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Abstract

Spatial attention increases both inter-areal synchronization and spike rates across the visual hierarchy. To investigate
whether these attentional changes reflect distinct or common mechanisms, we performed simultaneous laminar recordings
of identified cell classes in macaque V1 and V4. Enhanced V4 spike rates were expressed by both excitatory neurons
and fast-spiking interneurons, and were most prominent and arose earliest in time in superficial layers, consistent with a
feedback modulation. By contrast, V1-V4 gamma-synchronization reflected feedforward communication and surprisingly
engaged only fast-spiking interneurons in the V4 input layer. In mouse visual cortex, we found a similar motif for
optogenetically identified inhibitory-interneuron classes. Population decoding analyses further indicate that feedback-
related increases in spikes rates encoded attention more reliably than feedforward-related increases in synchronization.
These findings reveal distinct, cell-type-specific feedforward and feedback pathways for the attentional modulation of
inter-areal synchronization and spike rates, respectively.

Introduction

Attention reflects the ability to selectively process and
respond to behaviorally relevant sensory information. Ac-
cording to a major recent hypothesis, attentional selection
is implemented through the enhancement of feedforward
(FF) inter-areal information transmission via inter-areal
oscillatory synchronization, which subsequently leads to
increases in neural responses (i.e. firing rates) for attended
stimuli downstream (Fries, 2015). A competing hypothesis
posits that the main effect of attention is to enhance the
gain of neural responses via top-down feedback (FB), with
the strongest and earliest effects at higher hierarchical lev-
els closer to behavioral responses (Desimone et al., 1995;
Maunsell, 2015). In this case, a change in FF information
flow is a secondary attentional effect that may only mini-
mally account for firing rate changes in downstream areas.
It remains unclear to what extent the diverse changes in
neural activity at a given hierarchical level are mediated by
FF or FB pathways. A possibility is that FF and FB path-
ways account for distinct changes in neural activity at dif-
ferent laminar compartments (FF → L4; FB → L2/3 and
L5/6) (Markov et al., 2014; Ferro et al., 2021) and target
distinct cell types (e.g. excitatory vs. inhibitory neurons).
A major impediment to understanding these phenomena
is the lack of simultaneous recordings from multiple areas
of the primate cortex at a laminar and cell-type specific
resolution.

Results

We addressed this issue by recording laminar Local Field
Potentials (LFPs) and single-unit spiking-activity simul-
taneously from areas V1 and V4, (Fig. 1A), while mon-
keys performed an attention task (Fig. 1B). Consistent
with previous studies in macaques (Bosman et al., 2012;
Grothe et al., 2012), visual stimulation increased gamma-
band phase-locking between V1 and V4 LFPs (Fig. 1C).
Several further analyses indicated that V1-LFP-V4-LFP
gamma phase-locking did not result from coupling of in-
trinsic V1 and V4 oscillations, but from the feedforward
propagation of the V1 gamma rhythm: (1) LFP-LFP lock-
ing was accompanied by only weak V4-spike-to-V1-LFP
locking, especially when compared to local V1-spike-to-
V1-LFP locking (Fig. 1, D and E); (2) V4-spike-to-V4-
LFP locking did not display a clear peak in the gamma
range (fig. S2A); and (3) on average, V1 cells spiked at
earlier V1 gamma phases than V4 cells (mean phase dif-
ference = 1.51 radians) (Fig. 1, E and F).

To gain deeper physiological insight into these obser-
vations, we analyzed the waveform characteristics of V4
single-unit spiking. Units could be clearly separated into
two main classes with broad (BW) and narrow (NW) wave-
forms (Fig. 1G) corresponding to putative excitatory and
fast-spiking (FS) interneurons, respectively (McCormick
et al. (1985); Mitchell et al. (2007); Vinck et al. (2013);
Senzai et al. (2019), but see Vigneswaran et al. (2011);
Dasilva et al. (2019)). In agreement with previous find-
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Fig. 1: Feedforward gamma-band synchronization between V1 and V4 in the monkey. (A) Experimental setup in the macaque.
(B) Illustration of selective attention task. (C) Phase-locking (PPC) between V1 and V4 LFPs during the baseline and visual stimulation
period (N = 68 sessions). (D) PPC between V1 LFPs and V1 single units (SU) (N = 311) or V4 SUs (N = 397). (E) PPC between V1
LFPs and the spiking of an example cell in V1 and V4, with phase distributions. (F) Mean V1-gamma phase of spiking for significantly
gamma-locked V1 or V4 SUs (mean phase difference = 1.51 radians, p = 0, randomization test). (G) Normalized spike waveforms of V4 SUs.
(H) Only NW V4 neurons show gamma phase-locking to V1 LFPs (NW: N = 152; BW: N = 216). (C,D,H) Confidence intervals designate
SEM across cells, gray rectangles designate significantly different frequency bins, randomization test between cell-types, FDR correction for
multiple comparisons with a threshold of P < 0.05). (E) Gray rectangles designate significantly different frequency bins, Rayleigh’s test for
uniformity, Bonferonni correction for multiple comparisons with a threshold of P < 0.05).

ings, BW cells had lower baseline firing-rates than NW
cells (mean BW FR = 2.5564, mean NW FR = 3.4101, P
= 0.0153). Next, we analyzed the long-range phase-locking
between V4 cell types and the V1 gamma rhythm. Sur-
prisingly, only NW neurons showed a gamma-frequency
peak in the V4-spike-to-V1-LFP phase-locking spectrum
(Fig. 1H). This difference was not explained by the lower
spiking rates of BW cells, because we used a metric un-
biased by firing rate, and the difference was also observed
when phase-locking spectra were weighted by the number
of spikes of each cell (Vinck et al., 2013) (fig. S3A). The
strength of spike-field locking was independent of stimu-
lus drive for BW cells, and only weakly correlated with
stimulus drive for NW cells (fig. S4A).

Together, these analyses show that long-range V1-V4
gamma-synchronization is highly cell-type specific. We
wondered if the attentional modulation of V4-spike-to-
V1-LFP phase-locking would therefore also be cell-type-

