trial period (monkey B, Kanizsa condition). Vertical dashed lines highlight the
temporal relationship between highest gamma amplitudes to both theta LFP and theta-
modulated MUA. Axes are rescaled for display purposes. Middle panel: Comodulgram for
Modulation Indices (MI) averaged across V4 channels from monkey B for the Kanizsa
illusion. Right panel: theta-phase triggered spectrum from one example channel from
monkey B.

(B) Scatter plot showing the distribution of Ml as a measure for phase-to-amplitude coupling
for significantly modulated V1 electrode channels for the Kanizsa vs. control conditions
from monkey K. Average MI values were not significantly higher for the Kanizsa compared
to the control stimulus (p= 0.055, n = 61, Wilcoxon paired signed rank test). Gray color
highlights channels that showed significantly higher Ml for the Kanizsa illusion compared to
the control.

(C) Same as (B) but for V4 LFP from monkey B (circles) and F (squares) for the Kanizsa vs.
control conditions. Average MI values were significantly higher for the Kanizsa compared to
the control stimulus (p= 7.7 x 1072, n = 60 in monkey B, p=2.2 x 107>, n = 50 in monkey
F, Wilcoxon paired signed rank test).

See also Table S4.
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Figure 3. Laminar distribution of theta and gamma activity in V1.

(A) Current source density (CSD) based on the layer-resolved LFP of a linear multi-contact
electrode for one example session representing the laminar profile of visually evoked
responses in V1. FF: feedforward, FB: feedback to and from V4, SG: supragranular, 1G:
infragranular.

(B) Left panel: average and normalized V1 MUA (black) and LFP (gray) theta power (n =9
sessions) as a function of cortical depth. Raw data is shown as dashed, smoothed data as
solid lines, shaded areas depict SEM. Right panel: same as left panel, but for V1 MUA
(black) and LFP (gray) gamma power.
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Figure 4. Effect of V1 lesion on rhythmic neuronal activity in V4.
(A) Diagram indicating the extent of the focal V1 aspiration lesion (top panel). Middle panel

shows the visual deficit of monkey B in a spatial detection task following the lesion (lower
right quadrant); note that this scotoma covered the Kanizsa stimulus (in red for display
purpose) approximately by half. Lower panel depicts V4 MUA response from one example
electrode channel from monkey B before (solid lines) and after the focal V1 lesion (dashed
lines) for the Kanizsa illusion (red) and control condition (gray). Postlesional activity is
shown (rescaled) in lower magnified panel. Shaded areas depict SEM.

(B) MUA powerspectrum averaged across channels from monkey B for Kanizsa illusion
(red) and control condition (gray) pre- (solid lines) and postlesion (dashed lines), showing
the elimination of theta activity. Shaded areas depict SEM

(C) Same as (B), but LFP powerspectrum averaged across channels from monkey B. Note
the preservation of activity in the gamma range despite the elimination of theta oscillations.
(D) Time-frequency representations of one example V4 electrode channel form monkey B
depicting high LFP frequencies before (upper panel) and after the focal V1 lesion (lower
panel).

(E) Distributions of MUA (left panel) and theta modulation of MUA (right panel) before
(orange, left wings) and after the V1 lesion (blue, right wings) for the Kanizsa illusion.
Individual pairs represent individual channels (data averaged across trials) and are shown for
monkey B and monkey F, lateral symbols depict means (circle for monkey B, square for
monkey F). Asterisks denote significance relative to zero (n.s. = non-significant) and refer to
consistent results for both monkeys.

(F) Same as (E) but for d” values (Kanizsa illusion vs. control) based on MUA (left panel)
and theta modulation of MUA (right panel).

(G) Distributions of LFP theta (left panel) and gamma power changes (right panel) before
(orange, left wings) and after the V1 lesion (blue, right wings) for the Kanizsa illusion.
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Individual connected data pairs represent individual channels (data averaged across trials)
and are shown for monkey B and monkey F, lateral symbols depict means (circle for monkey
B, square for monkey F). Asterisks denote significance relative to zero (n.s. = non-
significant) and refer to consistent results for both monkeys.

(H) Same as (G) but for d’ values (Kanizsa illusion vs. control) based on LFP theta (left)
and gamma power (right). Note that, while theta activity lost its Kanizsa-association, gamma
responses maintained information about the Kanizsa stimulus even without V1.

() Histogram showing the distribution of the postlesional gamma delay across LFP channels
for monkey B (green) and F (purple). Positive values indicate a later onset of gamma power
after the V1 lesion. Vertical dashed lines highlight mean values for both monkeys.

(J) Histogram showing the distribution of postlesional shift in peak gamma frequency across
LFP channels for monkey B (green) and F (purple). Positive values indicate an increase of
the peak gamma frequency after the V1 lesion. Vertical dashed lines highlight mean values
for both monkeys.

See also Figure S2 and Table S5.
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Table 1:
Recordings performed in individual monkeys.
Recordings / Monkey Monkey B | Monkey F | Monkey K | Monkey Br
V4 Utah-Array before and after V1 lesion X X
V1 Utah-Array X
V1 linear U-Probe X
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE

IDENTIFIER

Antibodies

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Critical Commercial Assays

Deposited Data

Data underlying the figures

https://doi.org/10.12751/g-node.nb4nnp

Experimental Models: Cell Lines
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains
Macaca mulatta Public Health England, Porton Down, UK Monkey K
Macaca mulatta Wake Forest University (Winston-Salem, North Monkey Br
Carolina)
Macaca mulatta NIH Primate Services, Poolesville, USA Monkey B
Monkey F

Oligonucleotides

Recombinant DNA

Software and Algorithms

MATLAB

The MathWorks

https://www.mathworks.com/products/matlab.html

Fieldtrip toolbox [57] http://www.fieldtriptoolbox.org/
Other
Infrared video eye tracking system | EyeLink https://www.sr-research.com

Data Acquisition System

Blackrock Microsystems

http://blackrockmicro.com

Data Acquisition System

Tucker Davis Technology system

https://www.tdt.com

Data Acquisition System

Plexon, UProbe

https://plexon.com
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