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SUMMARY

The brain can flexibly filter out sensory information in a manner that depends on behavioral state. In the visual
thalamus and cortex, arousal and locomotion are associated with changes in the magnitude of responses to
visual stimuli. Here, we asked whether such modulation of visual responses might already occur at an earlier
stage in this visual pathway. We measured neural activity of retinal axons using wide-field and two-photon
calcium imaging in awake mouse thalamus across arousal states associated with different pupil sizes. Surprisingly, visual responses to drifting gratings in retinal axonal boutons were robustly modulated by arousal
level in a manner that varied across stimulus dimensions and across functionally distinct subsets of boutons.
At low and intermediate spatial frequencies, the majority of boutons were suppressed by arousal. In contrast,
at high spatial frequencies, boutons tuned to regions of visual space ahead of the mouse showed enhancement of responses. Arousal-related modulation also varied with a bouton’s preference for luminance
changes and direction or axis of motion, with greater response suppression in boutons tuned to luminance
decrements versus increments, and in boutons preferring motion along directions or axes of optic flow.
Together, our results suggest that differential modulation of distinct visual information channels by arousal
state occurs at very early stages of visual processing, before the information is transmitted to neurons in visual thalamus. Such early filtering may provide an efficient means of optimizing central visual processing and
perception across behavioral contexts.
INTRODUCTION
Depending on behavioral context, certain sensory stimuli are
more relevant than others. Thus, it is beneficial to selectively
enhance certain streams of information while suppressing others
in a behavioral state-dependent manner. State-dependent modulation of sensory responses has been well-described in sensory
cortex [1–13]. In primary visual cortex (V1), locomotion and associated increases in arousal can enhance visually evoked firing
rates of orientation-tuned neurons without affecting tuning preferences [2]. Importantly, visual responses are differentially
affected by locomotion and/or arousal depending on cell type
[2, 10], brain region [10, 11], stimulus attributes [11], and feature
preferences [13].
Behavioral modulation also occurs in subcortical sensory
areas. In the dorsal lateral geniculate nucleus (dLGN) of the visual
thalamus, state-dependent neuromodulation of neuronal resting
membrane potential can switch firing patterns from burst to relay
mode [14–16]. More recently, locomotion has been correlated