specific. Furthermore, if the attentional modulation of
V4 firing rates depends on an increase in V1-to-V4 signal
transmission, then this would predict a differential atten-
tional rate modulation of V4 NW and BW neurons. In
contrast to this prediction, we found that the firing rates
of both BW and NW neurons showed a comparable in-
crease with attention (Fig. 2, A to C). The increase in
spiking with attention for BW neurons was observed even
though the V4-spike-to-V1-LFP phase-locking spectra of
BW cells did not display gamma peaks in either attentional
condition (Fig. 2E, left). Despite this lack of attentional
modulation, there was a robust increase in gamma-band
phase-locking between V1 and V4 LFPs, in accordance
with previous reports (Bosman et al., 2012; Grothe et al.,
2012) (Fig. 2D). Different from V4 BW neurons, we found
that NW cells displayed stronger spike-to-V1-LFP gamma-
band phase-locking with attention (Fig. 2E, right). This
difference between NW and BW neurons was not due to a
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Fig. 2: The cell-type specific effect of attention on gamma-band synchronization between V1 LFPs and V4 cells in the
monkey. (A) Left: Example V4 BW cell. Right: Average peri-event time histogram (PETH) across V4 BW cells (N = 240). (B) Same
as A, but for V4 NW cells (N = 164). (C) Mean firing rates for attend toward and away. Insets: Attentional Modulation Index (AMI).
(D) Phase locking (PPC) between V1 and V4 LFPs. Inset: Relative phase difference between attention conditions across all V1 and V4
LFP pairs (mean angle = −0.098 radians). (E) Phase-locking (PPC) between V1 LFPs and V4 BW (N = 162) and NW (N = 134)
spiking. (F) Decoding accuracy of the attentional condition based on the firing rates of BW (N = 231) and NW cells (N = 160). (G) Left:
Decoding accuracy of the attention condition as a function of the number of simultaneously recorded cells for V4 SU spiking rates or the V1
gamma phase of V4 spiking, across sessions. Right: Decoding accuracy based on firing rates for an example session. (H) Violin plots of the
distribution of decoding accuracy across sessions for decoding based on different modalities (black lines representing the mean are not clearly
visible because they greatly overlap with red lines representing the median). (A,B,E,G (right)) Confidence intervals designate SEM across
cells. (A,B,D,E) Gray rectangles designate significantly different time or frequency bins, randomization test between cells or sessions, FDR
correction for multiple comparisons with a threshold of P < 0.05). (C,F,G (left),H) ***P < 0.001; randomization test between attentional
conditions (C (main)), Wilcoxon’s signed-rank test across cells (C (inset), F) and sessions (H, N = 68), randomization test across sessions (G
(left)). (D,G (left)) Confidence intervals designate SEM across sessions (N = 68).

potential signal-to-noise ratio discrepancy related to differ-
ences in spiking rates in the two attention conditions (Fig.
S3B). Furthermore, the lack of attentional modulation of
V4-to-V1 phase-locking in BW neurons was also found for
BW neurons with a strong attentional modulation (fig.
S4B). The increase in V4-to-V1 phase-locking with atten-
tion observed for V4 NW-neurons and V4 LFPs was likely
partially due to changes in activity in V1 (Schneider et al.,
2021), including an increase in firing rates (fig. S2B),
gamma power and peak frequency (Fig. S2, C and D).
Yet, the increased propagation of the V1 gamma rhythm
to V4 only affected putative FS neurons, which is likely due

to the difference in filtering properties between FS and ex-
citatory neurons (Pike et al., 2000; Vaidya and Johnston,
2013).

These analyses indicate that the changes in attentional
rate modulation in V4 do, for a large part, not result from
increases in V1-V4 gamma-synchronization. Furthermore,
the rate modulation is found in most neurons whereas
phase-locking modulation only occurs in a subset of neu-
rons which are likely located in the granular input layer
(see Fig. 3). We thus predicted that V4 firing rates may
allow for more reliable decoding of the attentional state
than V1-V4 phase-locking. To this end, we performed
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Fig. 3: Inter-areal gamma-synchronization and attention involve cells in different laminar compartments. (A) AMIs at
different laminar compartments for BW (left) and NW cells (right) in macaque V4. *P < 0.05, **P < 0.01, ***P < 0.001; Wilcoxon’s
signed-rank test across cells and randomization test between laminar compartments (BW: Nsup. = 52, Ngra. = 42, Ninf. = 37, NW:
Nsup. = 34, Ngra. = 30, Ninf. = 23). (B) PPC between V1 LFPs and V4 cell spiking in different laminar compartments for BW (left) and
NW (right) cells (BW: Nsup. = 43, Ngra. = 39, Ninf. = 34, NW: Nsup. = 30, Ngra. = 26, Ninf. = 23). (C) Experimental setup in mice
for the luminance condition. (D) Same as (B), but for V1 SUs and LGN spike-derived LFPs (sLFP) under the luminance-gamma condition,
in mice (BW: Nsup. = 148, Ngra. = 463, Ninf. = 1055, NW: Nsup. = 47, Ngra. = 226, Ninf. = 316). (E) Experimental setup in mice
for the contrast condition. (F) Same as (D), but for V2 SUs and V1 LFPs under the contrast-gamma condition, in mice (BW: Nsup. = 23,
Ngra. = 428, Ninf. = 2187, NW: Nsup. = 11, Ngra. = 281, Ninf. = 544). (G) PPC between V1 LFPs and V1 cell spiking under the
luminance-gamma condition, for PV+ (N = 47) or Sst+ cell spiking (N = 30). (H) Left: PPC between V2 LFPs and V1 cell spiking under
the grating-gamma condition, for PV+ (N = 32) or Sst+ cells (N = 21). Right: PPC between V2 LFPs and V1 Sst+ cell spiking under the
grating-gamma condition, for BW (N = 14) or NW cells (N = 7). (A, B, D, E) Bright, intermediate, and dark colors designate cells in
superficial, granular, and deep layers, respectively. (B, D, E) Bright, intermediate, and dark colored horizontal bars in PPC spectra designate
significantly different frequency bins between the superficial and granular compartment, the superficial and infragranular compartment, and
the granular and infragranular compartment, respectively. (B,D,F-G) Statistical comparisons are done in the same way as in Fig. 1H.

decoding analyses of the attentional state separately on
spiking rates or various measures of inter-areal gamma-
band synchronization. The accuracy of decoding based on
single-cell spiking rates was significantly above the chance
level, with both cell types displaying similar accuracy (Fig.
2F). For this reason, we pooled cell types for our decod-
ing analyses based on population spiking rates. Decoding
accuracy increased monotonically as a function of the num-
ber of simultaneously recorded neurons, without reaching
an asymptote for 5 or even 10 cells (Fig. 2G). This sug-

gests that the upper bound of information related to the
attentional state, as encoded in V4 population spiking, far
exceeds what can be gleaned by our findings. By contrast,
decoding based on the gamma-phase of spiking (Fig. 2G)
or the strength of spike-LFP phase locking in the gamma
range (Fig. 2H) were indistinguishable from chance. The
relative gamma phases of V1 and V4 LFP pairs and the
strength of their phase-locking in the gamma range were
significantly more informative than chance, but still less
informative than even single cell spiking (Fig. 2H). Thus,
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selective gamma-band synchronization contains substan-
tially less information about the attentional state, even at
the population level. Further, this finding supports the
conclusion that the modulation of V4 firing rates is not
a consequence of an increase in V1-V4 gamma-rhythmic
synchronization.

