
962  |  Nature  |  Vol 647  |  27 November 2025

Article

Flexible perceptual encoding by discrete 
gamma events

Quentin Perrenoud1, Antonio H. de O. Fonseca1, Austin Airhart1, James Bonanno1, Rong Mao1 & 
Jessica A. Cardin1 ✉

Cognitive processes underlying behaviour are linked to specific spatiotemporal 
patterns of neural activity in the neocortex1–6. These patterns arise from synchronous 
synaptic activity7 and are often analysed as oscillations, but may also display aperiodic 
dynamics that are not well detected. Here we develop a novel analytical method 
decomposing patterned activity into discrete network events and use this approach 
to track gamma activity (30–80 Hz) in the mouse visual cortex (V1). We find that the 
gamma event rate varies with arousal and individual events can cluster in brief 
oscillatory bouts but also occur in isolation. Individual events synchronize neural 
firing across layers and promote enhanced visual encoding. V1 gamma events are 
evoked by patterned input from the dorsal lateral geniculate nucleus (dLGN) and 
suppressed by optogenetic modulation of the dLGN, suggesting that they support 
thalamocortical integration of visual information. In behaving mice, the gamma event 
rate increases steadily before visually cued behavioural responses, predicting 
trial-by-trial performance. Suppressing V1 gamma events impairs visual detection 
performance, whereas evoking them elicits a behavioural response. This relationship 
between gamma events and behaviour is sensory modality specific and rapidly 
modulated by changes in task objectives. Gamma events thus support a flexible 
encoding of visual information according to behavioural context.

Neural activity in the neocortex exhibits complex spatial and temporal 
patterns that dynamically reflect changes in behavioural state and task 
engagement4,8–12. Moreover, disrupted activity patterns are a hallmark 
of many neurodevelopmental and psychiatric disorders13,14. Activity 
patterns in the cortical local field potential (LFP) arise largely from 
synaptic currents in local neuronal circuits7. High-frequency activity, 
particularly in the gamma band (30–80 Hz), is linked to cognitive pro-
cesses including attention, perception and memory15,16. This activity is 
generally thought to correspond to oscillations4,8,9,17,18 that arise from 
local interactions between excitatory and inhibitory neurons8,9,19–23 
and gate incoming signals8,24,25, facilitating transmission to output 
structures24,26. However, this framework does not account for some 
key observations of cortical activity25,27–31 and the mechanisms by which 
local oscillators may support communication between areas remain 
unclear32–34.

Patterned cortical activity may instead represent repeated individual 
network events that are difficult to precisely and reliably detect using 
standard methods. In addition, bouts of patterned activity can also 
reflect dynamic interactions between cortical layers35, but their spa-
tial structure is rarely quantified. Establishing comprehensive links 
between patterns of cortical activity and behaviour thus requires novel 
approaches to detect and quantify discrete network events with a con-
sistent spatiotemporal profile during dynamically regulated cortical 
activity.

To examine whether patterned cortical activity represents a series 
of discrete network events, we recorded LFPs across cortical layers 

in V1 of freely running head-fixed mice (Fig. 1a,b) and developed an 
analytical method for clustering band-limited activity by state and 
spectrotemporal feature (CBASS; Methods, Extended Data Fig. 1 and 
Supplementary Information). CBASS combines ideas from previous 
work and seeks to identify recurring patterns of activity having consist-
ent dynamics across channels36,37 while specifically examining single 
cycles within specific frequency bands31,38. Crucially, CBASS considers 
single events and can thus detect neural processes that exhibit varying 
periodicity29 ranging from distributed individual events to transient or 
sustained oscillations28,39,40. Candidate events having energy within a 
specific frequency band in a reference channel are isolated, and events 
whose laminar and temporal profile is consistent across channels and 
enriched during specific target states are retained (Methods, Fig. 1d 
and Extended Data Fig. 1).

V1 in the mouse exhibits a selective increase in gamma (30–80 Hz) 
power during locomotion4,11,17 (Fig. 1b,c), providing a well-defined con-
text in which to examine discrete, repeated cortical network events 
in behaving animals. CBASS detected gamma events at a sustained 
rate in V1 of awake mice (average rate of 24.3 Hz; n = 19 mice). Event 
detection was highly unlikely in randomized data with spectrum and 
channel covariance matching that of our recordings (Extended Data 
Fig. 1i–k) but was robust to a change in reference channel (Extended 
Data Fig. 1n,o). Gamma events could be detected by a simpler method 
based on an amplitude threshold (Extended Data Fig. 1p,q), suggesting 
that these events are integral to awake cortical activity. However, CBASS 
provided more sensitive detection by enforcing consistent dynamics 
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across cortical layers. Together, these results indicate that the CBASS 
approach provides stable detection of single-cycle network events. 
All statistical tests and samples are listed in detail in Supplementary 
Tables 1 and 2, respectively.

The occurrence of gamma events was highly variable across time 
(Fig. 1d). Nevertheless, the average LFP and current source density 
(CSD) profile of gamma events remained stable across behavioural 
state, visual stimulation and variation of instantaneous rate (Fig. 1e,h–j 
and Extended Data Fig. 2v–ab). The average field around gamma events 
held energy in the gamma range (Extended Data Fig. 2v) and LFP power 
in the gamma range increased during periods of high event incidence 

(Extended Data Fig. 2g). Event rate increased during locomotion 
(Fig. 1f,g and Extended Data Fig. 2k,l) and was correlated with pupil 
diameter, a biomarker of arousal (Extended Data Fig. 2m). Gamma 
events occurred both in oscillatory clusters and as isolated individual 
events (Fig. 1d,h). Gamma events that occurred in isolation, in distrib-
uted groups, or in tight bursts all had similar efficacy in entraining 
the spikes of V1 neurons (Fig. 1i) and consistent CSD profiles (Fig. 1j). 
However, the effect of gamma events on the LFP frequency spectrum 
was dependent on their instantaneous rate (Extended Data Fig. 2z–ab).  
Isolated events elicited energy across a broad range (30–80 Hz) and 
grouped events elicited a narrower band (approximately 55 Hz)17, 
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Fig. 1 | CBASS links state-dependent changes in gamma (30–80 Hz) activity 
to defined network events. a, Schematic of laminar V1 recordings in head- 
fixed mice on a running wheel. b, Example data showing one LFP channel and  
its short-time Fourier transform during a transition from quiescence to 
locomotion (purple). a.u., arbitrary units. c, Average LFP power across channels 
(n = 19 mice), showing a selective power increase in the gamma range (30–80 Hz) 
during locomotion. d, CBASS applied to data from V1 during locomotion. The 
multichannel LFP (black) is filtered in the gamma (30–80 Hz) range. Candidate 
events are selected at the troughs of the filtered signal in a reference channel, 
and events (orange bars) whose phase and amplitude profile across channels 
predicts locomotion are retained. e, Average LFP around gamma events (left) 
and the associated CSD profile (right). Events are associated with a propagation 
of activity from layer 4 to superficial layers, followed by deep layers. Orange 
dashed line denotes gamma event. f, Rate of CBASS-detected gamma events 
around locomotion onset (L-on; n = 19 mice). g, Event rate increases during 

locomotion (L; n = 19 mice). Q, quiescence. h, Average distribution of inter-event 
intervals for gamma events. Events are divided into three groups: (1) burst, events 
whose closest neighbour is within 27.3 ms (1.5 average cycle); (2) distributed, 
events whose closest neighbour is further than 27.3 ms but within 90.9 ms  
(5 average cycles); and (3) isolated, events whose closest neighbour is further 
than 90.9 ms (n = 19 mice). The expanded view of the ‘isolated’ potion of the 
plot is also shown (inset). Black dashed lines denote divisions between groups. 
i, Population average distribution of firing around burst, distributed and 
isolated gamma events for extracellularly recorded regular-spiking (RS; black; 
n = 457 units) and fast-spiking (FS; red; n = 260 units) units across layers. Orange 
dashed line denotes gamma event. j, Average CSD profile of burst, distributed 
and isolated gamma events (n = 19 mice). Orange dashed line denotes gamma 
event. The error bars denote the s.e.m; and the shaded areas indicate mean ±  
s.e.m. For statistical significance, *P ≤ 0.05 and ***P ≤ 0.001. See Supplementary 
Table 1 for detailed statistics and Supplementary Table 2 for statistical samples.
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suggesting that epochs of narrow-band and broad-band gamma 
LFP power17,29,41 represent different outcomes of the same network  
mechanism.

In addition to gamma associated with locomotion, mouse V1 exhibits 
other prominent modes of patterned activity, including robust visu-
ally modulated beta or low gamma oscillations (15–30 Hz; hereafter 
referred to as beta)6,42,43. CBASS-detected beta events were modulated 
by visual stimuli (Extended Data Fig. 2c,d,f,n–q) and had distinct lami-
nar profiles from gamma events, with a stronger activation of deep 
layers (Extended Data Fig. 2r,s). The beta event rate was not strongly 
modulated by locomotion or pupil diameter (Extended Data Fig. 2k–m). 
Beta and gamma events were interleaved on a fast timescale, indicat-
ing rapid switching of network processes (Extended Data Fig. 2a,b). 
However, co-labelling between gamma and beta events was stronger 
than expected by chance (Extended Data Fig. 2j) and co-labelled events 
had an intermediate profile (Extended Data Fig. 2s–u). Consistent with 
recently proposed models6,42–44, gamma and beta events may thus 

engage distinct but interacting excitatory–inhibitory local circuit  
mechanisms.