with neuronal response amplitudes in both dLGN and lateral
posterior nucleus [17–20]. In dLGN, locomotion differentially enhances responses to sinusoidal gratings at high temporal frequencies, with selective boosting of transient ON neurons and
neurons with elevated, nonlinear responses at high spatial frequencies [20]. Such modulation also occurs in a small fraction
of superior colliculus neurons [21]. In vitro studies suggest that
neuromodulatory inputs can already regulate activity at the level
of afferent retinal axon terminals [22–25]. However, it remains unclear whether, in the intact animal, brain state selectively modulates information flow at (and / or possibly even before) the level
of retinal axons in dLGN.
Recently, we developed methods for simultaneous imaging of
visually evoked GCaMP6f calcium responses in hundreds of
retinal axonal boutons in dorsal dLGN of awake mice [26].
Here, using pupil area as a metric of arousal [6–8, 12, 27], we
compared the response properties of boutons across brain
states. Our data revealed that the visual response magnitude
of most retinothalamic boutons is strongly suppressed during
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arousal, while other boutons are unaffected or enhanced. Surprisingly, the sign and degree of arousal modulation is dependent on the boutons’ visual feature preferences (e.g., for motion
direction, motion axis, retinotopic location, luminance increases
or decreases). We propose that this selective regulation of retinal
bouton responses serves to select behaviorally relevant streams
of information for additional processing.
RESULTS
Arousal Suppresses Bulk Visual Responses in
Retinothalamic Axons
To test whether arousal states modulate visual responses in retinal
ganglion cell (RGC) axons projecting to the dLGN, we first conducted widefield calcium imaging in awake, head-fixed mice (Figures 1A and 1B). We presented full-field drifting sinusoidal gratings
to the contralateral eye while monitoring pupil area to assess
instantaneous arousal levels, similar to previous studies [6–8, 12,
26, 27] (Figure 1C). GCaMP6f-expressing retinal axons were visualized through a cranial window that was chronically implanted
over the dLGN and nearby thalamic areas [26] (Figure 1B). The
most responsive region within the dLGN was selected as the region of interest (ROI) for quantification. Across individual presentations of the same visual stimulus, the bulk evoked response of RGC
axons showed a strong negative correlation with pupil area (Figures 1D and 1E). We defined ‘‘low’’ or ‘‘high’’ arousal trials as those
in the lower or upper 25%, respectively, of the pupil area distribution recorded during a given session (Figures 1C, bottom, 1E,
shaded regions, and S1A). This corresponded to a 5-fold larger
median pupil area in high versus low arousal trials (Figures S1B
and S1C). In the example ROI in Figures 1B–1G, the mean responses to a visual stimulus were 2-fold smaller in magnitude
during high versus low arousal (Figure 1F, spatial frequency: 0.08
cycles per degree [cpd]). To quantify the degree of response modulation, we used a modulation index (MI; [RHighArousal – RLowArousal]/
RAllTrials; see STAR Methods) for which negative values indicate a
suppression of the visual response magnitude during high versus
low arousal trials. For the above example, the modulation
index was 1.08. We observed similar suppression of responses
to this visual stimulus in all six imaged mice (Figures 1H; 0.08 cpd).
We next examined how this arousal-dependent response suppression varied across grating stimuli spanning four octaves in
spatial frequency (0.02, 0.08, 0.32 cpd). In the example ROI,
arousal led to response suppression at all spatial frequencies
(Figure 1G). Similar results were also observed in five other
mice (Figures 1H, S1D, and S1F). Moreover, suppression was
significantly greater at low versus high spatial frequencies (0.02
cpd versus 0.32 cpd; Figures 1G, 1H, and S1D).
Additional analyses were performed to rule out alternative explanations for our findings. While pupil area exhibited large fluctuations across tens of seconds (Figures 1C, 1D, and S1A), it
might also exhibit slower changes across tens of minutes. If
so, response differences between large and small pupil trials
could partially reflect slow and systematic changes in responses
across a session. However, inspection of pupil areas and
response magnitudes from the example session in Figures 1B–
1G indicated a negative correlation even when considering
consecutive trials (Figure 1D). To quantify this, we estimated
modulation indices for pairs of low and high arousal trials spaced
3924 Current Biology 30, 3923–3934, October 19, 2020