Taken together, our observations suggest that there are
two distinct pathways through which V4 activity is mod-
ulated by attention: (1) an enhancement of FF V1-V4
gamma-synchronization; (2) a modulation of V4 firing
rates independent of V1-V4 gamma-synchronization. We
predicted that these two mechanisms should act on differ-
ent laminar compartments, respectively: (1) The granular
layer 4, in which FF inputs arrive, and (2) the supragranu-
lar layer, which receives prominent top-down FB (Markov
et al., 2014; Vezoli et al., 2021; Ferro et al., 2021). To
investigate this, we compared the laminar patterns of the
attentional modulation of spiking and the phase-locking of
V4 spiking and V1 LFPs. As predicted, we observed the
strongest effects of attention in the spiking of superficial
layers, for both cell types. The strength of this atten-
tional modulation decreased sharply with depth for BW
cells, whereas it was more uniform across layers for NW
cells (Fig. 3A). Further, SUs in the superficial layers of V4
exhibited an earlier attention-dependent increase in their
spiking compared to SUs in both the input layer of V4 and
area V1 (fig. S5). By contrast, consistent with the FF
propagation of the V1 gamma-rhythm, the phase-locking
of V4 cells to V1 gamma-range LFPs was strongest in the
granular input layer and only present for NW cells (Fig.
3B). The laminar profile further suggests that V4-to-V1
gamma-phase locking did not propagate to the superficial
layers of V4 (Fig. 3B). These findings support the exis-
tence of two separate pathways for attentional modulation,
namely a FF pathway targeting L4 of V4, and a FB path-
way targeting L2/3 of V4.

To physiologically characterize interneurons via optoge-
netic tagging and generalize these findings, we analyzed
simultaneous recordings in the lateral geniculate nucleus
(LGN) and areas V1 and V2 of awake mice under condi-
tions of visual stimulation (experiments were performed by
the Allen Institute for Brain Science) (Fig. 3, C and E).
We compared two conditions of passive visual stimulation
during active states (i.e. high arousal and locomotion): (1)
In the “luminance” condition, mice viewed a gray screen,
which gives rise to a faster gamma rhythm (∼ 60Hz) gen-
erated in the LGN (fig. S6A; see also (Saleem et al., 2017;
Schneider et al., 2021)); (2) in the “contrast” condition,
mice viewed drifting gratings, which give rise to a slower
gamma rhythm (∼ 30Hz), thought to be generated in the
superficial compartment of V1 (fig. S6B and fig. S8B; see
also (Veit et al., 2017)).

Our findings in mice showed a close similarity to our
observations in the macaque: (1) The strength of phase-
locking of spikes to the gamma generator (LGN and V1
respectively for the two conditions) was relatively weak in
post-synaptic targets (V1 and V2, respectively; fig. S6,

A and B); (2) spiking in the respective gamma generator
occurred at an earlier gamma phase compared to the spik-
ing of its post-synaptic targets (fig. S6, C and D); (3)
both the LGN and V1 gamma preferentially engaged NW
cells in the downstream area (fig. S7A, for waveforms in
V1 and V2), independent of brain state (fig. S7, B to G);
(4) phase-locking between the gamma generator (LGN and
V1 respectively) and spiking in downstream cells (V1 and
V2 respectively) was concentrated in FF input-layer and
strongest for NW cells (Fig. 3D for luminance gamma,
Fig. 3F for contrast gamma).

We investigated the differential contribution of interneu-
ronal subtypes to inter-areal gamma synchronization via
the optogenetic tagging of units corresponding to PV+
and Sst+ interneurons in mouse V1 and V2 (Pvalb-IRES-
Cre and Sst-IRES-Cre lines respectively). This analysis
revealed that LGN gamma in the luminance condition pre-
dominantly engaged V1 PV+-cells (Fig. 3G), the majority
of which displayed an NW phenotype (fig. S9). Surpris-
ingly, both, PV+ and Sst+ cells in V2 displayed phase
locking with the V1 gamma rhythm under the contrast
condition. However, a closer examination of the waveform
characteristics of Sst+ cells revealed that NW, and not
BW, Sst+ cells were preferentially locked to V1, suggest-
ing that they display a fast-spiking phenotype (Scala et al.,
2019) (Fig. 3H).

Contrary to the conventional idea that inter-areal LFP
coherence reflects synchronization between relatively large
neural populations, we have shown that V1-V4 coher-
ence is highly layer- and cell-type specific. These findings
demonstrate a concrete functional consequence of afferent
gamma rhythms in driving L4 fast-spiking interneurons,
consistent with previously reported differences in the reso-
nance properties of E and I cells (Pike et al., 2000; Cardin
et al., 2009; Vaidya and Johnston, 2013; Moradi Chameh
et al., 2021; Beaulieu-Laroche et al., 2018). Our results do
not support gamma-synchronization as a mechanism for
boosting the gain of V1-V4 information transmission, but
rather suggest that FF gamma may implement attention-
related divisive normalization via the increased gamma-
rhythmic recruitment of inhibitory cells in downstream ar-
eas (Ray et al., 2013; Reynolds and Heeger, 2009; Hamilton
et al., 2013). These findings further establish a dissociation
between firing rate modulation and gamma phase-locking,
as the attentional modulation of firing rates in V4 was ex-
pressed by both principal and inhibitory neurons and was
strongest in L2/3 instead of L4. These findings indicate
that the increase in V4 firing rates with attention does not
result from attentional enhancements in V1 and increased
V1-V4 coherence, and most likely derives from FB input
into the superficial layers of V4. This point is further sup-
ported by the early latency of V4 rate increases compared
to V1 and the finding that attention could be much better
decoded from firing rates than phase-locking.
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Methods

Animals and experimental procedures: Macaques

Our study involved two male adult rhesus macaque mon-
keys (Macaca mulatta, age 10-12 years, weight 8.5-12.5
kg), implanted with a head post and recording chambers
over areas V1 and V4 under sterile conditions and gen-
eral anesthesia. Housing conditions, surgical procedures,
and post-operative care conditions have been described in
considerable detail in previous papers (Gray et al., 2016;
Thiele et al., 2006) and were in accordance with the UK
Animals Scientific Procedures Act, the National Institute
of Health’s Guidelines for the Care and Use of Animals for
Experimental Procedures, and the European Communities
Council Directive RL 2010/63/EC.

Recordings in Mice

Analyses in mice were based on the publicly available
Visual Coding - Neuropixels dataset, which was collected
and preprocessed by the Allen Institute for Brain Science
(Siegle et al., 2021). This electrophysiology dataset com-
prises single unit spiking and LFP signals recorded simul-
taneously from 4 to 6 visual areas in 57 awake mice, un-
der conditions of visual stimulation by various stimuli. In
this study we focused on the interactions of the lateral
geniculate nucleus (LGN), area V1, and area V2 (com-
prising the lateral (VISl), anterolateral (VISal), rostro-
lateral (VISrl), anteromedial (VISam), and posteromedial
(VISpm) visual areas). Surgical procedures, visual stim-
ulation protocols, recording equipment/techniques, sig-
nal preprocessing, and spike sorting have been exten-
sively described in the technical white paper accompanying
the dataset (https://portal.brain-map.org/explore/
circuits/visual-coding-neuropixels), and will not be
discussed here.