Previous work has suggested that cortical gamma activity may be 
either locally generated by excitatory–inhibitory interactions8,9,19,20 
or passively inherited from afferent structures, such as the thala-
mus17,45. By contrast, we found that individual gamma events in V1 
were associated with robust propagation of activity from layer 4 to 
layers 2–3 and 5 (Fig. 1e,j and Extended Data Fig. 2v–ab), matching 
the well-characterized profile of an active feedforwards integration 
of thalamic drive by cortical circuits46,47. To further examine whether 
cortical gamma events are generated by thalamocortical input, we 
expressed channelrhodopsin-2 (ChR2)8,48 in the dorsal part of the LGN 
(Methods, Fig. 2a and Extended Data Fig. 3a,b). dLGN terminals were 
activated in V1 by patterned trains of 1-ms light pulses. The CSD profile 
of cortical responses evoked by dLGN terminal stimulation had a strong 
and significant cosine similarity with that of gamma events (Extended 
Data Fig. 3s,t) and remained consistent across patterns (Extended Data 
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Fig. 2 | Cortical gamma events are driven by thalamic input. a, Schematic  
of laminar V1 recordings in mice on a running wheel coupled to optogenetic 
activation of dLGN terminals. Mice were injected 5–8 weeks before with AAV5- 
hSyn-hChR2-eYFP in the dLGN. b, Average LFP and associated CSD profile in 
response to low-intensity dLGN terminal activation in V1 (1 ms at 474 nm at 
1–5 mW mm−2) in an example mouse. Blue dotted line denotes light pulse. c, As 
in b across mice (n = 9 mice). dLGN terminal activation elicits responses consistent 
with the laminar profile and time course of gamma events. d, Average LFP power 
across channels outside (dark blue) and during (light blue) dLGN activation 
(1 ms at 1–5 mW mm−2), showing that regular pulse trains (left; 20 Hz; n = 4 mice) 
induce comb-shaped frequency spectra, whereas playing back trains with a 
natural temporal distribution of gamma events (right; n = 9 mice) elicit broad- 
band (30–80 Hz) and narrow-band (approximately 55 Hz) V1 gamma activity.  
e, Average power in the gamma range (30–80 Hz) outside (dark blue) and within 
(light blue) CBASS-distributed dLGN stimulation trains (n = 9 mice). f, Schematic 

of laminar cortical recordings in V1 in mice on a running wheel coupled to 
modulation of the dLGN through optogenetic activation of inhibitory terminals 
from SST+ TRN neurons (474 nm, continuous, at 50 mW mm−2). SST–Cre+ mice 
were injected 5–8 weeks before with AAV5-DIO-hChr2-eYFP in the TRN and a 
fibre was implanted above the dLGN. g, Average LFP power across channels 
outside (grey) and during (green) light delivery (n = 9 mice). h, Example LFP 
recording showing a decrease in the incidence of gamma events in V1 (orange 
bars) during light delivery in the dLGN (green) at quiescence. Opto, optogenetics. 
i, Rate of CBASS-detected gamma events in the V1 around light delivery in the 
dLGN (n = 9 mice). Black dotted line denotes onset of light pulse. j, Average V1 
power in the gamma range (30–80 Hz) during light delivery in the dLGN (n = 9 
mice). The error bars denote s.e.m.; the shaded areas indicate mean ± s.e.m.; 
and horizontal black bars shows statistical significance: *P ≤ 0.05 and ***P ≤ 0.001. 
See Supplementary Table 1 for detailed statistics and Supplementary Table 2 
for statistical samples.
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Fig. 3u–w). Regular trains of dLGN stimulation produced unrealistic, 
comb-shaped frequency spectra, and Poisson-distributed trains pro-
duced a distributed power increase over frequencies29 (Fig. 2d and 
Extended Data Fig. 3p,q). By contrast, pulse trains that replayed the nat-
ural temporal distribution of gamma events recorded in V1 (Fig. 1d,h and 
Extended Data Fig. 2i) selectively evoked increases in the broad-band 
(30–80 Hz) and narrow-band (approximately 55 Hz) components of cor-
tical gamma activity regardless of the behavioural state (Fig. 2d,e and 
Extended Data Fig. 3o–r,x–ac). The frequency signature of V1 gamma 
activity can thus be largely explained by the temporal distribution of 
gamma events and can be replicated using a straightforwards model29 
(Extended Data Fig. 3g–n). We next expressed ChR2 in inhibitory neu-
rons expressing somatostatin (SST) in the thalamic reticular nucleus 

(TRN) and implanted an optic fibre above the dLGN (see Methods; Fig. 2f 
and Extended Data Fig. 3c–f). Modulating dLGN activity by activation 
of SST+ TRN terminals49,50 sharply reduced V1 gamma event occurrence 
(Fig. 2h–j) and moderately decreased overall gamma power (Fig. 2g) 
across quiescence and locomotion (Extended Data Fig. 3ad–aj). V1 
gamma activity is thus neither generated solely by local circuits nor 
inherited as oscillations from the dLGN but rather arises through an 
active integration of dLGN input across cortical layers51,52.

To examine the effect that network gamma events have on individual 
neurons, we performed whole-cell patch-clamp recordings in cortical 
layers 2–5 across locomotion and quiescence in awake mice while simul-
taneously monitoring the LFP across layers (Fig. 3a,b and Extended Data 
Fig. 4). Gamma event incidence was linked to depolarized ‘up-states’ 
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(n = 25 neurons). e, Overall gamma coherence (30–80 Hz) during (orange) and 
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4 and 6 neurons in layer 5). f, Population average distribution of firing around 
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phase consistency (PPC) in the 30–80-Hz range, during (orange) and outside 
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for detailed statistics and Supplementary Table 2 for statistical samples.
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in cortical neurons (Extended Data Fig. 4t) and coincided with rapid 
deflections of the membrane potential (Vm)21,41 (Fig. 3b,c and Extended 
Data Fig. 4c,d,i,j,o,p). Events coincided with increased Vm power across 
frequencies (Extended Data Fig. 4e,k,q) and a selective increase in  
Vm–LFP coherence in the gamma band in all layers (Fig. 3d,e and 
Extended Data Fig. 4f,l,r). Gamma events were precisely timed relative to 
spiking in all layers and were associated with a marked increase in spike–
LFP synchrony in both intracellular (Extended Data Fig. 4g,m,s,u,v) and 
extracellular (Fig. 3f,g and Extended Data Fig. 5e–n) recordings. Gamma 
event-associated spikes occurred earliest in layer 4 and latest in layer 
2–3, consistent with feedforward thalamocortical processing (Fig. 3f). 
Synchrony was strongest in layer 2–3 (Fig. 3g and Extended Data Figs. 4v 

and 5k–n) and markedly enhanced in fast-spiking, putative inhibitory 
units relative to regular-spiking, putative excitatory units (Extended 
Data Fig. 5l,o), in good agreement with previous reports8,9,53. The strong 
entrainment of both regular-spiking and fast-spiking cells by gamma 
events further suggests that these network events are driven by the 
dLGN but engage intrinsically resonant local cortical circuits8,9 that 
may selectively sharpen and propagate signals in the gamma range46,47.

Although the general association between gamma and cognition 
is well established, the precise role of gamma events in cortical sen-
sory processing remains unclear. Spike–LFP synchrony within gamma 
event cycles increased greatly during visual stimulation (Extended 
Data Fig. 5f,l,o). Event occurrence and regular-spiking unit spiking 
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rejection trials; pre-stim, 300 ms before stimulus onset; post-lick, 300 ms after 
response or average response time for rejection trials. j, Sensitivity (d′) of the 
regression increases before response time and is highest right after the 
response (n = 16 mice). k, Model coefficients for gamma (orange) and beta 
(blue) events (n = 16 mice). l, Deviance increase upon parameter removal for 
gamma and beta events (n = 16 mice). The error bars denote s.e.m; and the 
shaded areas indicate mean ± s.e.m. For statistical significance, *P ≤ 0.05 and 
**P ≤ 0.01. See Supplementary Table 1 for detailed statistics and Supplementary 
Table 2 for statistical samples.
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were uncorrelated during spontaneous activity but became corre-
lated during presentation of high-contrast drifting gratings (Extended 
Data Fig. 6a–f), suggesting that visually evoked spikes occur preferen-
tially during gamma events. We therefore examined visual responses 
during and outside of gamma events (Fig. 3h,i). We found that visual 
stimulation evoked almost no modulation of regular-spiking unit fir-
ing outside of gamma event cycles (Fig. 3j and Extended Data Fig. 6i). 
However, evoked firing was strongly enhanced during gamma event 
cycles, regardless of the behavioural state (Fig. 3j and Extended Data 
Fig. 6i,k,m). Some visually evoked activity also occurred during beta 
events, although less selectively (Extended Data Fig. 6g,h). Gamma 
events thus aggregate visually evoked spiking in cortical neurons.

To examine whether the enhancement of visual encoding by gamma 
events contributes to sensory guided behaviour, we trained mice in a 
visual contrast detection task (Methods and Fig. 4a) that shows behav-
ioural state-dependent performance (Extended Data Fig. 7a–g) and 
relies on V1 (Extended Data Fig. 7h–l). Modulation of dLGN activity with 

the stimulation protocol that reduced cortical gamma events (Fig. 2f–j) 
caused a marked decrease in visual detection performance (Fig. 4b–e). 
Conversely, patterned activation of dLGN terminals in trained animals 
evoked behavioural responses, measured as an increase in false alarm 
trials (Extended Data Fig. 7m–r). This effect was sensitive to stimulation 
intensity and most robust in response to replay of the natural pattern 
of events detected by CBASS (Extended Data Fig. 7q–r). Together, these 
data suggest that V1 gamma events support visual integration and are 
linked to downstream initiation of behavioural responses.

