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Perceptual Weighting of V1 Spikes Revealed by Optogenetic
White Noise Stimulation

Julian Day-Cooney, “Jackson J. Cone, and “John H. R. Maunsell

Department of Neurobiology and Neuroscience Institute, University of Chicago, Chicago, Illinois 60637

During visually guided behaviors, mere hundreds of milliseconds can elapse between a sensory input and its associated be-
havioral response. How spikes occurring at different times are integrated to drive perception and action remains poorly
understood. We delivered random trains of optogenetic stimulation (white noise) to excite inhibitory interneurons in V1 of
mice of both sexes while they performed a visual detection task. We then performed a reverse correlation analysis on the
optogenetic stimuli to generate a neuronal-behavioral kernel, an unbiased, temporally precise estimate of how suppression of
V1 spiking at different moments around the onset of a visual stimulus affects detection of that stimulus. Electrophysiological
recordings enabled us to capture the effects of optogenetic stimuli on V1 responsivity and revealed that the earliest stimulus-
evoked spikes are preferentially weighted for guiding behavior. These data demonstrate that white noise optogenetic stimula-
tion is a powerful tool for understanding how patterns of spiking in neuronal populations are decoded in generating percep-
tion and action.
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During visually guided actions, continuous chains of neurons connect our retinas to our motoneurons. To unravel circuit con-
tributions to behavior, it is crucial to establish the relative functional position(s) that different neural structures occupy in
processing and relaying the signals that support rapid, precise responses. To address this question, we randomly inhibited ac-
tivity in mouse V1 throughout the stimulus-response cycle while the animals did many repetitions of a visual task. The period
that led to impaired performance corresponded to the earliest stimulus-driven response in V1, with no effect of inhibition im-
mediately before or during late stages of the stimulus-driven response. This approach offers experimenters a powerful method
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for uncovering the temporal weighting of spikes from stimulus to response.
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Introduction

How neuronal sensory signals are decoded to generate percep-
tions and guide behavior remains a central question in neuro-
science. Quantitative measures of the relationships between
sensory stimuli, population spiking, and behavior have been
instrumental in guiding thinking on this subject. Measurements
of correlations between neuronal responses and perceptual
reports (choice probability; Parker and Newsome, 1998; Gold
and Shadlen, 2007; Nienborg and Cumming, 2009; Nienborg et
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al., 2012) or correlations between neuronal response latencies
and reaction times (Seal et al., 1983; DiCarlo and Maunsell, 2005;
Lee et al., 2016) have provided insights about which neurons are
likely to contribute to a behavior, but correlative approaches
require comprehensive assessment of noise correlations within
large populations to determine which signals actually contribute
to a behavior (Haefner et al., 2013). Ultimately, perturbations of
circuit activity are necessary to establish causal relationships.
Perturbing the activity of neuronal populations with electrical
microstimulation or pharmacological agents has long been used
to provide direct evidence of causal relationships between neuro-
nal spiking and behavior (Histed et al,, 2013; Wurtz, 2015).
Optogenetic techniques have advanced circuit perturbation
experiments by making it possible to selectively modulate the
spiking of genetically defined cell types with temporal precision
in the range of milliseconds (Bernstein and Boyden, 2011).
However, most studies that use optogenetics to modulate spiking
in behaving animals have delivered stimulation lasting hundreds
of milliseconds or longer (Lee et al., 2012; Glickfeld et al., 2013;
Guo et al., 2014; Goard et al., 2016; Cone et al., 2020). Extended
perturbations provide valuable insights, but to understand how


https://orcid.org/0000-0001-5486-4910
https://orcid.org/0000-0002-1430-6946
https://orcid.org/0000-0003-0018-4439
mailto:maunsell@uchicago.edu

Day-Cooney et al. ® White Noise Reveals V1 Spike Weighting

different neurons contribute to a behavior, it is important to
know how the behavioral impact of the spiking of different neu-
rons varies moment to moment over the natural time course for
initiating a response, which for many behaviors involves only
100-200 ms (Histed et al., 2012; Sachidhanandam et al., 2013).

Knowing how the spikes of specific neurons are weighted as a
function of time during the generation of a response can reveal
their relative significance to that behavior and their functional
relationships to other contributing neurons. For example,
Resulaj et al. (2018) varied the onset of a sustained optogenetic
inhibition of mouse V1 neurons in 40 ms steps after the appear-
ance of a visual stimulus and found that the first 80-100 ms of
stimulus-evoked V1 activity is much more important for visual
behaviors than subsequent V1 spiking. Modeling studies have
suggested that the contributions of individual sensory neurons to
perceptual decisions might be limited to substantially shorter
intervals (Panzeri et al., 2001; VanRullen and Thorpe, 2002;
Kirchner and Thorpe, 2006; Liu et al., 2009; Tchumatchenko et
al., 2011; Shriki et al., 2012).

Optogenetic perturbations can be brief enough to probe neu-
ronal contributions with high temporal resolution (<10ms;
Tchumatchenko et al., 2013), but delivering an isolated brief per-
turbation that is powerful enough to measurably alter behavior
poses problems. Strong perturbations can produce long-lasting
disruptions of circuit function, or they can serve as an alerting
signal that alters behavioral state, in either case precluding assess-
ments of time-restricted effects. Weaker brief perturbations can
avoid these issues but are inefficient because many trials are
needed to precisely estimate the modest behavioral effects of
a weak perturbation, and many time offsets must be tested
to densely sample the relevant interval with good temporal
resolution.