closely or far apart in time. Arousal modulation indices were
generally indistinguishable for trials spaced less than 5 min apart
versus 15–20 min apart (Figures 2A, 2B, and S2A). Therefore,
arousal-dependent response modulation of retinothalamic
axonal boutons was correlated with changes in pupil area over
both short and longer timescales. We additionally confirmed
that the observed arousal-dependent suppression was not
related to any cue-evoked changes in pupil diameter, which
were either negligibly small or absent (Figure S1E).
Another possible explanation for our results is that horizontal
eye movements (while brief relative to our 2 s, full-field stimulus)
could cause suppression of neuronal responses, potentially at
early visual stages such as the retina [28]. Recent studies suggest that horizontal eye movements in mice are more common
during aroused states involving locomotion [1, 2, 12]. Indeed,
we observed small (<5 ) pupil horizontal movements in a subset
of high arousal trials, but rarely in low arousal trials (Figure 2C).
Thus, we recalculated modulation indices using subsets of
high and low arousal trials matched for similar levels of horizontal
pupil motion (Figures 2D and 2E) and found them quantitatively
similar (Figures 2F and 2G). We also noticed that, in some sessions but not others, the mouse eye appeared to point slightly
more ventral (<10 more ventral) during high versus low arousal
(Figures S2B–S2D). Similar to the aforementioned analysis,
when only considering distributions of high and low arousal trials
with matching vertical eye positions (Figure S2E), the results revealed quantitatively similar modulation indices (Figures S2F and
S2G). Therefore, the observed arousal-dependent response
modulation of retinal axon responses cannot be explained by differences in eye movements or eye position across arousal
states.
Arousal-Dependent Response Suppression in Individual
Retinothalamic Boutons
Does arousal suppress responses in all retinal axonal boutons or
in specific subsets of boutons? To address this question, we recorded simultaneous calcium signals from hundreds of individual
retinal boutons in the dLGN ‘‘shell’’ of awake mice using twophoton imaging (Figure 3A; 20–90 mm below the surface of
the dLGN or 80–150 mm below the surface of the optic tract)
[26] while monitoring pupil area and running speed to quantify
arousal state and locomotion (Figures S3A–S3E). The variability
in the magnitude of responses to the same stimulus across trials
is illustrated in Figures 3A and 3B for an example direction-selective RGC bouton. Single-trial visual responses were negatively
correlated with pupil area––response magnitudes were higher
during low versus high arousal states (Figures 3C and 3D). A
similar degree of suppression was evident for stimuli presented
at the bouton’s preferred direction of motion and at all other directions sampled (Figures 3E and S3F). This multiplicative gain
change with arousal did not affect direction preference or selectivity for this representative bouton (Figure 3E) or for most other
direction-selective boutons (Figures S3G and S3H; cf [2]).
Arousal-dependent response suppression was observed in the
majority of direction-selective boutons (4,324 boutons from 22
fields of view [FOVs], 5 mice; Figure S3I) when quantifying correlation coefficients and modulation indices (Figures 3F and 3G).
State-dependent modulation of visually evoked responses (DF/
F0) could not be explained by changes in pre-stimulus baseline
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Figure 1. Suppression of Bulk Visual Responses of Retinal Axons in the dLGN during Arousal
(A) Imaging setup.
(B) Widefield epifluorescence calcium imaging of RGC axons. Left: RGCs were infected with AAV-GCaMP6f. Right: raw fluorescence from retinal axons in the
dLGN (orange outline), imaged via a cranial window (bulk activity in D–G estimated from blue subregion). A, anterior; P, posterior; M, medial; L, lateral.
(C) Arousal levels were estimated by pupil area (top, cyan outline). Bottom: peak-normalized pupil area trace. Magenta and green lines: 75th and 25th percentiles
(thresholds for high and low arousal, respectively).
(D) Time courses of evoked responses to drifting gratings (D1, left; 0.32 cycles per degree [cpd]) and the corresponding pupil areas (D1, right), for 150 consecutive
trials. Gray bars: stimulus presentation. D2: same as D1 but sorted by response amplitude per trial. DF/F, fractional change in fluorescence.
(E) Single-trial responses (drifting gratings: 0.08 cpd) were negatively correlated with pupil area (r = 0.551, p < 1012). Green and magenta: low and high arousal
regions. MI, modulation index.
(F) Average response time courses (0.08 cpd) during low (green) and high (magenta) arousal. Mean ± SEM. Gray line: stimulus presentation.
(G) Images of average responses during low and high arousal states. Arousal-dependent suppression was stronger for lower spatial frequency stimuli.
(H). This suppression (negative modulation index) was observed across mice and was strongest at lower spatial frequencies (MIs for 0.02 cpd and 0.32 cpd were
significantly different, p < 0.05, Friedman test with post hoc Dunn’s test). Mean ± SEM, N = 6 mice.
See also Figure S1.