To further understand the link between gamma events and visual 
detection behaviour, we recorded V1 activity during task performance 
with chronically implanted laminar electrode arrays (Fig. 4f). During 
hit, but not miss, trials, the gamma event rate exhibited a consistent 
upwards trajectory starting after stimulus onset and peaking around 
lick response onset (Fig. 4g,h and Extended Data Fig. 8b,g), whereas 
the beta event rate was unaffected by trial outcome (Extended Data 
Fig. 8d–f,h). The laminar profile and entrainment of cortical neurons by 
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Fig. 5 | Rapid modulation of gamma events with changes in task context.  
a, Schematics of trial types for the spontaneous (S) reward paradigm and T1. 
Mice were first trained to obtain the reward freely for 15 days (SPre), then switched 
to T1, where rewards could only be collected during visual stimuli, for 10 days. 
Finally, mice were switched back to free rewards (SPost) for 15 days. Laminar V1 
recordings were obtained throughout with chronically implanted electrodes. 
b, From top to bottom: normalized gamma event rate within 300 ms after 
unrewarded (brown) and rewarded (orange) licks, the proportion of rewarded 
trials (green), the number of licks (blue), the proportion of time spent running 
(black) and the pupil diameter (black) for each training day (n = 5 mice). c, Gamma 
event rate on each unrewarded (brown) and rewarded (orange) trial on day 15  
of SPre and day 1 of T1 in an example mouse. d, Normalized gamma event rate 

within 300 ms after unrewarded (left) and rewarded (right) responses during 
SPre, T1 and SPost paradigms (n = 5 mice). e, Total number of licks (left), fraction  
of time spent running (centre) and average normalized pupil diameter (right) 
over SPre, T1 and SPost paradigms (n = 5 mice). f, Normalized gamma event rate 
around unrewarded licks (blue) during SPre, T1 and SPost paradigms (n = 5 mice). 
g, Normalized gamma event rate around rewarded licks (blue) or stimulus onset 
(black) during SPre, T1 and SPost paradigms (n = 5 mice). Visually cued responses 
elicit a stronger increase in the gamma event rate than in the visual stimulation 
alone. The error bars denote s.e.m; and the shaded areas indicate mean ± s.e.m. 
For significance, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. See Supplementary Table 1 
for detailed statistics and Supplementary Table 2 for statistical samples.
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gamma events remained consistent throughout trials (Extended Data 
Fig. 9b–m). We performed a logistic regression to predict behavioural 
responses using gamma and beta event rates in specific time windows 
around the stimulus and response onsets (Fig. 4i). Prediction accuracy 
increased as the animal approached the lick response time. Deviance 
increase, parameter shuffling and coefficient values indicated that the 
gamma rate was critical for predicting trial-by-trial behaviour (Fig 4j–l 
and Extended Data Fig. 9n–w). These results were maintained when 
the analysis was restricted to periods of quiescence, indicating that 
they were not due to locomotion-associated gamma events (Extended 
Data Fig. 9x–ab). Whisking did not modulate the gamma event rate, 
further indicating that the relationship between gamma events and 
behaviour is not simply the result of motor movements (Extended 
Data Fig. 8j–m). Gamma rate increases and model predictions were also 
significant during false alarm trials (Extended Data Figs. 8c,g and 9s–w). 
Increased gamma event rates therefore anticipate task-relevant behav-
ioural responses.

To test whether the increased gamma rate before behavioural 
responses was associated with anticipation of obtaining a reward, we 
trained naive mice to collect free rewards while viewing a grey screen 
(Fig. 5a). We observed no significant increase in gamma rate in antici-
pation of lick responses regardless of reward outcome (Fig. 5b,d–g), 
suggesting that gamma does not encode generic motor responses 
or reward signals. To examine whether gamma events might instead 
represent a learned association between visual stimulus conditions and 
reward, we moved the mice to a new paradigm where reward was given 
exclusively when the lick response occurred during visual stimulation 
(Fig. 5a). In this paradigm, the gamma event rate selectively increased 
leading up to behavioural responses (Fig. 5b,d–g and Extended Data 
Fig. 10c,d). This modulation was rapid, appearing on the first day of 
the visual paradigm, and independent of locomotion or arousal state 
(Fig. 5c,e and Extended Data Fig. 10b–f). Mice were then switched back 
to the free reward paradigm, leading to immediate loss of the associa-
tion between gamma and behaviour (Fig. 5b,d–g).

The rapid modulation of gamma event rates with changes in visual 
contingencies is inconsistent with reinforcement learning, in which 
association builds up and disappears progressively over time54,55. 
Because gamma events are linked to visual integration, this rapid modu-
lation could instead indicate that global context drives changes that 
enhance processing in V1 specifically during visually guided behaviour. 
Consistent with the latter, we found that rewards given automatically 
in association with visual stimuli elicited a more modest increase in the 
gamma rate than rewards given for active responses (Extended Data 
Fig. 10a,g,h). Furthermore, we observed no increased gamma rate in V1 
leading up to correct responses when mice were trained on an auditory 
task (Extended Data Fig. 10a,i,j), suggesting that nonspecific global 
arousal or task engagement is not responsible for the rapid modula-
tion of gamma rates. Increased gamma at behavioural response is thus 
sensory modality specific and sensitive to task context, occurring in V1 
selectively when visual information is used to guide behavioural output.

Together, our results highlight an alternative to the predominant 
approach of processing cortical patterns within an analytical frame-
work selectively adapted to oscillations. Taking advantage of multi-
channel recordings, we found that treating patterns as series of discrete 
events with characteristic laminar architecture powerfully captures 
the fine timescale dynamics of gamma activity in mouse V1. Although 
gamma events often cluster in tight oscillatory bouts, they also occur 
at more irregular intervals and this complex time distribution explains 
their distinctive power spectrum signature. Both isolated and clustered 
gamma events regulate the spiking of individual neurons, aggregating 
spikes into short time windows that organize information about visual 
stimuli. In V1, the gamma event rate is selectively modulated when the 
animal uses that visual information to perform a task, providing a flex-
ible framework for encoding sensory information according to arousal 
and behavioural context. Examining neural activity around discrete 

events can thus provide unique insight into the precise flow of signal 
propagation through cortical circuits and the functional impact of 
these network events. Our findings highlight the potential for further 
development of methods for event-based detection of recurring motifs 
of cortical activity. Indeed, although CBASS tracks events associated 
with power increases during a specific state, this approach is currently 
limited to detecting events when activity motifs are dynamically regu-
lated over time.

Our findings indicate that gamma events in V1 arise from active 
integration of patterned feedforward thalamocortical input46,47,51. Pat-
terned cortical activity, such as gamma, has generally been thought 
to arise from local excitatory–inhibitory interactions8,9,21,50,54,55. How-
ever, cortical processing involves complex local and long-range cir-
cuits56 that include subcortical structures such as the thalamus and 
both primary and higher-order cortical areas10, and it is unclear how 
locally generated oscillations may synchronize across different pro-
cessing stages29,57,58. Our results suggest an alternative process, in 
which entrainment occurs via brief events of cascading synchrony 
characterized by a specific alignment of the phase and amplitude of  
activity31.

Overall, these results provide a unifying framework for previously 
discordant findings in primates5,32,33,56,57 and rodents25,58–60 and point to 
new avenues of investigation of functional dynamics across cortical 
areas61,62. Indeed, the mechanisms underlying the complex regulation 
of gamma event incidence and impact are not yet fully understood. We 
identified a thalamocortical origin of gamma events, but other pro-
cesses in mouse V1 may also contribute energy in the gamma range63,64. 
In addition, the precise role of these network events in shaping down-
stream visual integration and behavioural responses across contexts 
remains to be further examined.
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Methods

Animals
Male and female C57BL/6 mice were kept on a 12-h light–dark cycle, 
provided with food and water ad libitum, and housed individually 
following headpost implants. A subset of mice used for optogenetic 
experiments were heterozygous for PV-ires-Cre (PV–Cre+; strain 
008069, Jackson Laboratory) or for SST-ires-Cre (SST–Cre+; strain 
013044, Jackson Laboratory). Mouse cohorts are detailed in Sup-
plementary Table 2. All animals were between 3 and 6 months of age 
at the time of the experiment. All animal handling and experiments 
were performed according to the ethical guidelines of the Institu-
tional Animal Care and Use Committee of the Yale University School of  
Medicine.

Surgery
Mice were anaesthetized with isoflurane (1.5% in oxygen) and main-
tained at 37 °C for the duration of the surgery. Analgesia was provided 
with subcutaneous injections of carpofen (5 mg kg−1) or buprenor-
phine (0.05 mg kg−1). Lidocaine (1% in 0.9% NaCl) was injected 
under the scalp to provide topical analgesia. Eyes were protected 
from desiccation with ointment (Puralube, Dechra). The scalp was 
resected, and the skull was cleaned with betadine. A surgical screw 
was implanted on the skull between the eyes and nuts were glued to 
the skull above the bregma suture, allowing the fixation of a headplate  
with bolts.

For chronic electrophysiology, two craniotomies were performed 
above V1 on the left hemisphere (approximately 0.15 mm in diameter; 
3.75 mm posterior and 2.5 mm lateral from Bregma) and above the 
cerebellum (0.4 mm diameter; approximately 6 mm posterior from 
Bregma), respectively. An A16 probe with a CM16 connector (Neu-
ronexus) was lowered into V1. Ground and reference wires were inserted 
above the cerebellum.

For acute electrophysiology, a circular plastic ring (approximately 
2.5 mm in diameter) was glued on the skull above V1. The skull inside 
the ring was protected with cyanoacrylate.

For optogenetic inactivation of V1 coupled to behaviour, ChR2 was 
expressed in PV-expressing interneurons as previously described65–68. 
Craniotomies were performed in PV–Cre+ mice above V1 (3.75 mm pos-
terior and 2.5 mm lateral from Bregma) on each hemisphere and 1 µl 
of AAV5-Ef1a-DIO-ChR2-eYFP (Addgene) was injected 300 µm deep at 
a concentration of approximately 1012 vg ml−1. Optical canulae (Doric 
Lenses) were positioned above the dura.

For optogenetic activation of dLGN terminals, ChR2 was expressed in 
dLGN neurons. 150 nl of AAV1-hSyn-hChR2(H134R)-EYP (Addgene) was 
injected at approximately 1012 vg ml−1 on the left hemisphere 2.3 mm 
posterior and 2.2 mm lateral from Bregma at a depth of 2.7 mm. Mice 
were then prepared for acute electrophysiology as described above. 
Alternatively, an optical canula was positioned above the V1 to stimulate 
dLGN terminals during behaviour.

For optogenetic modulation of dLGN, ChR2 AAV5-Ef1a-DIO-ChR2-eYFP 
was injected at approximately 1012 vg ml−1 in the left TRN of SST–Cre+ 
mice 1.3 posterior and 2.05 mm lateral from Bregma as previously 
described50. Two 400-nl injections were performed at 3-mm and 
2.65-mm depth. An optical canula was then lowered above the dLGN 
(2.3 mm posterior and 2.2 mm lateral from Bregma at 2.6 mm deep) 
and the mouse was prepared for acute electrophysiology as described 
above.

Craniotomies were protected with Gelfoam (Pfizer), and all implants 
were affixed to the skull with dental cement.

Electrophysiology
Mice were habituated to handling and head fixation for 3–5 days 
before electrophysiological recordings. For chronic recordings, 
mice were head fixed on a wheel and their implants were connected 

to the recording apparatus (DigitalLynx System, Neuralynx). The most  
superficial contact point was used as a reference.