These limitations can be overcome using the method of
reverse correlation (De Boer and Kuyper, 1968). Reverse correla-
tion using white noise stimuli has long been used as a highly effi-
cient way to measure spatiotemporal receptive fields of sensory
neurons (i.e., the stimulus-neuronal relationship; Eggermont et al.,
1983; DiCarlo et al., 1998; Neri and Heeger, 2002; Schwartz et al.,
2006). Reverse correlation has also been used to examine the rela-
tionship between sensory stimuli and behavioral reports, revealing
which periods of sensory stimulation dominate in behavioral
responses (the stimulus-behavioral relationship; Nienborg and
Cumming, 2009; Okazawa et al., 2018). Here, we describe experi-
ments in which we extended this approach by using white noise
optogenetic stimulation of parvalbumin-expressing interneurons,
which potently and quickly inhibit local principal neurons (Packer
and Yuste, 2011), to reveal the temporal weighting of their spiking
in generating a behavioral response (the neuronal-behavioral rela-
tionship). The results show that measurements of neuronal-behav-
ioral kernels can provide a highly efficient approach to obtain
spike weighting functions with high temporal resolution. They
reveal that only very brief, stimulus-dependent epochs of V1 stim-
ulus responses contribute to behavioral detection of visual stimuli.

Materials and Methods

Animal preparation

All animal procedures followed National Institutes of Health guidelines
and were approved by the Institutional Animal Care and Use
Committee of the University of Chicago. We used 28 mice (11 female)
that were heterozygous for Cre recombinase in Parvalbumin (PV)-
expressing cells, which provides a targeting specificity of ~93% (Pfeffer
et al, 2013). Animals were outbred by crossing homozygous Cre-
expressing PV-Cre mice (stock #017320, The Jackson Laboratory;
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Hippenmeyer et al., 2005) with wild-type BALB/c mice (stock #000651,
The Jackson Laboratory). Animals were singly housed on a reverse light/
dark cycle with ad libitum access to food. Mice were water scheduled
throughout behavioral experiments, except for periods around surgeries.

Mice (3-5 months old) were implanted with a headpost and cranial
window over V1 to give stable access for photostimulation during behav-
ior (Goldey et al., 2014; Histed and Maunsell, 2014). For surgery, animals
were anesthetized with isoflurane (induction, 3%; maintenance 1.0-
1.5%) and given ketamine (40 mg/kg, i.p.) and xylazine (2 mg/kg, i.p.).
Body temperature was maintained with a heating pad. A titanium head-
post was secured to the skull with acrylic (C&B Metabond, Parkell) using
aseptic technique. A craniotomy was made over V1 in the left cerebral
hemisphere (3.0 mm lateral and 0.5 mm anterior to lambda) and covered
with a glass window (3.0 mm diameter, 0.8 mm thick; Tower Optical).
Mice were given analgesics postoperatively (buprenorphine, 0.1 mg/kg,
and meloxicam, 2 mg/kg, i.p.).

After each animal had recovered from surgery, we located V1 by
measuring changes in intrinsic autofluorescence using visual stimuli and
epifluorescence imaging (Andermann et al, 2011). Autofluorescence
produced by blue excitation (470 = 40 nm, Chroma) was captured using
a long-pass filter (500 nm cutoff), a 1.0 air objective (StereoDiscovery
V8 microscope; ~0.11 NA, Zeiss) and a CCD camera (AxioCam MRm,
Zeiss; 460 x 344 pixels; 4 x 3 mm FOV). The visual stimuli were full
contrast drifting sinusoidally modulated luminance gratings appearing
through a two-dimensional Gaussian aperture (Gabors). Gabor stimuli
(10° SD; 30°/s; 0.1 cycles/degree) were presented for 10 s followed by 6 s
of mean luminance at one of five visual field locations. The response to
each visual stimulus was computed as the fractional change in fluores-
cence during the first 8 s of the stimulus presentation relative to the last
4 s of the preceding blank.

Virus injections were targeted to the monocular region of V1 based on
the retinotopic map of each animal (25° azimuth; *£15° elevation). Mice
were anesthetized (isoflurane, 1%-1.5%), their headpost was secured, and
the cranial window was removed using aseptic technique. We used a vol-
ume injection system (UMC4, World Precision Instruments) to inject 200—
400 nl of AAV9-Flex-ChR2-tdTomato (~ 10! viral particles; Penn Vector
Core) 250-400 um below the cortical surface (50 nl/min). Following the
injection, a new cranial window was sealed in place. Two to 3 weeks after
injection, we localized the area of ChR2 expression using tdTomato fluores-
cence and attached an optical fiber (400 um diameter; 0.48 NA; Doric
Lenses) within 500 pm of the cranial window (~1.3 mm above the cortex).

Experimental design and statistical analysis

Behavioral task. Mice were trained to use a lever to respond to
changes in a visual display for a water reward (Histed et al., 2012).
During behavioral sessions, mice lay in a sled with their head fixed. Mice
were positioned in front of a calibrated visual display that presented a
uniform gray field. Mice self-initiated trials by depressing the lever, and
a neutral tone indicated the start of each trial. The prestimulus period
was randomly drawn from a uniform distribution (500-3000 ms), after
which a static achromatic, odd-symmetric Gabor stimulus (5° SD, 0.1
cycles/degree) appeared. Mice had to release the lever within 100-
700 ms after stimulus onset to receive a liquid reward (1.5-4 pl). Trials in
which mice failed to release the lever within the response window
resulted in a brief time out (1500-2500ms). Trials in which mice
released the lever before the onset of visual stimuli were unrewarded and
excluded from analyses. Task parameters were slowly adjusted over sev-
eral weeks until mice responded reliably to Gabor stimuli spanning a
range of contrasts in the location of the V1 retinotopic map where opto-
genetic stimulation would be delivered during testing sessions [>60%
hit rate for a range of stimulus contrasts, >300 trials a day; median train-
ing time: 61d; interquartile range (IQR): 48-62d]. For sessions with
contrast ramps, the same Gabor (5° SD, 0.1 cycles/degree) appeared, but
the contrast increased linearly from 0% to ~100% over 500 ms.