fluorescence, F0, which were small and uncorrelated with arousal
state (Figures S3J–S3L). Similarly, spontaneous activity during
blank trials did not vary with arousal state (Figure S3M).
We previously demonstrated that mouse dLGN neurons in
the shell region receive inputs from diverse types of RGCs

that we classified into four broad functional categories: direction-selective (DS; selective to one direction of motion, see
above), axis-selective (AS; responsive to opposite directions
of motion along the same axis, also known as ‘‘orientation-selective’’), broadly tuned (BrT; responsive across all directions),
Current Biology 30, 3923–3934, October 19, 2020 3925
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Figure 2. Arousal Modulation Is Not Explained by Slow Changes within a Session or by Pupil Motion
(A) We calculated pairwise MIs between a high arousal trial (magenta) and each low arousal trial (green) within 5 min (blue lines) or spaced 15–20 min apart (orange
lines). Black trace: pupil area.
(B) Scatterplot of mean pairwise MI across pairs of high and low arousal trials that were either 0–5 min apart versus 15–20 min apart. Colors: different mice.
Symbols: different stimulus spatial frequencies. MIs for nearby or distant pairs of trials were not statistically different at any spatial frequency (two-way repeatedmeasures ANOVA).
(C) Time courses of horizontal pupil displacement (mean-subtracted, single-trial time course of centroid X position) for all low and high arousal trials (at 0.08 cpd)
from one session (see also D–F). Gray bar: stimulus presentation. A.u., arbitrary units.
(D) Distribution of horizontal pupil motion (standard deviation of displacement traces) for low (green) and high (magenta) arousal trials (at 0.08 cpd) in one session.
(E) Distribution of horizonal pupil motion for matched low and high arousal trials from (D) (average across 100 iterations of trial matching; STAR Methods).
(F) F1: visual responses at 0.08 cpd across arousal states for matched trials. Shown are the mean (across the 100 iterations) of the mean time courses and of the
SEMs. F2: mean ± SEM across all trials. Gray line: stimulus presentation.
(G) Scatterplot of MI for all trials (‘‘MI original’’) versus horizontal motion-matched subsets of high and low arousal trials (mean MI across iterations). Symbols: see
(B). MIs using all versus motion-matched trials were not statistically different at 0.08 cpd or 0.32 cpd (two-way repeated-measures ANOVA; there was a small but
significant difference [p < 0.01] at 0.02 cpd).
See also Figure S2.
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Figure 3. Arousal Suppresses Visual Responses in Individual Retinal Boutons in the dLGN
(A) Left: example raw fluorescence image of retinal axons and axonal boutons in the dLGN, 115 mm below the window. M, medial; L, lateral; A, anterior;
P, posterior. Right: average visually evoked calcium responses of RGC boutons from the orange subregion.
(B) Reliable single-trial visual responses of an individual RGC bouton (outlined in A) to presentations of gratings drifting along the bouton’s preferred direction (45 ,
arrow; responses in B–J involve 0.08 cpd gratings).
(C) Single-trial visual response magnitudes in (B) were negatively correlated with pupil area (r = 0.44, p < 104). Green and magenta indicate low and high arousal
states.
(D) Single-trial response time courses (black: means) for this bouton during low or high arousal states.
(E) Direction tuning curves (mean ± SEM) for this bouton during low or high arousal. 0 : roughly nasal-to-temporal motion on the LCD monitor. 90 : upward motion.
Arrows: estimated nasal-temporal (N-T) and dorsal-ventral (D-V) axes, with the head in a typical ambulatory posture.
(F) Visual responses of most direction-selective (DS) boutons (78.3%, 3,386/4,324 boutons from 22 fields of view [FOV], 5 mice) were negatively correlated with
arousal. Median correlation: 0.246. Red line: no correlation. Green: cumulative distribution.
(G) Most DS boutons (82.1%, 2,971/3,619 boutons from 22 FOV, 5 mice) had negative MIs (see STAR Methods; median: 0.336).
(H) Single-trial responses and direction tuning curves across arousal states, from example direction-selective (DS), axis-selective (AS), broadly tuned (BrT), and