Behavioral paradigm: Macaques

Stimulus presentation and behavioral control were per-
formed by using the Remote Cortex 5.95 software (Labo-
ratory of Neuropsychology, National Institute for Mental
Health, Bethesda, MD). We presented visual stimuli on a
cathode ray tube (CRT) monitor, with a refresh rate of
120 Hz, a resolution of 1280× 1024 pixels, at a distance of
54 cm from the eyes of the macaques, under conditions of
head-fixation. The macaques performed a standard selec-
tive visual attention task described in more detail in (van
Kempen et al., 2021). In brief, each trial was initiated
when the macaques held a lever and foviated a white fix-
ation spot (0.1◦) displayed at the center of the screen on
a gray background (1.41 cd/m2). Releasing the lever or
breaking fixation for the duration of the trial led to the
trial’s termination. After a pre-stimulus fixed delay pe-
riod (duration of 614 and 674 ms, for macaques T and W,
respectively), three peripheral colored square-wave grat-
ings were presented at the same eccentricity and the same
distance from each other, with one of the stimuli being cen-
tered on the RFs of neuronal populations in the V1 and

V4 recording sites. We adjusted the diameter of the pre-
sented stimuli based on eccentricity and size of RFs, with
stimulus diameters ranging from 2 to 4◦. The color of each
grating was pseudo-randomly permuted between recording
sessions but remained fixed for the duration of each ses-
sion. The gratings in the majority of recordings drifted
perpendicular to the orientation of the grating, with the
motion direction pseudo-randomly assigned on every trial.
In 22 out of the total of 34 sessions, macaque W was shown
stationary gratings. After a random delay (618-1131 ms
for monkey T, 618-948 ms for monkey W; period dura-
tion chosen from a uniform distribution), a central colored
cue appeared, matching the color of one of the periph-
eral gratings, thereby designating the target stimulus for
the trial. The cue color was randomly assigned for each
trial. At a random delay after the presentation of the cue,
the luminance of one of the peripheral stimuli decreased
(1162-2133 ms for macaque T, 1162-1822 ms for macaque
W; period duration chosen from a uniform distribution).
If the luminance change occurred on the target stimulus,
the macaque was rewarded for subsequently releasing the
lever. If, however, the luminance change occurred on one
of the other two stimuli, the macaque was only rewarded
after maintaining fixation and keeping hold of the lever
until a luminance change occurred on the target stimu-
lus, which corresponded to either the second or third lu-
minance change event (each event following the previous
luminance change after 792-1331 ms for monkey T and
792-1164 ms for monkeys W; period duration chosen from
a uniform distribution).

Data acquisition: Macaques

Daily electrophysiological recordings from all cortical
layers of visual areas V1 and V4 were performed using 16-
contact linear electrode shanks (150 mm contact spacing,
Atlas silicon probes), by inserting the shanks perpendicu-
lar to the cortex. Raw data were collected using an HS-
36 Neuralynx pre-amplifier and a Neuralynx Digital Lynx
amplifier with the Cheetah 5.6.3 data acquisition software
interlinked with Remote Cortex 5.95. Data were sampled
at 24 bit with a 32.7 kHz sampling rate and stored to a
disc. We recorded eye position and pupil diameter at a
rate of 220 Hz with a ViewPoint EyeTracker (Arrington
Research).

Analysis Software

The analyses presented in this study were per-
formed in MATLAB (The MathWorks) and used cus-
tom scripts and the FieldTrip analysis toolbox (https:
//www.fieldtriptoolbox.org).

Receptive Field Mapping: Macaques

The estimation of electrode receptive fields (RFs) was
based on the envelope of MUA (MUAe). This signal was
extracted after low-pass filtering (5th order Butterworth
filter with a corner frequency of 300Hz) the rectified 0.6-9
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kHz filtered signal. RF mapping involved the presentation
of 0.5–2◦ black squares on a 9 × 12 grid. An offline re-
sponse map was computed for each channel via the reverse
correlation of the MUAe signal to these stimuli. Next,
this map was then converted to z-scores, and RFs for each
channel were defined as the region surrounding the peak
activity that exceeded a z-score of 3. More detailed infor-
mation about our approach in RF estimation can be found
in (Gieselmann and Thiele, 2008).

Preprocessing: Macaques

In macaques, we extracted local field potentials (LFPs)
from the broadband signal by low-pass filtering (6th But-
terworth filter with a corner frequency of 500 Hz), high-
pass filtering (3rd Butterworth filter with a corner fre-
quency of 2 Hz) and down-sampling to ∼ 1.0173Hz. A
Butterworth bandstop filter (50 Hz and harmonics ±0.2
Hz) was additionally used to remove powerline artifacts
at 50 Hz and harmonics. Spike waveforms were ex-
tracted from the broadband signal after taking the fol-
lowing steps: 1) The median-filtered signal (3ms window)
was subtracted from the broadband signal. 2) This high-
pass filtered signal was further band-pass filtered (second
order Butterworth filter with corner frequencies of 20Hz
and 8kHz). 3) The signal was further de-noised by sub-
tracting the shank-wide median signal from each electrode
in the corresponding electrode shank. 4) Individual spikes
were detected as negative voltage crossings of a threshold
of 5 absolute deviations. 5) Windows surrounding the local
minima of these negative crossings were examined for the
presence of early large positive peaks or double negative
peaks (window length of ±20 samples), and spikes with
these characteristics were discarded. 6) Individual spike
waveforms were defined as data points spanning -15 to 30
samples around the local minima that were not discarded.

Spike Sorting: Macaques

We isolated single units (SUs) from macaque visual cor-
tex in a semi-automated manner. Semi-automatic clus-
tering was performed with the KlustaKwik software (ver-
sion 1.7) on the following features: 1) The energy of the
spike waveform and the energy of its first derivative. 2)
The four principal components and the three Haar wavelet
components explaining most of the variance of all detected
spike waveforms. MClust (version 3.5) was used to manu-
ally assess the quality of isolation of each candidate clus-
ter. Clusters were deemed to correspond to an isolated
single unit if the following criteria were met: 1) The iso-
lation distance (ID) of the cluster from the noise cluster
(Schmitzer-Torbert et al., 2005) exceeded a value of 15. 2)
The L-Ratio (LR) (Schmitzer-Torbert et al., 2005) of the
cluster was lower than 0.2. 3) Less than 0.05% of inter-
spike intervals were below 1 ms. The population of single
units that were included in our analysis had a median ID
of 26.1013 and median LR of 0.0406.

Waveform Classification

The mean waveforms used in waveform classification
were extracted by applying a median filter (window length
of 3ms) on the broadband voltage trace, subtracting the
median-filtered signal from the raw broadband signal, and
computing the average across data segments of -20 to 96
samples around the timepoint corresponding to each SU
spike. The mean waveform of each SU was then normal-
ized by subtracting the median of the first and last 10
samples in the waveform, and subsequently dividing by
the waveform’s energy. Triphasic waveforms character-
ized by a stronger early rather than late positive peak,
and waveforms with a DC difference between their begin-
ning and end segment were discarded. Two-dimensional
t-Stochastic Neighbor Embedding (t-SNE; perplexity of
30) was then applied on the remaining waveforms. Lastly,
fuzzy c-means clustering (fuzzifier of 2, euclidean distance
metric, tolerance of 10−10) was performed on the t-SNE
matrix, which resulted in two clearly separate waveform
clusters, corresponding respectively to broad and narrow
SU waveforms.