Behavioral analysis. In each daily session, mice were typically
allowed to do a few dozen trials to stabilize their performance before tri-
als with optogenetic stimulation were introduced. Only trials between
the first and last trials with optogenetic stimulation were included in the
analyses.
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Although the percentage of successful lever releases provides a ready
index of animal performance, it fails to account for successful guesses.
The d’ measure from signal detection theory (Green and Swets, 1966)
takes guesses into account and provides a more complete measure of the
detection abilities of the animal. Calculation of d’ is based on a hit rate
and a false alarm rate. Because false alarm rate is not directly available
from trial outcomes in the visual detection task, we estimated that rate
for each session by dividing the total trial time available for early lever
releases by the number of early releases. The trial time available for early
releases included the trial time before each early release and the time
before each stimulus presentation on other trials (accounting for the
~100 ms period after stimulus onset during which responses were con-
sidered early because they were too fast to be valid). This rate of early le-
ver releases was multiplied by the duration of the response window to
obtain the probability of a false alarm. This false alarm probability was
then used to convert the raw hit rate to a true hit rate by removing the
fraction of hits attributable to spontaneous lever releases during the
response window (false hits). A d’ value was computed separately for tri-
als with and without optogenetic stimulation for each session. Because
the rate of early lever releases was indistinguishable between stimulated
and unstimulated trials (p > 0.6, paired ¢ test), we used the combined
false alarm rate in computing d’ for stimulated and unstimulated trials.

Optogenetic stimulation and analysis. Behavioral sessions with opto-
genetic stimulation began >4 weeks after ChR2 injection. Light was
delivered through the optic fiber using a power-calibrated LED source
(455 nm; Thorlabs). To prevent mice from seeing optogenetic stimuli,
we enclosed the fiber implant in blackout fabric (Thorlabs) attached to
the headpost using a custom mount. The timing of the optogenetic stim-
ulus delivered on each trial was aligned with that of the visual stimulus
using a photodiode mounted on the video display.

In some experiments, brief individual pulses of optogenetic stimula-
tion were delivered before or after the onset of the visual stimulus (see
Fig. 2; 11 mice, 6 female). The data presented were limited to sessions
using pulses >0.25 mW and <100 ms. Median pulse power was 2.0 mW
(1.0-2.5 IQR), median duration was 10 ms (5-20 IQR), and the median
energy in the pulse was 20 uJ (5-50 IQR).

During other experiments using white noise optogenetic stimulation,
the stimulus was delivered throughout each trial. To avoid an abrupt
onset, the power of the optogenetic stimulus ramped up to the average
mean power over the first 250 ms of the trial. That period was excluded
from analysis. In preliminary sessions, the optogenetic stimulus for each
animal was adjusted by presenting a constant stimulus power through-
out trials. These sessions were used to set a power that produced an ~5-
10% decrease in the proportion of correct trials, which was then used as
the mean power in subsequent testing sessions. The required power var-
ied between mice (median: 0.15 mW, IQR 0.09-0.25 mW), likely because
of differences in the strength and spatial distribution of virus expression,
optic fiber alignment, and behavioral capacity. Preliminary sessions used
to determine stimulation powers were not included in analyses.

For trials with optogenetic stimulation, binary white noise optoge-
netic stimuli were generated by randomly assigning zero or maximum
(2x mean) power to a series of 25 ms bins with equal probability. The
resulting optogenetic stimulus produced equal power across all fre-
quencies represented and is, therefore, a quasi white noise stimulus
(Marmarelis and Marmarelis, 1978). Optogenetic stimulation at sub-
stantially higher frequencies would have been filtered by the kinetics of
the ChR2 (~10 ms decay time; Mattis et al., 2011) and the PV-principal
neuron synapse (~15ms rise and decay times (Packer and Yuste,
2011), and would have reduced the power in the relevant portion of the
spectrum. Optogenetic stimulation was delivered on a random subset
of trials (33 - 50%) with the phase of the 25 ms binning on each trial
randomized with respect to the visual stimulus onset.

A first-order Wiener kernel was calculated from the optogenetic
stimuli for trials that ended with a hit or a miss. Data from different ani-
mals were combined by normalizing the high level of the binary optoge-
netic power to 1. For the analysis of white noise optogenetic stimulation,
only sessions with a low mean power (<0.25 mW) were considered, and
we limited the analysis to animals that contributed at least five sessions
with optogenetic stimulation. Because activation of V1 PV+ neurons
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reliably impairs visual perception (Glickfeld et al., 2013; Cone et al,
2019, 2020; Jin and Glickfeld, 2019), we further required that the optoge-
netic stimulation produced an average decrement in d’ averaged across
all sessions of >0.10. Of 12 mice tested, seven provided usable data (four
female), whereas the other mice did not show an appreciable effect of
optogenetic stimulation on reducing behavioral d’. No mice showed an
increase in d’ because of PV+ neuron stimulation, in accordance with
previous data showing PV+ neurons cannot facilitate detection when
stimulated (Cone et al., 2019). Three of the seven included mice were
used for both contrast steps and contrast ramps (contrast steps: 7 mice,
median 25 sessions, range 7-64 sessions; contrast ramps: 3 mice, 9, 30,
and 65 sessions). Confidence intervals were generated using a bootstrap
procedure with 10,000 draws with replacement.

For the primary analysis, the optogenetic stimulus profiles from hit
and miss trials were normalized, aligned to the onset of the visual stimu-
lus, profiles from miss trials were inverted and then averaged for all trials
(stepped contrast: 15,735 hit trials, 15,887 miss trials; ramped contrast:
8693 hit trials, 7678 miss trials). Kernels were low-pass filtered with a
corner frequency of 90 Hz to eliminate noise beyond the frequency range
of the stimulus.

In a separate analysis, we computed a neuronal-behavioral kernel
(NBK) after aligning the optogenetic stimuli to the onset of behavioral
responses (see Fig. 5C,D), which reveals neuronal contributions that
were temporally aligned with the response. We also computed an NBK
after stretching the time between stimulus onset and reaction time in
each trial to a fixed interval, which would reveal neuronal contribu-
tions that occurred partway between stimulus onset and behavioral
response. Finally, we computed an NBK using optogenetic stimuli
aligned to false alarms to determine whether those errors are associ-
ated with optogenetically driven fluctuations in spike in V1 (see Fig.
5E,F).