suppressed-by-contrast (SbC) boutons. The example BrT and SbC boutons were suppressed by arousal, while the example AS bouton was enhanced.
(I) Cumulative distributions of modulation indices for different bouton categories (N = 3,619 DS; 3,609 AS; 3,692 BrT; and 1,521 SbC boutons). For DS, AS, BrT,
and SbC boutons, 82.1%, 68.6%, 63.6%, and 58.2% of the boutons had negative MI values, respectively. MI distributions differed significantly across pairs of
bouton categories (all p values < 104, Kolmogorov-Smirnov tests with Bonferroni correction). Inset: area under the curve (AUC) for the receiver operating
characteristic (ROC) curve for pairs of MI distributions (STAR Methods).
(J) Fraction of boutons per category with significantly enhanced, not significantly (N.S.) enhanced, not significantly suppressed, or significantly suppressed
responses. Black dashed lines indicate the median fractions of significantly enhanced or significantly suppressed boutons in shuffled data (1,000 shuffles; gray
dashed lines: 95% confidence intervals; STAR methods).
See also Figure S3.
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and suppressed-by-contrast (SbC) [26]. Boutons in each category could be significantly enhanced, suppressed, or unaltered by arousal (Figures 3H–3J). Responses of the majority
of boutons in each category were significantly suppressed
by arousal, most commonly for DS boutons (Figures 3I and
3J), whereas a substantially smaller proportion of boutons
was significantly enhanced by arousal (Figure 3J). We
wondered whether these results were driven by arousal state
per se (assessed by pupil area) or by fluctuations in locomotion that often co-vary with pupil size [6, 8, 17, 20]. We
confirmed that the observed arousal-dependent modulation
effects persisted even when excluding trials involving locomotion (Figures S3A and S3N–S3P).
Arousal-Related Response Modulation Varies across
Spatial Frequencies
Consistent with our bulk imaging results (Figure 1), arousaldependent suppression was greater for low versus high spatial
frequency stimuli across populations of retinal boutons (Figure 4A). Accordingly, for low and intermediate spatial frequency
stimuli, many boutons showed significant arousal-related
response suppression, whereas a smaller proportion showed
significant response enhancement (Figure 4B). These results
were consistent across individual mice (averaging across all
sessions per mouse) and across individual sessions (Figures
4C and S4A).
Arousal-Related Response Suppression Depends on
Retinotopic Preference
Our findings show arousal-dependent response modulation of
retinothalamic boutons depends on stimulus spatial frequency.
However, even when separately considering each spatial frequency, we observed substantial heterogeneity in modulation
across boutons in each broad RGC category (Figures 3I and
3J). Thus, we wondered whether a bouton’s arousal-dependent
modulation also varied with other tuning properties. We estimated each bouton’s retinotopic preference by presenting
elongated bars containing spatiotemporal noise (Figures 4D
and 4E; [26]). We then mapped each bouton’s arousal modulation index onto its retinotopic preference in azimuth and elevation, creating a spatial map of arousal modulation for each stimulus spatial frequency (Figure 4F). At the lowest spatial
frequency used (0.02 cpd), grating responses were suppressed
by arousal in most boutons, regardless of their preferred retinotopic location. However, this map became more spatially heterogeneous at the highest spatial frequency used (0.32 cpd).
In this case, arousal actually enhanced responses to drifting
gratings for boutons tuned to stimuli in dorsal and nasal regions
of visual space (see Region 1, Figures 4F and 4G, right, and
S4B, right) while suppressing responses in boutons tuned to
other regions of space. This heterogeneity in arousal modulation by retinotopic preference contributed to the variability in
arousal modulation that we observed across mice and sessions
(Figure 4C), as recordings in different mice and sessions were
often focused on boutons preferring different regions of visual
space (Figure S4C). The maps of modulation index relative to
boutons’ retinotopic preferences were similar when the four
broad bouton categories were considered separately (Figures
S4D–S4G).
3928 Current Biology 30, 3923–3934, October 19, 2020