Spectral Analysis

Analyses involving LFPs, such as the computation of
spectral power, and inter-areal LFP-LFP phase-locking,
may be affected by the presence of electrode-headstage-
related noise and the influence of the electrode reference
(Pesaran et al., 2018). In this study, we addressed this
issue by subtracting the average LFP signal across each
recording electrode shank from the LFP signal of each cor-
responding electrode, in a trial-by-trial manner. After this
preprocessing step, LFP-exclusive analyses were based on
the multiplication of LFP data epochs of 0.5 s with seven
distinct prolate Slepian tapers, and the subsequent appli-
cation of the fast Fourier transform (FFT) (Mitra and Pe-
saran, 1999). Spectral power was computed by rectifying
the resulting complex Fourier coefficients and raising them
to the power of 2. The power spectra shown in fig. S3C
were produced by multiplying power values, corresponding
to different frequency bins, to the square of their respective
frequencies. The phase-locking strength between LFPs in
V1 and V4 was quantified with the Pairwise Phase Consis-
tency (PPC) metric, which avoids pitfalls associated with
standard measures such as the number of LFP epochs cor-
responding to each condition (Vinck et al., 2012). In brief,
PPC is computed in the following steps: 1) Phases of the
V1 and V4 LFP signal are extracted from the complex
Fourier coefficients corresponding to different trial epochs,
and the V1-V4 relative phase is computed for each epoch.
2) The resulting complex vectors are normalized by their
amplitude to produce unit vectors. 3) Conjugate multipli-
cation is performed for each possible vector pair, and this
product is then averaged and rectified. Note, that the peak
frequency of stimulus-induced gamma depends on stimu-
lus properties (Roberts et al., 2013; Ray and Maunsell,
2010; Peter et al., 2019) (fig. S1A) and individual sub-
jects (van Pelt et al., 2012) (fig. S1B). For this reason, we
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aligned mean power and V1-V4 LFP-LFP PPC spectra
to the individual gamma peak of LFP-LFP phase locking
separately for each session.

Filtering for gamma-band phase extraction and trial-by-
trial estimation of phase-locking strength

In macaques, the estimation of the gamma-band LFP
phases of spiking (Fig. 1F), trial-by-trial spike-LFP
phase-locking strength, trial-by-trial interareal LFP phase-
locking strength, and the relative gamma band phases of
V1 and V4 LFPs (the latter four used in decoding anal-
yses; Fig. 2, G and H) was based on using a two-way,
bandpass Butterworth filter with an order of 12. As noted
above, the two macaques used in this study exhibited dif-
ferent gamma-band peak frequencies, thus we used differ-
ent corner frequencies for each macaque (40-90 for monkey
T, 25-55 for monkey W). Next, we performed the Hilbert
transform on the filtered data. Note that filtering and
the Hilbert transform were applied on the complete trial
before selecting relevant trial epochs for further analysis.
The results shown in Fig. 1F were produced by collecting
the time points of the occurrence of each SU spike and the
computation of the mean angle across all concurrent V1
Hilbert-transformed LFP datapoints. See the ’Decoding
Analyses’ section below for further information about the
analyses of filtered signals in decoding analyses.

In mice, LFP phases of SU spiking were extracted
from the complex Fourier coefficients corresponding to the
gamma-band peak frequency in the SU-LFP PPC spec-
trum.

Quantification of Spike-LFP Phase-Locking: Macaques

Spike-LFP phase locking in macaques was assessed for
the period between post-stimulus onset and target change
for Fig. 1, D to E, Fig. 3B, fig. S2A, and fig. S3A (pe-
riod between cue onset and target change for Fig. 2E,
fig. S2D, and fig. S3B). In these analyses, we used bipo-
lar derivatives of the LFP, in order to mitigate the effect
of 1

fn noise and lower frequency oscillations on the esti-
mation of gamma-band spike-LFP phase-locking strength.
The strength of spike-LFP phase locking was assessed with
PPC, and in particular the PPC1 measure (Vinck et al.,
2012), which removes bias associated with differences in
spiking rates. In short, the LFP-phase of SU spiking for
each frequency f, was ascertained by collecting LFP data
segments of a duration of 9

f s centered around each spike.
We, then, multiplied these LFP segments with a Hann ta-
per of a corresponding length, and performed an FFT on
the resulting product. Only SUs with >= 200 spikes per
condition were included in our analyses. This resulted in
the inclusion of a different number of cells in different anal-
yses, e.g. spectra corresponding to NW cells in Fig. 1H
and Fig. 2E involved different numbers of cells. We per-
formed additional analyses in order to control for the effect
of spiking rate on spike-LFP phase locking, when compar-
ing different cell types and attention conditions (fig. S3A

and fig. S4B, respectively). For the comparison between
the spike-LFP phase-locking strength of BW and NW cells,
we separately weighted the PPC spectrum of each cell by
the ratio of its spike count and the mean spike count of
each cell in the same cell class. For the comparison be-
tween attention conditions, the PPC spectrum of each cell
per condition was weighted by the ratio of its spike count
for the respective condition and the mean total spike count
of each cell included in the analysis.

Quantification of Spike-LFP Phase-Locking: Mice

In mice, spike-LFP phase locking for the luminance con-
dition was assessed as in Schneider et al. (2021). Briefly,
data periods during the presentation of a gray screen were
divided into 1s pseudo-trials. Phase locking in the contrast
condition was estimated for the period between the onset
and offset of each grating stimulus. Note, that the LGN
lacks the ordered columnar structure found in cortical ar-
eas and, thus, does not produce an LFP signal. There-
fore, in order to examine population-wide oscillatory ac-
tivity in the LGN, we estimated a surrogate LFP (sLFP)
signal derived from population spiking (Schneider et al.,
2021). This was done by summing the spikes of all indi-
vidual isolated units in the LGN, and filtering this signal
between 1 and 100Hz. We exclusively analyzed sessions
where at least 10 single units were recorded in LGN. As
in the macaque, spike-LFP phase locking was quantified
by the PPC1 metric. This was done after segmenting the
LFP in data epochs of 250ms, multiplying these segments
with a Hann taper and performing the Fourier transform.