To examine second order effects in the optogenetic stimulation, we
constructed a correlation matrix for the optogenetic stimuli during the
relevant period (£400 ms from visual stimulus onset) to look for tempo-
ral pairings of high- or low-level optogenetic stimulation that were asso-
ciated with consistent changes in behavior. Because this analysis yielded
>300,000 statistical tests, we controlled for the false discovery rate using
the method of Benjamini and Hochberg (1995), using a g value thresh-
old of 0.05.

Electrophysiological recordings and analysis. We recorded extracellu-
larly from V1 in awake, passively viewing, head-fixed mice using multi-
site silicon probes (32-site model 4 x 8-100-200-177, NeuroNexus) in
10 recording sessions in five mice (one female). All mice were experi-
mentally naive. Before recording sessions, mice were surgically prepared
with headposts and optical windows, mapped for retinotopy, and
injected with ChR2 as described above.

Electrophysiology sessions occurred >4 weeks after injection.
Electrodes were electroplated with a gold solution mixed with carbon
nanotubes (Keefer et al., 2008; Ferguson et al., 2009) to impedances of
200-500 k(). Mice were anesthetized with isoflurane (1.2-2% in 100%
0,) and head fixed. A gamma-corrected visual display was positioned in
the visual hemifield opposite the recording site (~10cm viewing dis-
tance). The eyes were kept moist with 0.9% saline throughout the ses-
sion. We visualized ChR2-expressing areas of V1 by imaging tdTomato
fluorescence with a fluorescence microscope and camera (Zeiss). The
cranial window was then removed and linear multielectrode arrays low-
ered into V1 through a slit in the dura. We then positioned an optic fiber
above the cortex at a distance comparable to that used during behavioral
experiments (1.0-1.5 mm). The craniotomy was then covered with 3%
agar (MilliporeSigma) dissolved in aCSF (Tocris Bioscience). The agar
was covered with silicone oil to prevent it from drying out. After a 1 h re-
covery period, anesthetic was removed, and we waited at least an addi-
tional hour before recording.

Delivery of stimuli and data acquisition was computer controlled.
Concurrent visual and optogenetic stimuli were similar to those used
during behavioral experiments (stepped contrast stimuli, a Gabor
patch with SD 13° ramped contrast stimuli, full screen grating 500 ms
duration). We recorded >100 repetitions of each stimulus condition
(visual stimulus, visual stimulus plus white noise optogenetic stimuli).
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Electrode signals were amplified, bandpass filtered (750Hz to
7.5kHz) sampled around threshold voltage crossings (Blackrock), and
spikes were sorted off-line (Offline Sorter, Plexon). Analyses were done
using MATLAB (MathWorks) and custom code. We recorded both sin-
gle units and multiunits but did not differentiate between them because
our primary interest was how optogenetic manipulations affected the V1
population.

Units were considered visually responsive to contrast steps (without
optogenetic stimulation) if they exhibited a significant change in their
average firing rate (p < 0.05; Wilcoxon signed-rank test) during the 50—
150 ms after stimulus onset relative to the average firing rate during the
50-150 ms before stimulus onset. For the ramped contrast stimulus,
the analysis window extended to the end of visual stimulus presen-
tation (50-500 ms), relative to 50-500 ms before visual stimulus
onset. Units were defined as optogenetically responsive if there
was a significant difference (p < 0.05; Wilcoxon signed-rank test)
in the average firing rate 50-500 ms after visual stimulus onset
between trials with and without optogenetic stimulation.

We calculated the spike-triggered average (STA) optogenetic stimu-
lus based on standard approaches (Schwartz et al., 2006). The power
used for binary optogenetic stimuli was first normalized from —1 to 1.
For each unit, optogenetic stimuli in windows surrounding 350 before to
100 ms after individual spikes occurred were extracted and averaged.
Only units for which the minimum or maximum of the spike-triggered
average exceeded 8 SEM were used in further analyses (e.g., population
STA). Eliminating the inclusion criteria did not qualitatively affect our
observations.

Data availability. Data are available on request.

Results

Behavioral task and virus injections

We used transgenic mouse lines that expressed Cre recom-
binase selectively in Par-expressing interneurons, (PV+;
Hippenmeyer et al., 2005) to restrict expression of excitatory
opsins to V1 PV+ interneurons (Pfeffer et al., 2013). Each
mouse was implanted with a headpost and a cranial window
unilaterally over V1 (Goldey et al., 2014). After recovery, they
were trained to do a visual detection task in which they manip-
ulated a lever with a forepaw to report the onset of a small
Gabor stimulus that appeared on a display at a random time in
each trial (Fig. 1A; Histed et al,, 2012; Cone et al., 2019). We
then mapped V1 under the cranial window retinotopically
using intrinsic signals and injected the region in V1

Visual detection task. A, Trial schematic of the contrast detection task. The mouse was required to release a le-
ver shortly after a small Gabor appeared on the display. The Gabor appeared at a random time in each trial. In some sessions
the visual stimulus was a contrast step (light gray) that lasted for 500 ms, whereas in other sessions, the visual stimulus
ramped from 0 to full contrast over 500 ms. B, Pseudo-colored intrinsic autofluorescence responses to visual stimuli presented
at two visual field locations. Green and magenta regions represent 2D-Gaussian fits of responses to stimuli at the different
visual field locations (green: 25° azimuth, 0° elevation; magenta: 25° azimuth, —20° elevation; Gabor SD = 10°). Solid and
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corresponding to the training stimulus
location with Cre-dependent viruses con-
taining ChR2-tdTomato (Fig. 1B; Nagel
et al., 2003). After allowing 2-4 weeks for
virus expression, an optical fiber was
fixed to the implant directly above the
ChR2-expressing neurons to deliver con-
sistent optogenetic stimulation of PV+
neurons across multiple experimental
sessions.