Greater Arousal-Related Response Suppression in ‘‘Off’’
versus ‘‘On’’ Retinal Boutons
We next considered the relationship between arousal modulation and a bouton’s response tuning to full-field changes in luminance. We classified RGC boutons as either ‘‘On’’ type (selective
to luminance increases), ‘‘Off’’ type (selective to luminance decreases), or ‘‘On-Off’’ type (responsive to both) (Figures 5A and
5B). We estimated the arousal modulation index for each bouton’s responses to full-field drifting gratings, as above (Figure 5A). Similar numbers of On boutons were enhanced or suppressed by arousal, whereas 80% of Off boutons were
suppressed by arousal. The distribution of modulation index
values differed significantly between On and Off boutons (Figures 5C and 5D). Similar differences in arousal modulation of
On versus Off boutons were evident when we separately considered each broad RGC category (Figures S5A and S5B) and each
stimulus spatial frequency (Figures S5C–S5F).
Arousal-Dependent Response Suppression Depends on
Direction and Axis Preference
The significance of visual motion along different directions or
axes might change depending on behavioral state. In an unaroused and stationary mouse, detection of any motion may be
essential to respond to approaching predators or threats. In
contrast, for an aroused mouse that is moving forward, visual
motion signals include self-generated optic flow signals, which
may be less relevant. We thus considered arousal modulation
of responses to moving gratings in two non-overlapping categories of motion-selective retinal boutons––DS or AS boutons.
We previously showed that the dLGN subregion that we imaged
contains DS boutons preferring one of four directions of motion.
The majority of these DS boutons prefer posterior or upward motion in visual space ([26]; Figure 6A1). While boutons tuned to all
four directions showed arousal-dependent suppression on
average, suppression was larger and more common for boutons
preferring posterior or upward motion (Figures 6A2–6A4 and
S6A). This directional bias in arousal modulation may serve to
attenuate self-generated visual signals related to optic flow,
which is anticipated during current or upcoming locomotion,
while preserving encoding of other motion that might indicate
movement of animate objects. We also repeated analyses
restricted to trials in which mice were stationary and confirmed
that elevated arousal modulates retinal processing in a direction-specific manner even in the absence of locomotion (Figure S6B). A similar directional bias in the degree of arousal modulation was observed across a range of spatial frequencies
(0.02–0.32 cpd; Figures S6C and S6D).
We also analyzed AS boutons tuned to motion along a specific
axis. AS boutons preferring horizontal motion were more
commonly suppressed than AS boutons preferring vertical motion (Figures 6B and S6E). This finding persisted when only
considering stationary trials (Figure S6F) and was also consistent
across other stimulus spatial frequencies (Figures S6G and
S6H).
DISCUSSION
We demonstrated that visual response magnitudes differ across
arousal states at a very early stage in the image-forming
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Figure 4. Differential Arousal Modulation of
Boutons across Spatial Frequencies and Retinotopic Locations