Drivenness, attentional effect in spiking, and stimulus se-
lectivity indices

SU peri-event time histograms (PETHs) for different
trial epochs (Fig. 1, A and B, fig. S2B, and fig. S5A) were
computed by taking the following steps: 1) We counted the
total number of spikes in bins of 1ms for the full trial. 2)
The resulting time series were convolved with a gaussian
kernel with a length of 50ms, and a standard deviation of
8ms. 3) We computed trial-wise z-scores of the smoothed
time series. 4) Relevant trial epochs were collected and
averaged across trials. SU drivenness by the stimulus (fig.
S4A) was estimated by using the following equation:

dr =
FRstim − FRbase

FRstim + FRbase
(1)

where FRstim and FRbase respectively designate the
mean spike-count in the period between 0.05-0.25s after
stimulus onset and a period spanning 0.2s before stimu-
lus onset. The attentional modulation index (AMI) was
computed based on the following equation:

AMI =
FRtow − FRaway

FRtow + FRaway
(2)

where FRtow and FRaway designate the mean spike-
count in the 1s period before the first stimulus change
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across trials (Fig. 2C, Fig. 3C, and fig. S4B; 0.15s-0.25s
and 0.35-0.45s after cue onset in fig. S5B), respectively for
the attend-toward and attend-away conditions. The spik-
ing rates shown in Fig. 2C and used in decoding analyses
were computed for the same time period. Indices quanti-
fying the selectivity of SUs, recorded in mice, to grating
properties (orientation, direction, and temporal frequency)
were included in the Visual Coding - Neuropixels dataset
provided by the Allen Institute for Brain Science.

Decoding Analyses: Macaques

Decoding of the macaque’s attentional state was fo-
cused on the time period spanning 1s before the onset of
the first luminance change event. In our decoding anal-
yses, we compared the decoding accuracy of 5 physiolog-
ical measures: 1) SU spiking rates. 2) The strength of
V1-V4 gamma-band LFP-LFP phase-locking. 3) The rel-
ative phase of V1 and V4 gamma-band LFPs. 4) The
strength of the gamma-band phase-locking of V4 SU spik-
ing to V1 LFPs. 5) The phase of V1 gamma-band LFPs
in which V4 SU spiking occurred. Note that decoding
analyses involving LFPs were performed on filtered and
Hilbert-transformed signals, as described in section ’Fil-
tering for gamma-band phase extraction and trial-by-trial
estimation of phase-locking strength’. The strength of
phase-locking between LFPs in each trial was estimated
by computing the Phase Locking Value (PLV) between the
gamma-band complex time series corresponding to each
1s epoch for all possible V1-V4 LFP pairs. The trial-by-
trial relative phase between each V1 and V4 LFP pair was
computed after performing a timepoint-by-timepoint con-
jugate multiplication between the two complex vectors cor-
responding to each LFP pair, averaging the values in the
resulting complex vector, and estimating its angle. The
strength of phase-locking between V4 spiking and each
gamma-band LFP in V1 was assessed in each trial by col-
lecting the complex coefficients of the LFP corresponding
to each V4 spike in the trial and computing PPC between
them. Spikes in this analysis were pooled across simulta-
neously recorded SUs. Lastly, the V1 gamma-band phase
of V4 SU spiking was estimated in each trial by computing
the mean angle of complex LFP coefficients corresponding
to each V4 SU spike for every SU-LFP pair.

Our decoding analyses used a maximum-likelihood (ML)
estimation algorithm described in more detail in Montijn
et al. (2014). In short, the ML algorithm depends on
Bayes’ rule:

P(α|Apop) =
P (Apop|α)P (α)

P (Apop)

where P (α), is the prior, which designates the prior
probability of the trial corresponding to the attend-toward
condition; P (α|Apop) is the posterior, which designates the
posterior probability of the trial’s neural activity Apop be-
ing observed because the trial belongs to the attend-toward
or the attend-away condition; P (Apop|α), is the likelihood,
which designates the probability that the attentional con-
dition will result in neural activity Apop; and P (Apop) is

the model evidence, which is the probability of observing
neural activity pattern Apop. For our analyses, we used
only flat priors.

As mentioned above, we performed decoding analyses
by either using angular quantities (relative phase of V1
and V4 LFPs or the LFP phase of spiking), the spiking
rate, or other non-angular quantities (strength of phase-
locking between V1 and V4 LFPs, or strength of phase-
locking between spiking and LFPs). We analyzed angular
quantities for any neural signal i by approximating the
likelihood distribution for the allocation of attention to ei-
ther the stimulus driving V1 and V4 neural activity or one
of the other two stimuli by a von Mises distribution with
a location µ and concentration κ. For spiking rates and
non-angular quantities the likelihood was approximated,
respectively, by a Poisson distribution with an expected
occurrence rate λ and a Gaussian distribution with a mean
µ and standard deviation σ. The decoder was trained in
a leave-one-trial-out jackknife fashion.

For decoding based on population activity, we focused
on the spiking rates of simultaneously recorded SUs, all
possible V1 and V4 LFP pairs, and the phases of spiking
of simultaneously recorded SUs in V1 gamma-band LFPs.
Decoding accuracy was estimated as a function of the num-
ber of simultaneously recorded SUs by random subsam-
pling as in Montijn et al. (2014). The posterior probability
distribution for the attend-toward condition corresponding
to a population of n signals can be estimated by comput-
ing the product over the posterior probabilities for all n
signals:

P(α|Apop) ∝
∏n

i=1 P (α|A)i
The decoded attentional condition is then defined as the

condition with the largest population-wide posterior prob-
ability.

Assignment of cortical layers

The assignment of neuronal activity to either the su-
perficial, granular or deep laminar compartment was pri-
marily based on the extraction of the current source den-
sity (CSD) signal from the stimulus-evoked LFP signal.
In mice, CSD was extracted under conditions of whole
screen flash stimulation, whereas in macaques this was
done during the period after the onset of the peripheral
grating stimuli used in the attention task. Stimulus-evoked
CSD was computed by taking the second discrete spa-
tial derivative of the LFP across different electrodes in
each electrode shank (Mitzdorf, 1985). LFPs from elec-
trode contacts with a relatively low signal-to-noise ratio
were discarded and exchanged with a signal derived from
a linear interpolation between the contacts’ neighboring
electrodes. Further, in macaques, recording sessions that
displayed a substantial drift of RF location with cortical
depth were excluded from our laminar analyses.

In addition to the identification of sinks and sources in
the stimulus-evoked CSD, different cortical laminar com-
partments were identified in the macaque through the in-
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spection of the latency of stimulus-evoked multi-unit ac-
tivity at different cortical depths. Peri-stimulus time his-
tograms in this analysis included all detected negative
spikes from each electrode contact and were computed
similarly to other PETHs shown in our study, but with
a gaussian kernel with a length of 25 ms and a standard
deviation of 4 ms. Finally, we computed the logarithm of
the ratio between the total number of positive spikes and
the total number of negative spikes, detected in each elec-
trode contact. Contacts with a log-ratio close to zero were
deemed to lie outside of the brain, whereas contacts with
negative log-ratio were assigned to the gray matter, and
contacts with a positive log-ratio were presumably located
in the white matter.