In preliminary experiments we ex-
plored whether single, brief pulses of op-
togenetic activation could provide an
effective approach to determining how the
timing of V1 spikes contributes to visual
detection. Figure 2A plots behavioral per-
formance from example sessions from one
mouse during which we delivered a 1 mW
optogenetic stimulus to opsin-expressing
V1PV+ cells for 5 ms shortly before or af-
ter the onset of the visual stimulus.
Because PV+ cells are strongly inhibitory,
activating V1 PV+ impairs behavioral
detection (Cone et al., 2019). As expected, optogenetic activation
of V1 PV+ neurons 60-65ms after the visual stimulus onset
impaired detection of that stimulus (Fig. 24, right). However,
PV+ activation 140 ms before the stimulus onset caused an
impairment that was just as large (Fig. 24, left).

Strong PV+ activation well before the visual stimulus typi-
cally produced the largest behavioral impairments. Figure 2B
shows the average reduction in behavioral sensitivity (measured
as change in d’, see above, Materials and Methods) associated
with a range of delays relative to visual stimulus onset (226 ses-
sion delays, 11 mice). Unexpectedly, pulses of optogenetic stimu-
lation delivered well before the stimulus onset had the most
robust effects. A recent study using a similar task and brief opto-
genetic inhibition of mouse V1 also observed significant changes
in detection threshold when optogenetic stimulation was deliv-
ered before the visual stimulus, corroborating this effect
(Goldbach et al., 2021). Although it is conceivable that V1 spikes
occurring long before stimulus onset make the greatest contribu-
tion to behavioral detection, that is not expected from conven-
tional strategies for decoding V1 spikes. Instead, it suggests
either persisting local circuit disarrangement caused by the opto-
genetic stimulation or that the optogenetic stimulation disrupted
the behavioral state to impair task performance. Either possibility
would preclude the use of optogenetic stimulation for a precise
assessment of the role of spike timing in stimulus detection. To
avoid these issues, we turned to using much lower optogenetic
powers that would allow V1 circuitry to remain closer to its natu-
ral operating range. This weak optogenetic stimulation dictated
the use of the more efficient and unbiased sampling that can be
provided by white noise stimulation.

White noise optogenetic stimulation was presented to V1
PV+ neurons throughout a randomly selected subset of trials.
Because the onset and offset of ChR2 activation take tens of
milliseconds (Mattis et al., 2011), we constructed the stimulus for
each trial by randomly assigning zero or full power to each 25 ms
trial interval (binary white noise). Behavioral outcomes on trials
with white noise optogenetic stimulation were used to construct
an NBK (see above, Materials and Methods for details). Figure 3
illustrates the analysis for an individual session that produced an
uncommonly clear kernel. We first extracted all stimulated trials
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that ended in a successful detection (hit) or a
failure to detect (miss; Fig. 3A). For the pri- A
mary analysis, we separated hit and miss tri-
als, aligned the trials on the time of their
visual stimulus onset, and normalized the
high binary optogenetic stimulus waveform
for each trace to one to account for different
powers used across mice with different levels
of virus expression (median power 0.15 mW,
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Figure 2.

100 0 100 200

Pulse Offset from Visual Stimulus (ms)

Behavioral effects of brief individual pulses of optogenetic stimulation of V1 PV+ neurons at different
times relative to visual stimulus presentation. A, Example sessions during which 5ms 1 mW optogenetic stimulus was
delivered 140 ms before (top left) or 60 ms after (top right) the onset of randomly timed 50% contrast Gabor stimuli.
Detection of the stimulus (bottom) was impaired by optogenetic stimulation (blue points) relative to trials with no
optogenetic stimuli (gray points), whether the PV+ activation occurred before or after the visual stimulus
appeared. B, Behavioral effects of optogenetic stimulation averaged over 226 session delays from 11 mice,
measured as change in d” between unstimulated and stimulated trials. Unexpectedly, the greatest impair-
ments were associated with brief stimulation that occurred before stimulus onset. Numbers show how many
sessions contributed to each value. Error bars are =1 SEM.

stimulus. Variance in the kernel size and change in d’ likely
arises from factors such as the strength of opsin expression over
the course of data collection and the number of opsin-expressing
neurons effectively illuminated by the optical fiber. Sessions or
animals lacking appreciable optogenetic effects cannot reveal the
relationship between neuronal activity and behavior, but their
inclusion will only reduce the magnitude and signal-to-noise of
an average NBK.

Figure 5A combines data from all these animals to show an
overall NBK (seven mice, 199 sessions). This average NBK is
only slightly broader than that from the single session in Figure
3D, implying relatively consistent timing of effects across animals
and sessions. The negative peak of the average NBK occurs
51 ms after the onset of the visual stimulus, and the NBK was sig-
nificantly negative from 14 to 117ms (p < 0.05, one tailed).
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Construction of the neuronal-behavioral kernel. 4, Representative optogenetic stimulus profiles taken from individual tri-
als in a session that included 158 trials with 0.25 mW optogenetic stimulation. For each trial, gray indicates the 25 ms periods ran-
domly assigned for optogenetic stimulation, blue lines mark visual stimulus onset, red lines mark lever releases, and black lines mark
the end of the reaction time window. Outcomes are indicated to the right of each trial. B, A kemel based on hit trials was constructed
by averaging the optogenetic stimulus profiles from the 78 trials with successful detections. Bottom, The average is plotted. A brief dip
in the kemel ~50ms after visual stimulus onset (t = 0) shows that successful detections were more likely when the optogenetic
stimulation was weaker during this period. ¢, A kerel was similarly constructed from the 80 trials on which the mouse failed to
respond to the stimulus. The brief rise in the kernel ~50 ms after the visual stimulus onset shows that misses were more likely when
the optogenetic stimulation was stronger during this period. D, A full NBK was constructed using all trials by subtracting the mean

power and inverting the optogenetic stimulus profiles from the miss trials before averaging. Bands on the plots represent =1 SEM.