.02 cpd
.08
.32

.02
.08
.32

R

O

C

AU

C

Cumulative probability

(A) Cumulative distributions of modulation indices
for different spatial frequencies, pooled across
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Smirnov tests with Bonferroni correction). Inset:
Modulation index
ROC AUC between pairs of distributions.
(B) Fraction of boutons driven at a given spatial
D
E1
frequency that were significantly enhanced, not
significantly (N.S.) enhanced, not significantly suppressed, or significantly suppressed. Black dashed
lines indicate the median fractions of boutons that
were significantly enhanced or significantly suppressed in shuffled data (1,000 shuffles; gray
dashed lines: 95% confidence intervals).
E2
(C) Average MI across all boutons recorded in a
session, plotted for each session and stimulus
spatial frequency. Sessions from the same mouse
have the same color. We found significant effects of
spatial frequency (p < 104), mouse (p < 104), the
interaction of these two (p < 104), and session (p =
0.02) (two-way repeated-measures ANOVA). TuF
key’s multiple comparisons test: 0.02 versus 0.08
cpd, N.S.; 0.02 versus 0.32 cpd, p < 0.001; 0.08
versus 0.32 cpd, p < 0.05.
(D) Schematic of the relative location of the monitor
and the eye contralateral to the imaged hemisphere.
The intersection point where a perpendicular
dashed line from the mouse face meets the monitor
was designated as 0 in azimuth and 0 in elevation.
(E) E1, left: retinotopic mapping of azimuth involved
spatiotemporal noise within a vertical bar, presented randomly at different horizontal locations (5
spacing). Right: retinotopic response tuning curve
G
(black) and model fit (red) for one individual bouton.
E2: same as E1 but for mapping of elevation.
(F) Modulation indices of individual boutons mapped to their preferred retinotopic locations in visual
space. The map for each spatial frequency includes
all DS, AS, BrT, and SbC boutons. Maps were
smoothed using a 3 window. Portions of the maps
of visual space for which no recorded boutons with
corresponding retinotopic preferences exist are
shown in white. We compared MI distributions
across regions by dividing each map into four regions (red lines; see below). Estimates of elevation
and azimuth are in LCD monitor coordinates (see D). Arrows at bottom right indicate rough estimates of natural axes of elevation and azimuth during typical
ambulatory posture [29].
(G) Average arousal modulation index of the four regions for each spatial frequency. Mean ± SEM. Number of boutons for the four regions at 0.02 cpd: 1,235,
1,872, 1,058, and 1,038; at 0.08 cpd: 1,908, 3,005, 1,730, and 1,673; and at 0.32 cpd: 1,654, 2,325, 1,566, and 1,433. For each spatial frequency, distributions
of indices were significantly different across regions (Kruskal-Wallis test, all p values < 1050, post hoc Dunn’s multiple comparison test: *p < 0.05; **p < 0.01;
***p < 0.001).
See also Figure S4.
0.8

pathway—before information is transmitted to the visual thalamus. Surprisingly, visually evoked activity in the majority of
retinal boutons was suppressed during arousal. This suppression was the prevailing effect in both widefield and two-photon
calcium imaging data. Moreover, the degree of suppression depended on the spatial frequency of the stimulus, with stronger

suppression of responses to lower spatial frequency stimuli.
Although responses in the majority of boutons were suppressed
by arousal, responses of some boutons were enhanced, particularly to higher spatial frequency stimuli and stimuli located in
nasal and dorsal regions of visual space. Such heterogeneity
was evident across all four broadly defined functional categories
Current Biology 30, 3923–3934, October 19, 2020 3929
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Figure 5. Greater Arousal-Related Response Suppression in Off versus On Retinal Boutons
(A) Average response time courses during full-field luminance increments (left) and decrements (middle), and direction tuning curves of average responses to fullfield drifting gratings (right), from an example On bouton and an example Off bouton. Mean ± SEM.
(B) Fraction of boutons defined as ‘‘On’’ (OnOff preference index >0.95, N = 1364), ‘‘Off’’ (index < 0.95, N = 1553), or ‘‘On-Off’’ (index within [0.95, 0.95], N =
10877). Data from 22 FOV from 5 mice.
(C) Cumulative distributions of modulation indices (for 0.08 cpd stimuli) for On, On-Off, and Off boutons. Distributions were all significantly different from each
other (all p values < 1034, Kolmogorov-Smirnov tests with Bonferroni correction). 51.5%, 70.6%, and 80.5% of On, On-Off, and Off boutons had negative index
values, respectively. Inset: ROC AUC between pairs of distributions.
(D) Fraction of boutons of each type with significantly enhanced, not significantly (N.S.) enhanced, not significantly suppressed, or significantly suppressed
responses (to 0.08 cpd stimuli). Black dashed lines indicate the median fraction of boutons that were significantly enhanced or significantly suppressed in shuffled
data (1,000 shuffles; gray dashed lines: 95% confidence intervals).
See also Figure S5.