For acute silicon probe and patch-clamp recordings, a small cra-
niotomy (0.1–0.5 mm in diameter) was performed above V1 under 
isoflurane anaesthesia. Analgesic was provided as described above 
and mice were moved back for more than 2 h in their home cage to 
recover from anaesthesia. Mice were head fixed on the wheel. The 
ring situated above V1 was filled with saline, an AgCl reference elec-
trode placed in the bath and an A16 probe (Neuronexus) was lowered  
into V1.

For optogenetic activation of dLGN terminals, an optic fibre, con-
nected to a 470-nm blue photodiode (Thorlabs) was lowered above 
the dura on the side of the A16 probe. For dLGN inactivation, the 
fibre was connected directly to a canula implanted above the dLGN 
allowing the local optogenetic activation of the terminals of TRN 
neurons expressing SST. Light power was calibrated before each  
recording.

For patch-clamp recording, a second craniotomy (approximately 
0.1 mm in diameter) was made for patch pipettes of less than 0.1 mm 
from that used for the A16 probe. The ring above the V1 was filled with 
artificial cerebrospinal fluid (135 mM NaCl, 5 mM KCl, 5 mM HEPES, 
1 mM MgCl2 and 1.8 mM CaCl2 (adjusted to pH 7.3 with NaOH)). Glass 
pipettes (4–6 MΩ) were pulled from borosilicate capillaries (outer 
diameter of 1.5 mm; inner diameter of 0.86; Sutter Instrument) and 
filled with an internal solution (135 mM potassium gluconate, 4 mM 
KCl, 10 mM HEPES, 10 mM phosphocreatine, 4 mM MgATP and 
0.3 mM Na3GTP (adjusted to pH 7.3 with KOH; osmolarity adjusted to 
300 mOsmol)). Pipettes were lowered into the V1 and whole-cell or 
cell-attached patch-clamp configurations were obtained at a depth 
ranging from 164 to 742 µm. After achieving intracellular access, a 
minimum delay of 5 min was included before recording to allow 
cortical activity to recover normal dynamics. Intracellular record-
ings were amplified with a Multiclamp 700 B amplifier (Molecular  
Devices).

In all experiments, pupil11 and facial motion69 were recorded at 10 Hz 
using an infrared camera (FLIR). LFPs, wheel motion and timing sig-
nals for face movies, visual stimulus and behaviour were acquired at 
a 40-KHz sampling rate.

Visual stimulation and behavioural hardware
Visual stimuli were generated using the Psychtoolbox MATLAB exten-
sion70 and displayed on a 17″ × 9.5″ monitor situated 20 cm in front of 
the animal (visual detection task) or 15 cm from the right eye (all other 
behavioural tasks; passive visual stimulation). The screen display was 
linearized, and maximum luminance was adjusted to approximately 
140 cd.sr m−2. An iso-luminant grey background was displayed between 
visual stimuli. Task-related actions were implemented through sensors 
and actuators interfaced with a microcontroller (Arduino Due; Teensy 
3.2) connected to a computer running custom routines in MATLAB. 
Waterspouts were positioned using a servomotor (Hi-tec). Responses 
were detected through an optical sensor (Optex-FA), and water deliv-
ery was controlled using solenoid valves (Asco). When behaviour was 
performed during electrophysiological recordings, timing signals for 
spout movement, response and reward delivery were sent from the 
microcontroller to analogue ports on the DigitalLynx System (Cheetah 
Software versions 5.6.0, 5.7.4 and 6.4.2).

Optogenetic stimulation protocol
Optogenetic stimulation was delivered in 2-s trains separated by 3-s 
inter-stimulus intervals. For dLGN terminal activation, light output 
was calibrated at approximately 1–5 mW mm−2 and 1-ms pulse trains 
were either regular (20 Hz), Poisson (λ = 24.3 Hz) or drawn from the 
inter-event interval distribution of gamma events detected by CBASS 
(Extended Data Fig. 2i; mean of 24.3 Hz). For dLGN inactivation, light 
was delivered at approximately 50 mW mm−2 continuously.



Visual stimulation protocol
The visual response of single units was tested using vertical gratings 
drifting leftwards with a 1-Hz temporal frequency and centred on the 
receptive field at the recording site. Gratings were presented for 3 s 
and separated by a 2-s inter-stimulus interval. Unit response properties 
were investigated at all combinations of 4, 8, 32 and 100% contrasts, 
0.01, 0.04, 0.16 and 0.64 cycle per degree spatial frequencies, and 10°, 
20°, 40° and 80° diameters (64 combinations total).

Behavioural experiments
For behavioural training, mice were water rationed and maintained 
between 85% and 88% of their initial weight. Reward consisted of 
3 µl water droplets. All visual stimuli were full-screen drifting grat-
ings with a spatial frequency of 0.04 cycle per degree and temporal 
frequency of 2 Hz and were displayed for 1 s. Auditory stimuli con-
sisted of 2-kHz pure tones. On trials in which mice responded by lick-
ing, the stimulus was displayed for an additional 2 s during reward  
consumption.

Visual detection task
Training was divided into five stages. (1) Mice were first trained to 
collect water freely from the waterspout. Reward was given at reg-
ular intervals. Mice were moved to the next stage when they made 
100 responses in a 20-min session. (2) Mice were habituated to the 
trial structure and to associate reward to high-contrast (100%) vis-
ual stimuli. The waterspout was moved within reach, and after a 4-s 
delay, a pure tone (4 kHz at 200 ms) signalled the onset of a trial. 
Visual stimuli were displayed after a randomized interval (0.5–1.2 s) 
and a reward was delivered at stimulus onset. Mice could collect an 
additional reward if they licked during the visual stimulus. The spout 
was moved out of reach at the end of trial for an additional interval 
(1.5–3.5 s). Mice were moved to the next stage after two 30-min ses-
sions. (3) Mice had to lick during visual stimulus presentation (100% 
contrast) to receive a reward. Mice were moved to the next stage when 
they responded correctly on more than 80% of trials within a 30-min 
session. (4) No-go trials were introduced. Stimuli were omitted after 
the tone on 30% of trials. If animals made a response when stimuli 
were not present on the screen, the waterspout was moved away, and 
mice incurred a 10-s timeout. Mice were moved to the next stage when 
their hit rate was more than 80% and their false alarm rate was less 
than 20%. Sessions lasted 45 min. (5) Contrast was varied to test psy-
chophysical performance. Task structure was otherwise identical to  
stage 4.

Visual detection and optogenetics
Mice were trained on the visual detection task until stage 5. After 2–5 
days on stage 5, optogenetic stimulation was delivered on 30% of tri-
als through an insulated multimode optical fibre (200 µm in diam-
eter, 0.53 NS, Thorlabs) coupled to a 473-nm solid-state laser (Opto 
Engine) or through a 470-nm photodiode (Thorlabs). Pulse timing 
was controlled through transistor-transistor logic (TTL) pulses or a 
shutter (Thorlabs). Stimulation started 300 ms before stimulus onset 
and was maintained until the end of the trial. To test the role of V1 in 
task performance on PV–Cre+/0 mice, laser power was adjusted to pro-
duce an output of approximately 100 mW mm−2 and 55-ms pulses were 
delivered at 10 Hz. To test the role of dLGN activation, 1-ms pulses were 
delivered at an intensity of 3 mW mm−2 or 5 mW mm−2 that were either 
regular (20 Hz), Poisson (λ = 24.3 Hz) or drawn from the inter-event 
interval distribution of gamma events detected by CBASS (Extended 
Data Fig. 2i; mean of 24.3 Hz). To test the role of dLGN inactivation on 
SST–Cre+/0 mice, light was delivered continuously at an intensity of 
50 mW mm−2.

To investigate how the gamma event rate at response time depended 
on reward contingencies, we used training schedules consisting of 

combinations of the following paradigms: spontaneous, task 1 visual, 
task 2 auditory and forced reward.

Spontaneous paradigm. No stimuli were displayed. Mice were given 
rewards at Poisson-distributed time intervals (λ = 10 s) to ensure a flat 
hazard rate. Lick responses made at any time led to additional rewards 
with an 80% probability.

Task 1 visual paradigm. Rewards were given only when lick responses 
were made during visual stimuli. Stimuli appeared on the screen at 
Poisson-distributed time intervals (λ = 9 s).

Task 2 auditory paradigm. Rewards were given only when lick res
ponses were made during auditory stimuli (2-kHz pure tone). The task 
structure was otherwise identical to task 1.

Forced reward paradigm. Rewards were passively given at the onset of 
visual stimuli. An additional reward was given upon reward collection. 
The task structure was otherwise identical to task 1.

Training schedules were always initiated with the spontaneous para-
digm in mice having no previous experience in behavioural experiments 
other than habituation to head fixation and handling.

Preprocessing
Data were analysed in MATLAB 2018b (Mathworks) using custom 
scripts. All time series were downsampled to 2 KHz (patch-clamp 
recording) or 1 KHz (chronic recordings) and aligned. LFP record-
ings were high-pass filtered at 1 Hz using a second-order Bessel filter 
and z-scored across channels. LFP channels were mapped onto corti-
cal layers using the CSD profile of visual responses (Extended Data 
Fig. 1l). Recordings of membrane potential (Vm) were curated using a 
custom-made procedure to delineate epochs suitable for processing. 
Epochs were retained if (1) the spike threshold was within −40 ± 2 mV, 
(2) the spike peak was above −20 mV, and (3) Vm values outside spikes 
stayed in the −85 to −40-mV range. Junction potentials were not cor-
rected but were estimated as −14.9 mV as previously described41. For 
event-triggered averages of Vm, spikes were removed from −2 to 5 ms 
from peak and missing values were interpolated with cubic splines. 
Pupil diameter was measured from movies with a custom procedure11. 
Pupil diameter was normalized to the average pupil diameter during 
locomotion for comparison between recordings. The first principal 
component of whisker pad motion energy was computed from the 
same movie using FaceMap69. Pupil diameter and facial motion were 
linearly interpolated and aligned to the other time series. Epochs 
of running and whisking activity were defined using a change point 
algorithm detecting local changes in the mean and variance of running 
speed and whisker pad motion11. Briefly, moving standard deviations 
of speed and facial motion energy were computed with a defined tem-
poral window. The length t of this window determined the temporal 
resolution of the change-point analysis and was set to 4 s for running 
speed and 500 ms for facial motion. A first estimate of locomotion 
or whisker motion onset or offset times were then taken as the time 
when the moving standard deviations exceeded or fell below 20% 
of its range above minimum. Estimates were refined in a window t 
around each onset or offset time by computing the time points cor-
responding to the maximum of the t-windowed moving forwards or 
backwards z score.