PV + neuron stimulation before the visual stimulus or 200 ms af-

ter visual stimulus onset had no obvious effect on behavior,
although the visual stimulus remained on the display until the

end of the trial.
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This kernel shows that V1 activity
was causally linked to the behavioral
response in this task and that a relatively
early and short period of V1 spiking con-
tributes most to performance. The peak
of the V1 NBK was ~250 ms before the
peak in the reaction time distribution of
the animal, which appears in the super-
imposed response time histogram. This
brief epoch revealed with relatively weak
optogenetic stimulation supports the
view that the much longer lasting effects
seen with much stronger powers (Fig. 2)
result from perturbations that either lead
to sustained circuit disruption or changes
in behavioral state.

In constructing the NBK in Figure
5A, optogenetic stimuli were aligned to
the onset of the visual stimuli (t = 0). We
selected this alignment because we
expected the neuronal response and be-
havioral contribution from a sensory
area like V1 to be linked to the visual
stimulus onset. However, other align-
ments are possible. In particular, an NBK
can be calculated using optogenetic stim-
uli that have been aligned with the be-
havioral response for each hit trial. A
response-time-aligned NBK would be a
natural choice if optogenetic perturba-
tions were delivered to motoneurons.
The response-time-aligned V1 NBK (Fig.
5C) was much broader than the visual-
stimulus-aligned NBK in Figure 5A, sug-
gesting that the spikes in V1 that drive
the detection of a visual stimulus are
those that occur time locked to the onset
of that stimulus and that most behavioral
response time variability occurs in struc-
tures that lie between the V1 neurons
that contribute to the behavior and the
motoneurons that generate the response
(Lee et al,, 2016). Additionally, a V1 ker-
nel constructed using optogenetic stimuli
aligned to lever releases on trials with a
false alarm revealed no significant peaks
(Fig. 5E,F). This suggests that false alarms
were not driven by fluctuations in V1 ac-
tivity causing the animals to perceive a
fictive visual stimulus but rather were
driven by activity in other brain regions.
This is consistent with behavioral data
showing that mice cannot detect iso-
lated activation of their V1 PV+ neu-
rons (Cone et al., 2019, 2020). The
temporally restricted effects associated
with the sustained optogenetic stimula-
tion rule out behavioral effects arising
from the optogenetic stimulus causing
cortical heating, direct retina stimula-

tion, or nonspecific behavioral effects.
We additionally asked whether behavior might be affected by

second-order properties of the optogenetic stimulus. For
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ent pairings of high or low optogenetic
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Mouse 1223
Ad' -0.35, 1286 trials

Mouse 905
Ad'-0.33, 2566 trials

stimulation at particular times relative to
visual onset? We constructed a correlation
matrix for the optogenetic stimuli during

the period £400 ms from visual stimulus
onset to look for temporal pairings of high-
or low-level optogenetic stimulation that
were associated with consistent changes in

behavior. This analysis revealed no second-
order effects of optogenetic stimulation.
Following a correction for false discovery

M 1112
rate (Benjamini and Hochberg, 1995), all % -

Ad'-0.26, 3231 trials

400 -400 0 400 -400 0 400

Mouse 1145
Ad'-0.20, 3757 trials

Mouse 903

time points separated by <25ms were 0.1
significantly correlated, as expected from
the autocorrelation of our 25ms binary

|
n
I

frame rate, but none of the time points
with greater separation were significantly
correlated.

The relationship between neuronal ac-
tivity and behavior revealed by an optoge-

W
i ‘
W

netic kernel should be specific to the -400 0 400 -400 0 400 -400 0 400
population of neurons stimulated (e.g.,
sensory and motor neurons will contribute Mouse 1150
. . . Ad'-0.12, 11657 trials
to a behavior at different times), the sen- 01
sory stimulus used (e.g., perturbation of
V1 neurons might have less impact on
detecting brightness changes than contrast normalized ) i
changes), and task (e.g., an animal pre- power
sented with simultaneous auditory and vis-
ual stimuli should show different effects 01
from V1 perturbations depending on
whether the animal is tasked with discrim- -400 0 400
inating visual or auditory stimuli.). To see time relative to visual
whether different neuronal-behavioral ker- stimulus onset (ms)
nels can be readily resolved, we optoge- Figure 4. Neuronal-behavioral kernels for individual mice. Each plot is the neuronal-behavioral kemel aligned to the onset

netically stimulated V1 in some of the
same mice while they detected a differ-
ent visual stimulus that required longer
integration.

We ran separate sessions in which the
contrast of the Gabor stimulus ramped lin-
early from 0% to full contrast over 500 ms, while keeping all
other stimulus and task parameters the same. As expected, the
median behavioral response time for the ramping stimulus was
longer than for contrast steps (by 63 ms: 413 ms vs 350 ms; Fig.
5A,B, histograms). The negative peak of the NBK for ramped
Gabors (Fig. 5B, green trace) was noisy but was similarly delayed
relative to the NBK for the contrast steps (by 83 ms: 134 ms vs
51 ms). The NBK for ramped Gabors was significantly below 0
from 97 to 187 ms (p < 0.05, one tailed, uncorrected). This dif-
ference shows that the NBKs derived from optogenetic stimula-
tion can reveal small differences in the timing of contributions
from a given neuronal population under different behavioral
conditions.