Testing for optogenetic response: Mice

Optogenetic tagging experiments were performed on
mutant mice expressing Pvalb-IRES-Cre and Sst-IRES-
Cre. The optogenetic stimulation consisted of 10 ms pulses
(for more details, see https://portal.brain-map.org/

explore/circuits/visual-coding-neuropixels). Cre-
expressing cells were identified using the ZETA-test Mon-
tijn et al. (2021), a recently developed parameter-free sta-
tistical test to determine whether neurons exhibit a time-
locked modulation of firing rates by a specific event. First,
the ZETA test was used to test which neurons showed sig-
nificantly modulated spiking activity (P < 0.05) within a
0.5-second window following the onset of optogenetic stim-
ulation. Next we calculated the instantaneous peak- and
trough-latencies of all significantly modulated cells. Cells
were classified as optogenetically tagged if their peak laten-
cies occurred within the 10 ms of optogenetic stimulation.
To avoid misclassification due to laser artifacts, neurons
with a peak earlier than 1 ms after the onset of the opto-
genetic pulse were discarded.

State detection: Mice

The strength of contrast gamma in the mouse was pos-
itively modulated by arousal and locomotion, respectively
(fig. S7, B to G, fig. S8), therefore this analysis was fo-
cused on periods of high locomotion, in order to optimize
the signal-to-noise ratio of gamma LFPs. We assessed the
arousal level and running speed of mice by examining, re-
spectively, the pupil diameter signal and speed signal ac-
companying the Visual Coding - Neuropixels dataset, used
in our study. For the luminance condition, we detected
periods of high and low arousal by normalizing the pupil
diameter signal by its maximum value, separately for each
recording session, and classified periods in which this sig-
nal had values between 0.65 and 0.95 as periods of high
arousal (values between 0.3 and 0.55 corresponded to pe-
riods of putative low arousal). For the contrast condition,
states of high and low locomotion were defined as periods
in which the mouse had a running speed > 5cm/s and
< 1cm/s, respectively.

Statistical Testing

Unless otherwise stated, statistical comparisons in the
study were non-parametric, two-sided, and based on 1000
randomizations (Nichols and Holmes, 2002). Randomiza-
tion between means of quantities (spectra, spiking rate,
decoding accuracy, AMI) measured across different cell
populations/types (Fig. 1, D and H, Fig. 2F, Fig. 3, A,
B, D, F to H, fig. S2A, fig. S3A, fig. S5B, fig. S6, A and
B, fig. S7, B to G, fig. S8, fig. S9) and trial-epochs (Fig.
1C) involved randomly exchanging the quantities under
comparison between populations or epochs, while keeping
the original number of values per population/epoch con-
stant. In the case of spectra, statistical significance was
achieved for frequency bins where observed differences be-
tween the mean spectra of each population were larger or
smaller than the 97.5th percentile of the maximal values
or the 2.5th percentile of the minimal values, respectively,
across all randomized difference-spectra. This approach
corrects for the false discovery rate associated with multi-
ple comparisons. In the case of singular values per cell (e.g.
spiking rate) we computed p-values by taking the follow-
ing steps: 1) We computed the ratio of the mean difference
between populations and the standard deviation across all
randomized differences. 2) We rectified this ratio and com-
puted its cumulative density function (CDF) value. 3) We
subtracted this value from 1 and divided the difference
by 2. The statistical assessment of correlations (fig. S4)
involved randomly shuffling the order of the PPC values
corresponding to each cell and computing Spearman’s rho
1000 times. Here, p-values were computed in a similar
manner as described above, with the main difference be-
ing that we compared the empirical mean correlation to a
distribution of randomized correlations. Statistical com-
parisons between attention conditions (Fig. 2, A to E, fig.
S1C, fig. S2, B to D, fig. S3B, fig. S5A) were also done
similarly to what was described above, with the only differ-
ence being that randomizations were based on the random
switching of attentional condition labels.

11

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

The copyright holder for thisthis version posted November 30, 2022. ; https://doi.org/10.1101/2022.11.04.515185doi: bioRxiv preprint 

https://portal.brain-map.org/explore/circuits/visual-coding-neuropixels
https://portal.brain-map.org/explore/circuits/visual-coding-neuropixels
https://doi.org/10.1101/2022.11.04.515185
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 100
0

0.1

Monkey T

Monkey W

Frequency (Hz)

LF
P-

LF
P 

PP
C

40 50 60 70

10

60
0

1

Se
ss

io
n 

N
um

be
r

Frequency (Hz)

N
orm

alized PPC

0

0.1

300-15 300-15
0

0.08

Frequency rel. to gamma peak (Hz)

LF
P-

LF
P 

PP
C

Monkey T Monkey W

A B

C

Fig. S1: Variability in the gamma-range peak-frequency of LFP-LFP phase-locking in macaques. (A) Normalized LFP-LFP
PPC between V1 and V4 across all inter-areal channel pairs, for all sessions (N = 68), sorted for gamma-range peak-frequency. (B) Example
sessions demonstrating the difference in gamma-range peak-frequency in the two monkeys. (C) Same as Fig. 2D but plotted separately for
the two monkeys (N = 34 sessions for each monkey).
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Fig. S2: The effect of attention on SU spiking and gamma-rhythmic synchronization in macaque V1. (A) Same as Fig. 1D,
but for V1 LFPs and V1 SU spiking, and V4 LFPs and V4 SU spiking. (B) Same as Fig. 2A (left) but for V1 SUs (N = 335). (C) Mean
power of V1 LFPs for the two attentional conditions. Confidence intervals designate the standard error of the mean (SEM) across sessions (N
= 68, gray rectangles designate significantly different frequency bins between conditions, randomization test across sessions, FDR correction
for multiple comparisons with a threshold of P < 0.05). (D) Same as Fig. 2E but for V1 LFPs and V1 SU spiking (N = 254).
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Fig. S3: Cell-type specific effects on gamma-rhythmic synchronization persist after controlling for SNR. (A) Same as Fig.
1H, and (B) same as Fig. 2E, but after weighting the PPC spectrum corresponding to each cell by the cell’s number of spikes.

14

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

The copyright holder for thisthis version posted November 30, 2022. ; https://doi.org/10.1101/2022.11.04.515185doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.04.515185
http://creativecommons.org/licenses/by-nc-nd/4.0/