Single-unit clustering
Single units were extracted from LFP recording using spikedetekt and 
clustered using klustakwik2 (Python v2.7.16 and NumPy v1.11.3)71. Clus-
ters were visualized and sorted using the phy-gui (https://github.com/
cortex-lab/phy; Python v3.11.9 and NumPy v1.26.4) together with a 
custom MATLAB GUI to compute quality metrics. Single-unit clusters 
were generally retained if less than 0.2% of inter-spike intervals were 
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inferior to 2 ms and if their isolation distance and L-ratio were superior 
to 15 and inferior to 0.01, respectively72. Isolation distance and L-ratio 
are biased by spike number so deviations to those rules were occasion-
ally allowed for units of low firing rate (less than 200 spikes) if their 
waveform was well above noise.

Fast-spiking and regular-spiking units were defined as previously 
described11. In brief, the average normalized waveforms of all units 
were clustered with the k-means method based on two parameters: 
peak-to-trough time, and repolarization (that is, defined as the value 
of the normalized waveform 0.45 ms after peak). Fast-spiking units 
had higher repolarization values and shorter peak-to-trough times 
than regular-spiking units.

CBASS
CBASS ties a power increase in a defined frequency band (that is, 
gamma (30–80 Hz)) during a particular state (that is, locomotion) to 
the occurrence of defined events in the temporal domain. A detailed 
description is available in the Supplementary Information and imple-
mentations in MATLAB and Python are available on GitHub (https://
github.com/cardin-higley-lab/CBASS). In brief, the multichannel LFP 
is filtered in the band of interest and candidate events are selected at 
the troughs of the filtered signal in a reference channel (Extended Data 
Fig. 1a,b). The spectrotemporal dynamics underlying each candidate 
event were parameterized using the real and imaginary part of the 
analytical representation (MATLAB function hilbert) of the filtered 
signal in each channel (Extended Data Fig. 1c). Candidate events form 
a cloud in this parametric space where neighbours have similar spec-
trotemporal dynamics (Extended Data Fig. 1d). The event cloud was 
split randomly into n partitions and a binomial test was performed 
in each partition to determine whether events happened during 
the state of interest (that is, locomotion) at higher frequencies than 
overall. Partitioning was repeated N times (Extended Data Fig. 1e). 
A state enrichment score was calculated for events as the fraction 
of time they fell into an enriched partition (Extended Data Fig. 1f). 
An optimization procedure was then applied to find the threshold 
yielding the most significant distance between events having a low 
and a high enrichment score in the feature space (Extended Data 
Fig. 1g). Events above threshold are retained (Extended Data Fig. 1h). 
Here we used n = 20 partitions and N = 1,000. Different settings for 
these parameters have only a marginal influence on the result of the  
procedure.

To check the validity of the event partition, a state enrichment score 
was computed as described above on surrogate data having a spectrum 
and channel covariance matched with that of each recording (Extended 
Data Fig. 1i). These surrogate data were constructed by decomposing 
the original LFP recording into principal components across chan-
nels (MATLAB function pca), randomizing the phase of their Fourier 
transform and remixing them. The fraction of candidate events above 
threshold on surrogate data indicates how likely the pattern may be 
associated to the state of interest (that is, locomotion) given the sta-
tistics of the signal (Extended Data Fig. 1j,k).

Layer alignment of LFP and CSD across recordings
To compute the average field potential around CBASS events across 
recordings, the LFP was linearly interpolated across channels to 
a common grid of laminar position. The CSD was derived as the 
second spatial derivative of the LFP across interpolated laminar  
positions.

Comparison of naturally occurring and evoked gamma events
The similarity between naturally occurring gamma events and 
responses to 1–5 mW 1-ms optogenetic stimulation of dLGN termi-
nals was quantified for each session by computing the average CSD, 
respectively, in a −10 to 10-ms and −5 to 15-ms interval around each. 
Gamma events were excluded if they fell during a train of optogenetic 

stimuli to avoid overlap. The cosine similarity between the two average 
CSD was computed as:
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Where An and Bn are the nth elements of the vectorized CSDs. Sig-
nificance was estimated by repeating this calculation after randomiz-
ing the timing of gamma events in each session and testing for 
differences between the real and randomized cosine similarities across 
sessions.

Activity within and outside CBASS event cycles
CBASS events are aligned to the trough of the bandpass-filtered LFP 
in a reference channel. We defined the boundaries of each event as 
the peaks surrounding the trough of the event. Peak and troughs were 
determined as the 0 and π valued time points of the argument (MATLAB 
function abs) of the analytic representation (MATLAB function hilbert). 
Activity inside the event boundaries thus fell within a cycle centred on 
the trough. Epochs during and outside all CBASS event cycles were 
pooled separately and compared.

Correlation
Correlation between average CBASS events rate, pupil diameter, mem-
brane potential or extracellularly recorded unit firing rate was calcu-
lated across 200-ms chunks of the data.

Spike distribution around CBASS events
Spike distribution around CBASS events was computed as follows. For 
a selected unit, the lag separating each spike from the nearest CBASS 
events was estimated. A histogram of lag values was then computed 
and normalized by total spike count. Histograms were averaged across 
units.

Event rate normalization
Normalized rates for CBASS-detected events were calculated as follows. 
A baseline event rate p was computed over samples. The variance of 
the rate over a window of n samples was estimated assuming a binomial 
distribution as s np p= (1 − )n

2 . The normalized rate of events over a win-
dow of n samples was then taken as r r p s= ( − )/n n

2  where r is the event 
rate over samples and can be thought of as the number of standard 
deviations away from baseline.

Unit firing modulation by visual stimulation
Modulation of single-unit action potential firing by visual stimula-
tion was calculated similarly to the normalized event rate. A baseline 
firing rate r was computed over samples outside visual stimuli. The 
variance of the rate over a window of n samples was estimated assum-
ing a binomial distribution as s nr r= (1 − )n

2 . The modulation of event 
firing for each stimulus modality samples was then taken as 
r r r s= ( − )/s svis

2  where rvis is the visually evoked firing rate and s is 
the number of samples within the visual stimulation period. Firing 
modulation can be thought of as the number of standard deviations 
away from the mean baseline rate. The baseline firing rate of each 
unit was computed separately within and outside CBASS event  
cycles.

Spectral analysis
The spectral power of a given time series was derived with Welch’s 
method. Each channel was divided into 500-ms overlapping segments 
(75% overlap). Each segment was multiplied by a Hamming window and 
their Fourier transform was computed (MATLAB function fft). Power 
was derived as 10 times log10 of the squared magnitude of the Fourier 
transform and expressed in dB. Power was averaged over segment 
and channels.

https://github.com/cardin-higley-lab/CBASS
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The spectral power of event-triggered averages was derived with 
a minimum bias multitaper estimate73. This differs from a classical 
multitaper estimate in that Slepian tapers were replaced by a sinusoidal 
taper sequence defined as:

s N πnk N= 2/ + 1 sin( / + 1)k

where N is the number of samples in the triggered average, n is the 
sample number and k is the order of the taper. Sinusoidal tapers pro-
duce a spectral concentration almost comparable with that achieved 
with a Slepian sequence while markedly reducing local bias. The num-
ber of tapers was chosen to yield a bandwidth of 0.8 Hz following the 
formula: K πNB r= round((4 / ) − 1) where B is the bandwidth and r is the 
sample rate. Triggered averages were multiplied by each taper. Spectral 
power was then computed as described above and averaged over  
tapers.

For coherence and spike-phase locking estimation, spectrotemporal 
representations were first derived either for a set of frequencies using a 
wavelet transform (MATLAB function cwt) and a Morlet wavelet (MAT-
LAB identifier cmor1-2) or across a full frequency band by computing 
the analytical representation of the filtered signal (MATLAB function 
Hilbert). Coherence was defined as:
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where Sk(n) is the spectrotemporal representation of signal k for sam-
ple n at the frequency f. κf  has a positive bias of (1 – κf)/N where N is the 
number of samples74,75. The bias was subtracted from the estimate. 
Spike-phase locking was estimated using the PPC76 defined as:
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where θk is the phase of the signal for frequency f at the time of spike 
k and N is the total number of spikes. PPC provides an unbiased esti-
mate of spike-phase locking. However, estimates can be noisy if the 
spike number is inferior to 250. Thus, population estimates of PPC 
were derived by pooling spikes from all selected neurons and the 
variance over neurons was estimated with a leave-one-out Jackknife  
procedure77.

Logistic regression
Logistic regressions of trial outcome in our visual detection task were 
performed using the MATLAB function glmfit and a logit transfer func-
tion. Logistic regression models return an estimation of the probability 
of response for each trial. The log-likelihood of regression models was 
calculated by summing the log-likelihood of the outcome of each trial 
given the probabilities returned by the model and assuming a Bernoulli 
distribution. Model performances were tested using likelihood ratio 
tests and quantified with McFadden’s R2 and a sensitivity metric (d′). 
McFadden’s R2 was defined as:

R
LL

LL
= 1 −2 model

0

where LLmodel represents the log-likelihood of the regression and LL0 
represent the log-likelihood of the null model (that is, the likelihood 
of the data assuming that all trials have an equal probability of success 
corresponding to the mean hit rate). Sensitivity was defined as

d Z P Z P′ = ( ) − ( )resp rej

where Z is the inverse standard normal distribution, and Presp and 
Prej represent the average probability of response returned by the 

model for response and rejection trials, respectively. The impact of 
each regressors was assessed in two ways. (1) Regression was recom-
puted 1,000 times after shuffling the values of the regressor over 
trials. A P value for the significance of the impact of each regressor 
was derived as the percentage of R2 on shuffled values superior to 
the actual R2 of the model. (2) Regression models were compared 
with a model in which each regressor was taken away and the signifi-
cance of the contribution of the regressor was estimated with a like-
lihood ratio test. The magnitude of the contribution of a regressor 
was measured using the increase in deviance. Deviance represents 
the difference of predictive power from a saturated model giving 
a perfect prediction (that is, the likelihood of each trial is 1). It was  
defined as:

D LL LL= 2 × ( − )model sat

where LLmodel is the log-likelihood of the model and LLsat is the log- 
likelihood of the saturated model. Significance was estimated sepa-
rately for each mouse. Statistical significance across mice was assessed 
by pooling P values using the Fisher’s method.