Comparing neuronal behavioral kernels and neuronal
activity in V1

The early occurrence of the NBKs suggest that behavior depends on
the spikes that occur shortly after stimulus onset. However, the tim-
ing of the kernel cannot be compared directly with spike timing in
V1 because the effects of optogenetic stimulation on V1 spiking can
be delayed relative to the optogenetic stimulus. PV+ cell spiking

of Gabor contrast steps for an individual mouse. Plots are ordered by the session-averaged decrement in behavioral d" caused
by optogenetic activation of PV+ V1 neurons. The prominence of the optogenetic kernel covaries with the change in behav-
joral d” caused by the optogenetic stimulus. The shaded regions demarcate =1 SEM.

will lag the optogenetic stimulus by some amount, and there will be
delays in the propagation of inhibitory signals to principal cells
(Packer and Yuste, 2011) and potential polysynaptic network effects
that will unfold in V1 over a longer time course (Li et al,, 2019).
The relevant delays can be captured by recording the responses of
V1 neurons to optogenetic white noise stimulation. An STA of a
white noise stimulus provides the impulse response of a spiking
neuron (Bryant and Segundo, 1976), and the aggregated STA of V1
neurons provides the overall response of V1 spiking to an impulse
of optogenetic PV+ stimulation, capturing the relevant delays in
changes in spiking.

We made acute electrophysiological recordings from single
and multiunit sites in V1 using multielectrode arrays in five
awake mice that expressed ChR2 in PV+ V1 neurons, collecting
responses to stepped or ramped Gabor stimuli in different data-
sets (see above, Materials and Methods). Visual responses from
mouse V1 neurons are characteristically weak (Glickfeld et al.,
2013; Siegle et al., 2019), and because we recorded simultane-
ously from many neurons, the stimuli were not optimal for most
units. When the stepped Gabor was presented, 38% of units (24/
63) were significantly excited, and 3% (2/63) were significantly
inhibited (p < 0.05, Wilcoxon signed-rank test). The median
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Neuronal-behavioral kernels identify the critical moments of V1 spiking underlying visual stimulus detection. A, The NBK for detecting rapid appearance of a Gabor stimulus (t =

0) constructed combining trials with optogenetic stimulation from 199 sessions from seven mice. The superimposed histogram shows a portion of the reaction time distribution. B, Same as A,
except for sessions in which the visual contrast ramped from 0% to full contrast over 500 ms (104 sessions, 3 mice). The peaks of both the kernel and the reaction time distribution are later
than with the contrast step. C, D, NBKs for Gahor contrast steps and ramps computed using hit trials after aligning the optogenetic stimuli on lever release rather than stimulus onset. This
alignment results in a broader kernel, suggesting that timing after stimulus onset is more relevant for determining whether V1 activity contributes to behavior. E, F, NBKs for Gabor contrast
steps and ramps computed after aligning the optogenetic stimuli to lever releases on false alarm trials. No large deflections are evident, suggesting that V1 is not strongly involved in producing

false alarms. Bands on the plots represent =1 SEM.

response across all units was 0.6 spikes/s (p < 10~°, Wilcoxon
signed-rank test). A different set of neurons was tested with
ramped Gabors, for which 49% of units (34/70) were signifi-
cantly excited, and 14% (10/70) were significantly inhibited (p <
0.05, Wilcoxon signed-rank test). The median response to
ramped Gabors across all units was 0.4 spikes/s (p < 102,
Wilcoxon signed-rank test). On a fraction of trials, a white noise
optogenetic stimulus was delivered before, during, and after the
Gabor, with a mean power in the range used in the behavioral
studies (0.25 mW). Among individual units that were signifi-
cantly modulated by optogenetic stimulation, most were inhib-
ited (stepped Gabors: 22/33 inhibited, 11/33 excited; ramped
Gabors: 40/53 inhibited, 13/53 excited, all pvalues < 0.05;
see above, Materials and Methods), but the low-power opto-
genetic stimulus caused only a modest reduction in spiking
(stepped Gabors: median —0.14 spikes/s, IQR —0.42 to
+0.10, n = 63; ramped Gabors: median —0.27 spikes/s, IQR
—1.3 to +0.10, n = 70; step, ramp p values both < 0.05, both
Wilcoxon signed-rank test).

The STA is a reverse correlation of the optogenetic stimuli
aligned to the occurrence of individual spikes (at t = 0). We
measured significant STAs in 41/70 units that were tested (see
above, Materials and Methods for inclusion criteria). The popu-
lation ST'As shown in Figure 6, A and B, thus reveal the average
delays between optogenetic stimulation and changes in
spiking. Figure 6A shows the aggregate STA of the three V1
units that were excited by optogenetic stimulation (putative
PV+ cells expressing ChR2). These units spiked with short
latencies (<10 ms) following increments in the optogenetic
stimulus power. The STA has a large positive peak 2ms
before spikes occurred, showing that putative PV+ cells
responded with very short latency following a step in the

optogenetic stimulus power. This STA peak is artifactually
widened by the pulse width that we used for the optogenetic
stimulus, which broadened peaks by 25 ms, which is why the
positive peak extends to times after the spike time (t = 0),
when optogenetic stimulation could have no influence on
spiking.

The average STA for the remaining V1 units that were not
directly excited by optogenetic stimulation (e. g., putative princi-
pal neurons, n = 38) is plotted in Figure 6B. It has a distinctly dif-
ferent form and shows that most V1 neurons tend to spike
~12 ms after a decrease in optogenetic power. An earlier positive
peak around —80 ms implies there is a rebound effect, so a spike
is more likely if it is preceded by above-average PV stimulation
at this time. The timing of the negative peak of the STA indicates
that the dominant effects of optogenetic PV stimulation (such as
the NBK) on overall V1 spiking lag the optogenetic stimulus by
only 12 ms.