Drivenness
1

PP
C

0

5
x10-3

0-0.8

0

8

10-0.6

x10-3

0.8-0.6 0

0

5
x10-3

Attentional Modulation Index 

PP
C

0.8-0.8 0

0

8
x10-3

Narrow Waveforms Broad Waveforms

A B
rho = 0.0373
   P = 0.2918

rho = 0.1804
     P = 0.011

  rho = 0.085
   P = 0.4589

rho = 0.0217
     P = 0.375

0 0.5 1
0

0.2

PP
C

  rho = 0.066
 P = 4.7x10-7C

Orientation Selectivity Index
0 0.5

0

0.2

  rho = 0.067
     P = 0.004

0 0.5 1
0

0.2

PP
C

 rho = -0.078
 P = 3.3x10-9D

0 0.5
0

0.2

Direction Selectivity Index

  rho = 0.036
     P = 0.078

Macaque V4 spk/ V1 LFP

Mouse V2 spk/ V1 LFP Contrast

0 5 10
0

0.2

PP
C

E
  rho = 0.029
     P = 0.015

0 5 10
0

0.2

  rho = 0.027
     P = 0.142

Temp. Freq. Modulation Index

Fig. S4: Effects of cell-drivenness and the attentional modulation of spiking on the gamma-rhythmic phase locking between
downstream spiking and upstream LFPs for different cell types in macaques and mice. (A) Relationship between cell-drivenness
and gamma-band PPC of spiking to V1 LFPs for V4 BW and V4 NW cells. (B) Same as A, but for the AMI of V4 spiking and gamma-band
PPC of spiking to V1 LFPs. (A,B) BW: N = 216. NW: N = 152. (C) Same as A, but for the orientation selectivity index of spiking and
gamma-band PPC of spiking to V1 LFPs for V2 BW and V2 NW cells, in the mouse. (D) Same as C, but for the direction selectivity index
of spiking and gamma-band PPC of V2 spiking to V1 LFPs. (E) Same as C, but for the depth of modulation of spiking by the temporal
frequency of the grating stimuli and gamma-band PPC of V2 spiking. (C-E) BW: N = 5477. NW: N = 1585.
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Fig. S5: Superficial layers in V4 exhibit shorter attentional latencies in spiking compared to the input layer and V1. (A)
Average PETH across SUs in superficial layers of V4 (top), the input layer in V4 (middle), and in V1 (bottom), for the two attentional
conditions. Spiking activity is triggered around cue onset. Statistical comparisons were performed in the same manner as Fig. 2A (right).
(B) Mean spiking rate of SUs in superficial layers of V4, the input layer in V4, and in V1 for the attend-toward (abscissa) and attend-
away conditions (ordinate). Spiking rates were computed for the period between 0.15 and 0.25s after cue onset (top row) and the period
between 0.35 and 0.45s after cues onset (bottom row). Randomization test between compartments; ***P < 0.001. (A,B) NV 4sup. = 90,
NV 4gra. = 80, NV 1. = 181,
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Fig. S6: Feedforward gamma-band synchronization between LGN, V1, and V2 in the mouse, and the effect of behavioral
state on its strength. (A) PPC between LGN sLFPs and LGN single unit (SU) spiking (N = 2215/2119), LGN sLFPs and V1 single unit
(SU) spiking (N = 2700/2917), or V1 LFPs and V2 single unit (SU) spiking (N = 11962/13121), under the luminance gamma condition.
Left: Analyses based on periods of high arousal. Right: Analyses based on periods of low arousal. Green, black, and orange horizontal bars
in PPC spectra designate significantly different frequency bins between the spectra of LGN SUs and V1 SUs, between the spectra of LGN
SUs and V2 SUs, and between the spectra of V1 SUs and V2 SUs, respectively. (B) Same as A, but between V1 LFPs and LGN single unit
(SU) spiking (N = 2001/2109), V1 LFPs and V1 single unit (SU) spiking (N = 2169/2435), or V1 LFPs and V2 single unit (SU) spiking
(N = 7463/8387), under the grating gamma condition. Left: Analyses based on periods when the animal ran. Right: Analyses based on
periods when the animal was stationary. (A,B) Confidence intervals designate the SEM across cells (gray rectangles designate significantly
different frequency bins between populations, randomization test across cells, FDR correction for multiple comparisons with a threshold of
p¡0.05). (C) Mean LGN-gamma phase of spiking for LGN (green, left y-axis) or V1 (black, right y-axis) SUs, and mean V1-gamma phase
of spiking for V2 SUs (orange, right y-axis) (mean phase difference between populations = 1.51 radians, randomization test across relative
phases, p = 0), under the condition of luminance-gamma. (D) Mean V1-gamma phase of spiking for LGN (green), V1 (black) or V2 SUs
(orange) (mean phase difference between populations = 1.51 radians, randomization test across relative phases, p = 0), under the condition
of grating-gamma.
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Fig. S7: The strength of intra- and inter-areal gamma-band synchronization for different cell types depends on behavioral
state in the mouse. (A) Same as Fig. 1G but for cells in mouse V1 (left) and V2 (right), for an example session. (B) Same as Fig. 1G
but for LGN sLFPs and V1 SUs, under the condition of luminance gamma (BW: N = 1913/2113, NW: N = 698/718). (C) Same as Fig. 1G
but for V1 LFPs and V1 SUs, under the condition of luminance gamma (BW: N = 2625/2950, NW: N = 928/962). (D) Same as Fig. 1G
but for V1 LFPs and V2 SUs, under the condition of luminance gamma (BW: N = 8844/9931, NW: N = 2571/2595). (B-D) Left: Analyses
based on periods of high arousal. Right: Analyses based on periods of low arousal. (E) Same as Fig. 1G but for LGN sLFPs and V1 SUs,
under the condition of grating gamma (BW: N = 1186/1435, NW N = 476/500). (F) Same as Fig. 1G but for V1 LFPs and V1 SUs, under
the condition of grating gamma (BW: N = 1519/1747, NW: N = 582/615). (G) Same as Fig. 1G but for V1 LFPs and V2 SUs, under
the condition of grating gamma (BW: N = 5477/6091, NW N = 1585/1638). (E-G) Left: Analyses based on periods when the animal ran.
Right: Analyses based on periods when the animal was stationary.
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Fig. S8: Laminar patterns in the effect of behavioral state on intra- and inter-areal gamma-band synchronization in
the mouse. (A) Same as Fig. 3E but for LGN sLFPs and V1 SUs, under the condition of luminance gamma (BW: Nsup. = 50/110,
Ngra. = 325/375, Ninf. = 769/774, NW: Nsup. = 41/44, Ngra. = 197/196, Ninf. = 265/259). (B) Same as Fig. 3E but for V1 LFPs
and V1 SUs, under the condition of grating gamma (BW: Nsup. = 31/32, Ngra. = 154/156, Ninf. = 197/204, NW: Nsup. = 23/55,
Ngra. = 232/282, Ninf. = 556/626). (C) Same as Fig. 3E but for V2 LFPs and V1 SUs, under the condition of grating gamma (BW:
Nsup. = 23/41, Ngra. = 428/550, Ninf. = 2187/2449, NW: Nsup. = 11/15, Ngra. = 281/282, Ninf. = 544/571). (A-C) First and third
panels from the left: Analyses based on periods when the animal ran. Second and fourth panels from the left: Analyses based on periods
when the animal was stationary.
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Fig. S9: Inter-areal gamma band synchronization between V1 spiking and LGN sLFPs involve NW PV+ cells. (A) PPC
between V1 LFPs and V1 PV+ cell spiking under the luminance-gamma condition, for BW (N = 19) or NW cells (N = 10). (B) Mean PPC
spectrum between V1 LFPs and V1 PV+ cell spiking under the luminance-gamma condition, for BW (N = 9) or NW cells (N = 38). (A,B)
Statistical comparisons are done in the same way as in Fig. 1H.
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