Statistics and reproducibility
A detailed description of the statistical test in each figure panel and 
of statistical samples is provided in Supplementary Tables 1 and 2, 
respectively. Except where otherwise noted, tests were performed 
using mice as the statistical unit. All t-tests were two-sided Student’s 
t-tests. When indicated, independent P values derived on individual 
mice were pooled using the Fisher’s method. Multiple comparisons 
were corrected using the Benjamini–Yukutieli procedure for false  
discovery rate78.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The full datasets generated and analysed in this study are available from 
the corresponding authors on request due to the large volume of data.

Code availability
CBASS is available on GitHub (https://github.com/cardin-higley-lab/
CBASS).
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Extended Data Fig. 1 | Flow diagram and validation of the CBASS method. 
CBASS links power increases in a frequency band during a particular state to 
events in the temporal domain. Here we look for events responsible for the 
power increase in the γ range (30–80 Hz) in mouse V1 cortex during locomotion. 
a: CBASS uses multichannel time series (black) where the state of interest is 
indexed (i.e. locomotion, purple). b: The signal is band-pass filtered in the γ 
range. Candidate events (gray bars) are taken at the trough of the filtered signal 
in an arbitrary reference channel (red). Here the reference channel is taken as 
the closest to Layer 4. c: Spectrotemporal dynamics at the time of candidate 
events are parameterized using the real and imaginary part of the analytical 
representation (matlab function hilbert) of the filtered LFP in each channel 
(Supplementary Methods). d: Three dimensional UMAP embedding showing 
the cloud of candidate events in the parametric space. Events occurring during 
locomotion (yellow) are present in all regions of the cloud. e: CBASS estimates 
whether specific spectrotemporal profiles (i.e. regions of the cloud) occur 
preferentially during locomotion. The cloud is partitioned randomly, and  
a binomial test is performed in each partition to test if the occurrence of 
locomotion is higher than overall. This operation is repeated many times 
(n = 1000). f: A score is derived for each candidate event as the fraction of time it 
fell into an enriched partition. This score is stronger in regions of the cloud (i.e. 
event profiles) associated with locomotion. g: CBASS finds the threshold of the 
enrichment score, maximizing the centroid distance between the cloud of 
retained and unretained events. h: Retained events (orange) superimposed on 
the raw data from panel a. i: The validity of the thresholding is tested on surrogate 
data having the same size, spectral power and covariance matrix across channels 
as the original data. This data is obtained by decomposing the transform and 

remixing them (Supplementary Methods). Upper: excerpt of the real (left) and 
surrogate (right) LFP. Lower: spectral power within (gray) and across channels 
(orange dotted line) for the real (left) and surrogate LFP (right). j: Distribution 
of enrichment score for candidate events in real (left) and surrogate (right) 
data in an example recording. k: Fraction of candidate events above threshold 
for surrogate data for 200 recording sessions over 19 mice. No candidate event 
passes threshold for most surrogate sessions. l: Illustration of the methodology 
used to estimate the laminar position of LFP channels across cortical layers. 
The average current source density (CSD) of the response to a high-contrast 
drifting grating stimulus consists of a primary sink in cortical layer four (purple) 
and a secondary sink occurring at longer latencies in layer 5b (red). This permits 
a 2-point alignment of a layer boundaries template estimated from histological 
atlas data. m: Average field potential around γ events (upper), associated CSD 
activity (middle), and power spectrum (lower) of the average event field (orange) 
(n = 19 mice). n: Same as m, when choosing the deepest channel as reference 
(n = 19 mice). o: Upper: average lag between γ events identified with a L4 and a 
deep reference channel. Lower: cumulative distribution of the lag between γ 
events identified with a L4 and a deep reference channel. Changing reference 
channel results in an overall phase shift in retained events (n = 200 session; 19 
mice). p: Same as m, when retaining a matching number of events solely based 
on amplitude across channels. q: Events retained based solely on amplitude 
have only an 80.60 ± 0.51% overlap coefficient with events retained by CBASS 
(n = 200 session; 19 mice). Error Bars: s.e.m; shaded areas: mean ± s.e.m. See 
Supplementary Table 1 for detailed statistics and Supplementary Table 2 for 
statistical samples.
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Extended Data Fig. 2 | CBASS links V1 β power increase during visual 
stimulation to network events distinct from γ events. a: Example recording 
showing the local field potential in layer 4 during epochs of locomotion (purple) 
and visual stimulation (yellow)(upper), its short time Fourier transform (middle), 
and the rate of γ (orange) and β (blue) events within a 500 ms gaussian sliding 
window (lower). b: Enlarged version of the gray shaded epoch in panel b showing 
the LFP in all channels together with detected γ and β events. c: β Event rate 
around visual stimulation onset (n = 19 mice). d: β event rate increases during 
visual stimulation (n = 19 mice). e: Average LFP power across channels during 
quiescence and locomotion (n = 19 mice). f: Average LFP power across channels 
during quiescence and visual stimulation (n = 19 mice). g: LFP power during 
high (upper quintile; dark orange) and low (lower four quintiles; light orange)  
γ event rate (n = 19 mice). h: LFP power during high (upper quintile; dark blue) 
and low (lower four quintiles; light blue) β event rate (n = 19 mice). i: Average 
distribution of inter-event intervals for γ (upper; orange) and β (lower; blue) 
events (n = 19 mice). j: Overlap coefficient between γ and β events compared 
with that of a matched number of random events (n = 200 sessions; 19 mice). 
Events were considered overlapping if they were within 2 ms of each other.  
k: Average rate of γ (upper) and β events (lower) around locomotion onset (left) 
and offset (right) in the absence of visual stimulation (n = 19 mice). l: same as k 
during high salience (0.04 cycle/degree, >=32% contrast, >= 20-degree radius) 
visual stimulation. m: Average rate of γ (upper) and β events (lower) as a function 
of normalized pupil diameter (Supplementary Methods) during quiescence 

(left) and locomotion (right; n = 19 mice). n: Average rate of γ (upper) and β events 
(lower) around high salience (0.04 cycle/degree, >=32% contrast, 20-degree 
radius) visual stimulation during quiescence (left) and locomotion (right) 
(n = 19 mice). o: Average rate of γ (upper) and β events (lower) during visual 
presentation of gratings at varying spatial frequency. Unless otherwise noted, 
stimuli had a 0.04 cycle/degree spatial frequency, a 40-degree radius and were 
shown at 100% contrast. p and q: same as o for gratings of varying size and 
contrast, respectively. r: Average field potential around β events (upper), 
associated CSD activity (middle), and power spectrum (lower) of the average 
event field (blue) compared to that of a matched number of random event (gray) 
(n = 19 mice). s: Average field potential around β events showing no overlap with 
γ events (upper), associated CSD activity (middle), and power spectrum (lower) 
of the average event field (blue) (n = 19 mice). t: Same as s for overlapping β and 
γ events. u: Same as s for γ showing no overlap with β events. v: Same as r for γ 
events. w: Same as s for γ events occurring during quiescence. x: Same as s for γ 
events occurring during high contrast visual stimulation. y: Same as s for γ events 
occurring during locomotion. z: Same as s for γ events whose closest neighbor 
is within 27.3 ms (1.5 average cycles). aa: Same as s for γ events whose closest 
neighbor further than 27.3 ms but within 90.9 ms (5 average cycle). ab: Same  
as s for γ events whose closest neighbor is further than 90.9 ms. Error Bars: 
s.e.m; shaded areas: mean ± s.e.m.; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001. See 
Supplementary Table 1 for detailed statistics and Supplementary Table 2 for 
statistical samples.
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Extended Data Fig. 3 | V1 γ events are linked to the integration of dLGN 
input. a: Schematic of laminar V1 recordings coupled to optogenetic activation 
of dLGN terminals in head-fixed mice on running wheel. Mice were injected 
5–8weeks prior with AAV5-hSyn-hChR2-eYFP in dLGN. b: Histological slice 
showing ChR2-eYFP expression in dLGN. c: Schematic of laminar V1 recordings 
in head-fixed mice on running wheel coupled to optogenetic activation of 
inhibitory terminals from SST + TRN neurons. SSTCre+ mice were injected 
5–8weeks prior with AAV5-DIO-hChr2-eYFP in TRN and a fiber was implanted 
above dLGN. d: Histological slice showing ChR2-eYFP expression in TRN. e: Slice 
from the mouse in d showing the path of the implanted optic fiber ending above 
dLGN. f: Contiguous V1 slices from the mouse in d showing the site of recording 
stained with DiI. g: Modeling of the impact of discrete events on the LFP. 
Schematic of the approach: perfect pulse time series having value 1 at the time 
of pulses and 0 everywhere else are generated with a simulated sample rate of 
1000 Hz. h: Excerpt (upper) and power spectrum (lower) of a regular 20 Hz 
pulse train. Regular trains have a comb-like spectrum. i: same as h for a Poisson 
distributed pulse train (λ = 20 Hz). Poisson distributed trains have a flat 
spectrum. j: same as h for a pulse train replaying γ events isolated by CBASS in 
an example mouse. The timing of γ events isolated by CBASS has energy in 
broad (30–80 Hz) and narrow-band (~55 Hz) γ activity. k, l, m and n: Same as g, h, i 
and j for simulated trains of synaptic events generated by the convolution of 
perfect pulses trains with an α function waveform. Convolution in the time 
domain translates to multiplication in the frequency domain. Synaptic waveforms 
produce a 1/fα inflection to the spectrum. o: Schematic of laminar V1 recordings 
coupled to low intensity (1 ms; 1–5 mW/mm2) optogenetic activation of dLGN 
terminals in V1 of head-fixed mice on a running wheel. p: Average LFP power 
across channels outside (gray) and during optogenetic dLGN activation. Regular 
trains (20 Hz) induce comb-shaped frequency spectra (n = 4 mice). q: Same as p 