The average responses of V1 neurons to stepped and
ramped Gabors are shown in Figure 6, C and D. Gray bands
mark the periods during which the associated NBK was
greater than half-maximal [i.e., full-width at half-maximum
(FWHM)], after adding 12 ms delay of the optogenetic effects
on spiking (Fig. 6B). Given the approximately triangular
shape of the NBKs, the FWHMs include ~75% of the spiking
changes that influenced behavior (step, 43-105ms; ramp,
110-195ms). Although the FWHMSs are nonoverlapping,
both include the rising edge and earliest portions of their re-
spective peristimulus time histograms, indicating that the
earliest portion of the V1 response contains the spikes that
contribute most to the behavioral response. Spikes in the
later portions of the responses have far less influence in driv-
ing behavioral responses.
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Figure 6. V1 spike-triggered average optogenetic stimuli and delay-corrected effects of
neuronal-behavioral kernels on V1 spiking. Optogenetic stimulus profiles before and after V1
spikes were aligned and averaged for V1 units to calculate an STA optogenetic stimulus. Only
data from cells that met inclusion criteria are shown (41 of 70 units, see above, Materials
and Methods). A, The gray trace depicts the STA averaged from three putative PV+ units.
Spikes immediately followed positive deflections in optogenetic stimuli. B, Same as in 4,
except for the remaining 38 putative-principal V1 cells. €, The blue trace represents the pop-
ulation response to the stepped onset of a Gabor stimulus (63 V1 units). The gray trace
marks the period during which the neuronal-behavioral kernel (Figure 4A,B) exceeded
FWHM, after offsetting the kernel to account for the average delay between optogenetic
stimulation and V1 spiking (Fig. 68). D, Same as C, except for Gabor contrast ramps (70 V1
units). Line widths represent 95% Cls.

Discussion
White noise sensory stimuli have long been used to study infor-
mation transfer across multiple stages in the nervous system
(Marmarelis and Naka, 1972; Eggermont et al., 1983; DiCarlo et
al., 1998; Neri and Heeger, 2002; Schwartz et al., 2006). White
noise optogenetic stimulation has recently been used to
examine neuronal contributions in invertebrates as they
engage in natural behaviors but with temporal modulations
at 4 Hz or slower (Hernandez-Nunez et al., 2015; Porto et
al., 2019). We took advantage of the fast and potent inhibi-
tion PV+ interneurons exert on local neurons in the cere-
bral cortex (Packer and Yuste, 2011) to use optogenetic
white noise stimulation to test which moments of spiking in
mouse V1 are most important for driving detection of a vis-
ual stimulus. We obtained neuronal-behavioral kernels
showing that only spikes occurring within the first ~100 ms
of a V1 response contribute strongly to detection. Our
results are consistent with previous experimental work
using sustained opsin stimulation (Resulaj et al., 2018) but
provide a complete spike weighting function that is cor-
rected for the delays inherent in optogenetic stimulation.
The outsized importance of the earliest stimulus-evoked
spikes in primary sensory areas has long been inferred based on
the presence of fully developed, strong stimulus selectivity at the
very start of neuronal responses and complementary modeling
studies examining the theoretical performance of early spikes
(Tovée, 1994; Bair, 1999; VanRullen and Thorpe, 2002; Chase
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and Young, 2007). Dependence on a relatively small proportion
of early spikes in a sensory response is consistent with visual
capabilities such as fine discrimination of faces that are masked
after ~50ms of viewing (Lehky, 2000) and responses in
demanding visual categorization tasks being completed in
~120 ms (Kirchner and Thorpe, 2006). Other studies have
similarly pointed toward the earliest spikes being preferen-
tially used in a variety of tasks and areas (Oram and Perrett,
1992; Miller et al., 2001; Chen et al., 2008; Mukherjee et al.,
2019). Shriki et al. (2012) found that visual stimulus orien-
tation could be decoded using only the timing of the first
spikes from small populations of neurons. Given the wide
range of response latencies seen for neurons within individ-
ual cortical visual areas (Schmolesky et al., 1998), neurons
with the longest response latencies (typically near the sur-
face of cortex; Best et al., 1986; Maunsell and Gibson, 1992;
Raiguel et al., 1999) might contribute relatively little to fast
behavioral detection.

It is important to recognize that the kernels we measured
represent upper bounds on the intervals over which V1
spikes drive behavior. The 25 ms framing of our optogenetic
stimulus artificially broadens the kernels and STAs. The
peaks in our plots could correspond to actual functions that
are as much as 50 ms narrower at their base. Future experi-
ments could address this potential broadening by using
opsins with faster dynamics (ChETA, Chronos; Gunaydin
et al., 2010; Klapoetke et al., 2014), although no existing
opsins approach 1ms resolution. Alternatively, substan-
tially larger datasets might support analytical methods that
compensate for the broadening (e.g., deconvolution).

White noise optogenetic stimulation offers many advantages
for exploring how specific brain structures and cell types contrib-
ute to behavior. Because it combines trials across different ses-
sions and animals, relatively weak stimulation can be used,
allowing the brain to remain close to its natural operating state.
Because the stimulus is present throughout the trial, it efficiently
samples the entire perceptual/behavioral cycle in an unbiased
way. White noise stimulation can also simultaneously capture
the full dynamics of the neuronal contributions from 0 Hz to the
limits imposed by the dynamics of the opsin and/or the Nyquist
frequency of the white noise. The relatively modest optogenetic
perturbations that we used with the white noise approach meant
that brain circuits remained close to their normal operating
range, but it meant that we needed to combine data from 100 to
200 sessions. This amounts to many thousands of trials, which is
a considerable investment in time and effort. Nevertheless, this
number is similar to the number of trials reported in typical
trained nonhuman primate neurophysiology study (e.g., Ghosh
and Maunsell, 2021).

Because each NBK is specific to a particular task (i.e., stimu-
lus-response combination), the presence, timing, and magnitude
of a kernel can provide insights into whether, when, and how
much particular neurons contribute during the execution of par-
ticular behaviors. The relative timing of kernels in different brain
structures during a given task can provide direct evidence
regarding functional relationships between spiking in different
circuit elements. For example, even if kernels span tens of milli-
seconds, and their breadth is limited by opsin and circuit dynam-
ics, the timing of the peaks or centers of mass of kernels in
different structures might be distinguished with millisecond pre-
cision, which could potentially serve for detecting the ~5ms
increase in neuronal response latencies seen between successive
levels of cortical processing (Mitzdorf and Singer, 1979). These
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and other applications suggest that white noise NBKs can pro-
vide a powerful tool for exploring circuit-level contributions to
behavior.
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