with a Poisson (λ = 24.3 Hz) distributed pulse train (n = 9 mice). r: Same as p with 
a pulse train having the natural temporal distribution of CBASS isolated γ events 
(Extended Data Fig. 2i; 24.3 Hz; n = 9 mice). s: Average CSD around low intensity 
optogenetic activation of dLGN terminals (left, blue dotted line) and around 
naturally occurring γ events (right, orange dotted line) on an example session. 
t: Cosine similarity between CSD evoked by low intensity activation of dLGN 
terminals and CSD around γ events or around a matched number of random 
events. The session in s is marked by a darker line (n = 9 mice). u: Average LFP 
and associated CSD profile in response to low intensity dLGN terminal activation 
in V1 (1 ms; 474 nm; 1–5 mW/mm2) during regular (20 Hz) pulse trains (n = 9 mice). 
v: Same as u with Poisson (λ = 24.3 Hz) distributed pulse trains (n = 9 mice).  
w: Same as u with trains having the natural temporal distribution of CBASS 
isolated γ events (Extended Data Fig. 2i; 24.3 Hz; n = 9 mice). x, y, z: Same as  
p, q and r during quiescence. aa, ab, ac: Same as p, q and r during locomotion. 
ad: Schematic of laminar cortical recordings in V1 in mice on running wheel 
coupled to modulation of dLGN through optogenetic activation of inhibitory 
terminals from SST+ TRN neurons (474 nm, continuous, 50 mW/mm2). SSTCre+ 
mice were injected 5–8weeks prior with AAV5-DIO-hChr2-eYFP in TRN and a fiber 
was implanted above dLGN. ae: Average LFP power across channels outside 
(gray) and during light delivery (green) restricting analysis to quiescence (n = 9 
mice). af: Rate of CBASS-detected γ events in V1 around light delivery in dLGN 
restricting analysis to quiescence (n = 9 mice). ag: Average V1 power in the γ range 
(30–80 Hz) during light delivery in dLGN restricting analysis to quiescence 
(n = 9 mice). ah, ai, aj: Same as ae, af and ag restricting analysis to locomotion. 
Error Bars: s.e.m; shaded areas: mean ± s.e.m.; black bar: statistically significant; 
**: p ≤ 0.01; ***: p ≤ 0.001. See Supplementary Table 1 for detailed statistics and 
Supplementary Table 2 for statistical samples.
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Extended Data Fig. 4 | Membrane potential and firing synchronization 
around γ events. a: Intrinsic properties and laminar distribution of neurons 
recorded using in vivo whole-cell and cell-attached patch-clamp recordings. 
From left to right: mean membrane potential (Vm), Vm standard deviation 
(VmSD), firing rate, action potential amplitude, half-width and peak to trough 
time plotted against recording depth. Neurons between 70 and 315 µm were 
assigned to layers 2-3 (orange, 8 whole-cell, 2 cell-attached), those between 315 
and 455 µm to layer 4 (green, 11 whole-cell, 1 cell-attached) and those between 
455 and 735 µm to layer 5 (blue, 6 whole-cell, 2 cell-attached). Cell attached 
recordings were only used to quantify firing rate. Two cells in layer 2-3 did not 
fire more than one action potential and were only used to quantify Vm activity. 
b: Example recording of a layer 2-3 neuron with γ events during transition from 
quiescence to locomotion (purple). c and d: Average membrane potential of 
layer 2-3 neurons around γ events (orange) and around randomly selected time 
points (gray) (n = 8 whole-cell recordings). e: Vm power spectrum of layer 2-3 
neurons during (orange) or outside (gray) γ events. Gamma events coincide 
with an increase of the Vm power distributed across frequencies (n = 8 whole-cell 
recordings). f: Vm-LFP coherence spectra for layer 2-3 neurons during (orange) 

and outside (gray) γ event cycles. showing Coherence increase in the γ range 
during γ events (n = 8 whole-cell recordings). g: Spike-LFP synchrony spectra for 
layers 2-3 neurons during (orange) and outside (gray) γ event cycles. Spike-LFP 
synchrony is quantified using the Pairwise Phase Consistency and increases during 
γ event cycles (n = 11 whole-cell/cell-attached recordings). h, i, j, k, and l: Same 
as b, c, d, e, and f for layer 4 (n = 11 whole-cell recordings). m: Same as g for layer 
4 (n = 12 whole-cell/cell-attached recordings). n, o, p, q and r: Same as b, c, d, e, 
and f for layer 5 (n = 6 whole-cell recordings). s: Same as g for layer 5 (n = 8 whole-
cell/cell-attached recordings). t: Mean of γ events as a function of Vm and 
average linear fit (dotted line) across recording (n = 25 whole-cell recordings). 
Vm and γ events rate are correlated. u: Same as g for neurons pooled across 
layers 2-3, 4 and 5 (n = 30 whole-cell/cell-attached recordings). v: Overall spike-
LFP synchrony in the 20–45 Hz range, during (orange) and outside (gray) γ event 
cycles for whole-cell and cell attached recordings in layers 2-3, 4 and 5. Synchrony 
is enhanced during γ events and is strongest in Layer 2-3 and Layer 4 neurons. 
Error Bars: s.e.m; shaded areas: mean ± s.e.m; ***: p ≤ 0.001. See Supplementary 
Table 1 for detailed statistics and Supplementary Table 2 for statistical samples.
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Extended Data Fig. 5 | Firing of RS and FS units around β and γ events.  
a: Population average distribution of firing around β events for extracellularly 
recorded RS (black) and FS (red) units in layers 2-3 (upper), 4 (middle upper),  
5 (middle lower) and across layers including layer 6 (lower). The average field in 
the reference channel is displayed on top. b: Same as a for β events showing no 
overlap with γ events. c: Same as a for overlapping β and γ event. Events were 
considered overlapping if they occurred within 2 ms of each other. d: Same as a 
for γ showing no overlap with β events. e: Same as a for γ events occurring during 
quiescence. f: Same as a for γ events occurring during high contrast visual 
stimulation. g: Same as a for γ events occurring during locomotion. h: Same as a 
for γ events whose closest neighbor is within than 27.3 ms (1.5 average cycles).  
i: Same as a for γ events whose closest neighbor is further than 27.3 ms but 
within 90.9 ms (5 average cycles). j: Same as a for γ events whose closest 
neighbor is further than 90.9 ms. k: Spike-LFP synchrony spectra for the RS 

units in a across layers 2-3 (upper), 4 (middle) and 5 (lower) during (blue) and 
outside (gray) β event cycles, during baseline (left) and high contrast visual 
stimulation (right). Spike-LFP synchrony is quantified with the Pairwise Phase 
Consistency. Quiescence, locomotion and visual stimulation data were not 
available for all units. l: Same as k during (orange) and outside (gray) γ event 
cycles during baseline (left), high contrast visual stimulation (center) and 
locomotion (right). m: Same as l for γ events whose closest neighbor is within 
than 27.3 ms (1.5 average cycles; left), for γ events whose closest neighbor is 
further than 27.3 ms but within 90.9 ms (5 average cycles; center) and for γ 
events whose closest neighbor is further than 90.9 ms (right). n, o, p: same as k, 
l and m for FS units. Spike LFP synchrony of RS and FS units increases during β 
and γ events. Synchrony in γ events cycles is strongest during visual stimulation 
for layers 2-3 units. shaded areas: mean ± s.e.m. See Supplementary Table 1 for 
detailed statistics and Supplementary Table 2 for statistical samples.
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Extended Data Fig. 6 | Visually evoked spikes in RS and FS units occur 
preferentially during γ events. a: Upper: Raster plot of firing rate of an 
example RS unit against the percentage of time occupied by γ event cycles 
within 200 ms LFP chunks recorded in the absence of visual stimulus (left, 
n = 9577 chunks) or during high salience (0.04 cycle/degree, >=32% contrast, 
20-degree radius) visual stimulation (right; n = 854 chunks). Firing rate is 
correlated with γ events incidence during visual stimulation but not baseline 
activity. Lower: Histogram of the correlation between spike rate and time 
within γ event cycles for the RS units in a during baseline (left;) and high 
salience visual stimulation (lower right). Quiescence, locomotion and visual 
stimulation data were not available for all units. b: Same as panels a for an 
example FS unit (upper: Baseline: 9296 chunks, Stimulation: 13749 chunks) and 
for the FS units in a (lower). c and d: Same as lower a and b for LFP segments 
occurring during quiescence. e and f: Same as lower a and b for LFP segments 

occurring during locomotion. g: Modulation of the firing of RS units by gratings 
of varying spatial frequency (left), size (center) and contrast (right) within 
(blue) and outside (gray) β event cycles (n = 47 units). Unless otherwise noted, 
stimuli had a 0.04 cycle/degree spatial frequency, a 40-degree radius and were 
shown at 100% contrast. h: Same as g for FS units (n = 31 units). Visual feature 
selectivity was observed within and outside β events. i and j: same as g and h for 
γ events. Firing modulation of RS and FS units by visual stimuli was markedly 
stronger during than outside γ events. k, l. same as i and j exclusively during 
epochs of quiescence. m, n: same as i and j exclusively during epochs of 
locomotion. Firing modulation by visual stimulation was stronger within γ 
event cycles regardless of behavioral state. Downward triangle and bars at the 
top: mean ± S.D.; Error Bars: s.e.m; *: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001. See 
Supplementary Table 1 for detailed statistics and Supplementary Table 2 for 
statistical samples.
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Extended Data Fig. 7 | Effect of locomotion, V1 inactivation and dLGN 
terminal activation on performance in a cued visual contrast detection 
task. a: Schematic of laminar recordings during a cued visual detection task 
(Fig. 4a). The mice in panel b-g are those used in Fig. 4 and Extended Data Figs. 8 
and 9 (n = 16 mice). b: False alarm subtracted hit rate as a function of stimulus 
contrast during quiescence (gray) and locomotion (purple) in an example mouse. 
The hit rate is fitted with a sigmoid curve. c: Same as b across animals (n = 16 
mice). d: False alarm rate (FAR), hit rate across contrasts, and hit rate at full 
contrast during quiescence (gray) and locomotion (purple). Locomotion is 
accompanied with increased hit and false alarm rates (n = 16 mice). e: Contrast 
yielding 50% chance of response (C50) during quiescence (gray) and locomotion 
(purple). Locomotion is accompanied with a decreased C50 (n = 16 mice)  
f: Sensitivity (d’) of the response across contrast and at full contrast during 
quiescence (gray) and locomotion (purple). Locomotion has a small but 
significant effect on the sensitivity across contrast (n = 16 mice). g: Bias of the 
response across all contrasts and at 100% contrast during quiescence (gray) 
and locomotion (purple). Locomotion significantly biases behavior towards 
responses (n = 16 mice). h: Head-fixed PVCre+ mice injected with a AAV5-ef1a-
DIO-ChR2-eYFP virus in V1 performed the detection task described in panel a. 
On a randomly interleaved subset of trials (30%), blue light (574 nm; 100 mW/
mm2; 55 ms pulses; 10 Hz) was delivered via an optical fiber inactivating V1 
through the activation of PV interneurons. i: False alarm subtracted hit rate 
(mean ± s.e.m.) as a function of stimulus contrast during regular trials (brown) 
and during V1 inactivation (yellow) in an example mouse. A sigmoid function is 
fitted to the hit rate in each condition. j: Same as i across animals (n = 5 mice).  
V1 inactivation reduced detection performance. k: False alarm rate (FAR) and 

hit rate at maximum contrast (RMax) (brown) and during V1 inactivation 
(yellow). V1 inactivation does not affect the FAR but reduces RMax (n = 5 mice). 
l: Contrast at which the hit rate is 50% (C50) on regular trials (brown) and  
during V1 inactivation (yellow). V1 inactivation increases the C50 (n = 5 mice).  
m: Head-fixed mice injected with a AAV5-hSyn-hChR2-eYFP virus in dLGN (see 
Supplementary Methods) performed a monocular version of the cued task in a. 
On a randomly interleaved subset of trials (30%), pulses trains of blue light 
(570 nm; 1 ms;) were delivered at low intensities (3 or 5 mW/mm2) via an optical 
fiber in V1 to elicit activation of dLGN terminals. Trains were changed between 
sessions blocks and were either regular (20 Hz), Poisson distributed (λ = 24.3 Hz) 
or having the natural temporal distribution of CBASS isolated γ events (Extended 
Data Fig. 2i; 24.3 Hz). n: Hit rate (mean ± s.e.m.) as a function of stimulus contrast 
during regular trials (dark blue) and during 5 mW/mm2 CBASS distributed 
trains (light blue). A sigmoid function is fitted to the hit rate in each condition 
(n = 6 mice). o, p: same as j, and l for the experiment in m with 5 mW/mm2 CBASS 
distributed trains. (n = 6 mice). q: same as k for the experiment in m with 3 mW/
mm2 trains. 3 mW/mm2 activation of dLGN terminals (light blue) has no effect 
on visual detection performance compared to regular trials (dark blue) for 
regular and Poisson distributed trains but induces increased false alarm rate 
for trains having the distribution of CBASS detected γ events (n = 6 mice). r: same 
as q with 5 mW/mm2 trains. 5 mW/mm2 activation of dLGN terminals induces 
increased false alarm most significantly for trains having the distribution of 
CBASS detected γ events (n = 6 mice). Error Bars: s.e.m: *: p ≤ 0.05; **: p ≤ 0.01; 
***: p ≤ 0.001. See Supplementary Table 1 for detailed statistics and Supplementary 
Table 2 for statistical samples.



Extended Data Fig. 8 | Selective increase in γ, but not β, events prior to 
behavioral response in a visual detection task. a: Head-fixed mice perform  
a visual detection task while laminar V1 activity is recorded with chronically 
implanted electrodes (Fig. 4a). b: Average γ event rate on high contrast trials 
(>10%) aligned to stimulus onset (black dotted line and markers) during miss 
(left) and hit trials (center) and realigned to lick response (blue dotted line and 
markers) on hit trials (right) (n = 16 mice). c: Same as b for 0% contrast (no go) 
trials (n = 16 mice). d: Average β event rate on low contrast trials (<7.5%) aligned 
to stimulus onset (black dotted line and markers) during miss (left) and hit 
trials (center), and realigned to lick response (blue dotted line and markers) on 
hit trials (right) (n = 16 mice). e: Same as panel b for β events. f: Same as panel c 
for β events. g. Rate of γ event in the 300 ms following response or average 
response time (rejections), at increasing contrasts, across all behavioral states 
(left), during locomotion (center) and during quiescence (right). The rate of γ 
events is significantly higher during response than rejection across contrasts, 
except during locomotion (n = 16 mice). h: Same as panel g for β events. There is 

no significant difference in β event rate between response and rejection trials. 
i: Average β event (left) and γ event rate (right) around the tone cue (red dashed 
line) signaling the onset of the trial (n = 16 mice). Tone cues do not modulate  
β and γ event incidence. j: Image from a facial video recording of a mice on 
running wheel during laminar V1 recording. Areas of interest are defined for the 
pupil (black) and the whisker pad (crimson). k: Excerpt showing pupil diameter 
and first principal component of whisker pad pixel-value variance around a 
locomotion bout (purple). Whisking epochs (crimson) were defined with a 
change point algorithm. l: Average γ event rate around whisking onset (crimson 
bar, left) and lick response (blue bar) during low contrast trials (<7.5%, right) 
(n = 16/15 mice no facial data for one mouse). m: Event rate is higher during 
correct response trials than after whisking onset (n = 16/15 mice; no facial data 
for one mouse). Error Bars: s.e.m; Shaded areas: mean ± s.e.m.; ***: p ≤ 0.001. 
See Supplementary Table 1 for detailed statistics and Supplementary Table 2 
for statistical samples.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | The profile of γ events remains consistent throughout 
task epochs and their occurrence predicts visual detection performance 
across contrasts and behavioral states. a: Schematic of analysis windows for 
logistic regression of trial outcome (Pre-Stim: 300 ms before stimulus onset, 
Early-Stim: 300 ms after stimulus onset, Pre-Lick: 300 ms before response or 
average response time for rejection trials, Post-Lick: 300 ms after response or 
average response time for rejection trials, Full-Stim: Full visual stimulation).  
b: Average β event (left) and γ event rate (right) across behavioral states across 
analysis window during low contrast trials (n = 16 mice). c: Same as b during 
quiescence exclusively. d: Average field potential around γ events occurring 
during the Pre-Stim analysis window (upper), associated CSD activity (middle), 
and power spectrum (lower) of the average event field (orange). e: Same as d for 
γ events occurring during the Early-Stim analysis window. f: Same as d for γ 
events occurring during the Pre-Lick analysis window. g: Same as d for γ events 
occurring during the Post-Lick analysis window. h: Same as d for γ events 
occurring during the Full-Stim analysis window. i: Population average distribution 
of firing around γ events occurring during the Pre-Stim analysis window for 
extracellularly recorded RS (black) and FS (red) units across layers. The average 

field in the reference channel is displayed on top. j: Same as i for γ events 
occurring during the Early-Stim analysis window. k: Same as i for γ events 
occurring during the Pre-Lick analysis window. l: Same as i for γ events occurring 
during the Post-Lick analysis window. m: Same as i for γ events occurring during 
the Full-Stim analysis window. n: McFadden’s R-squared (R2) of a logistic 
regression of trial outcome based on γ and β event rate in each analysis windows 
(panel a) around stimulus onset, lick response (16 mice). o: Same as panel n 
using the sensitivity (d’) to measure regression performance. Prediction 
increases though the trial. p: Deviance increase upon parameter removal (n = 16 
mice). q: R2 after parameter shuffling (n = 16 mice). r: Regression coefficients 
show that γ event occurrence has the strongest influence on model prediction 
(n = 16 mice). s, t, u, v and w: same as n, o, p, q and r for visual stimulation with 
increasing contrasts in the Post-Stimulus window. Model performance is stable 
across contrasts. x, y, z, aa and ab: same as panels n, o, p, q and r, excluding 
trials where locomotion occurred at any point within 2 s of trial onset. 
Locomotion-related increases in γ event occurrence do not account for model 
performance. Error Bars: s.e.m; Shaded areas: mean ± s.e.m. See Supplementary 
Table 1 for detailed statistics and Supplementary Table 2 for statistical samples.
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Extended Data Fig. 10 | Rapid modulation of γ events with changes in task 
context. a: Schematics of trials for behavioral paradigms. Left: Spontaneous 
licking with free reward (S). Center left: forced reward (FR); reward is automatically 
delivered at the onset of visual stimuli. Center right: visual detection (T1); reward 
requires active responses during visual stimuli. Right: auditory detection (T2) 
reward requires active responses during auditory stimuli. b: LFP and γ events 
(orange) in 2 mice from the cohort in Fig. 5 around rewarded licks on the last day 
of the spontaneous paradigm (SPre) where mice can freely lick for reward. c: Same 
as b around rewarded licks on the first day of the Task 1 (T1) paradigm where 
rewards are contingent on visual stimuli (gray square). d: Average normalized γ 
event rate around rewarded licks (blue) or stimulus onset (black) in the SPre and 
T1 paradigms for the mice in b and c. e: γ event rate in all mice of the cohort in 
Fig. 5 on each unrewarded (brown) and rewarded (orange) licks on day 15 of SPre 
and day 1 of T1. f: expanded sections of e showing the end of day 15 of SPre (black 
horizontal bar) and the beginning of T1 in all mice (purple bar). Elevated γ event 

incidence at response appears immediately upon the introduction of visual 
contingency. g: Normalized γ event rate within 300 ms after rewarded licks for 
each training days (left) and averaged across paradigm (right) in a cohort of 
mouse (n = 7 mice). Mice were trained on spontaneous reward (S) for 5 days, 
forced reward (FR) for 2 days, and the visual detection task (T1). h: Normalized γ 
event rate around rewarded responses for S, FR, and T1 (n = 7 mice). Elevated γ 
event incidence is stronger at active response than during passively collected 
visually contingent reward. i: Same as g for another cohort of mice (n = 4 mice). 
Mice were trained on the Spontaneous paradigm for 5 days, then on T2 for 3 
days. j: Normalized γ event rate around rewarded responses (blue) in the S, and 
T2 paradigms. γ event rate in V1 does not increase during auditory guided 
responses. Error Bars: s.e.m; Shaded areas: mean ± s.e.m.; *: p ≤ 0.05, **: p ≤ 0.01, 
***: p ≤ 0.001. See Supplementary Table 1 for detailed statistics and Supplementary 
Table 2 for statistical samples.
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