of RGCs: direction-tuned, axis-tuned, broadly tuned, and suppressed. We also classified boutons according to preferences
for luminance changes. We found that On boutons showed equal
likelihood of arousal-related enhancement or suppression, while
Off boutons were mostly suppressed by arousal. For the region
of visual space that we examined, arousal modulation also depended on the bouton’s preferred motion direction and motion
axis, with greater suppression in boutons tuned to directions of
optic flow. Taken together, these findings indicate differential
modulation of distinct visual information channels prior to the
stage of processing by thalamic neurons.
Selective Transmission of Retinal Information across
Arousal States
Brain state-dependent visual processing in rodents has been
studied in visual cortical neurons [1–3, 8–13, 30, 31] and in
dLGN neurons [17, 19, 20]. A number of these studies have
demonstrated heterogeneity in modulation by locomotion [10,
13, 17, 20]. Our findings showing selective, arousal-related
response suppression at the level of retinal axon terminals
may reflect an efficient means of filtering out less relevant information before it gets amplified by thalamocortical circuits.
Indeed, our results are consistent with the findings of Aydin
et al. [20], showing preferential locomotion-related enhancement of transient On dLGN neurons and a subset of neurons
tuned to high spatial frequencies. Suppression of distinct information streams at an early stage of visual processing could
serve several purposes. First, as described above, the suppression of visual signals related to optic flow may allow more
efficient coding of unexpected signals such as those from moving objects in the environment. Second, an increase in arousal
may warrant a shift in visual processing from detection of
possible threats to high-resolution discrimination of bright objects in front of the animal. A parallel change in optimization
3930 Current Biology 30, 3923–3934, October 19, 2020

for detection or discrimination has been suggested for downstream dLGN neurons during low arousal (burst mode firing)
or high arousal (tonic mode firing), respectively [32].
Previous studies have considered either pupil area or changes
in pupil area as indicators of arousal [6–8, 12]. While additional
insights might be gained by considering both pupil area and its
temporal derivative, we chose the former because early analyses
of raw data from individual boutons (e.g., Figure 3C) and bulk recordings (e.g., Figures 1E and S1F) showed a roughly linear relationship between pupil area and response magnitude. Note that
the pupil diameters typically observed in our study (Figure S3E)
correspond to a range for which auditory cortical excitability
and behavioral sensitivity monotonically increase with increasing
pupil diameter [6].
Potential Mechanisms Underlying Arousal Dependence
of Responses in Retinal Boutons
Arousal-related response suppression at the level of RGC axons
could be due to a combination of several mechanisms. As discussed below, these include direct neuromodulation of RGC
axons in the dLGN, modulation of retinal responses by retinopetal brainstem projections, and/or changes in luminance due to
variations in pupil area. While a dissection of these possible
mechanisms is beyond the scope of this study, it is worthwhile
considering them in greater detail (see also [33]). First, a number
of neuromodulators are known to act on RGC axon terminals in
dLGN and elsewhere to inhibit presynaptic calcium influx and
neurotransmitter release [22–25, 34]. GABAB receptors could
mediate direct inhibition of RGC axon terminals by thalamic
reticular neurons and/or local inhibitory neurons, both of which
receive top-down input from cortex and elsewhere [15, 35]. Interestingly, while serotonin has been shown to inhibit retinothalamic
transmission by activation of 5HT-1B receptors [23], it can
enhance excitability of postsynaptic thalamocortical neurons
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Figure 6. Differential Arousal Modulation of Boutons with Distinct Motion Preferences
(A) A1, the distribution of motion direction preferences across direction-selective (DS) boutons had four distinct peaks. Accordingly, we manually defined four groups
of DS boutons (distinct colors). Ns for groups of boutons with direction preferences between 330 –60 , 60 –150 , 150 –240 , and 240 –330 were 1,924, 1,143, 372,
and 180, respectively. Data from 22 FOV from 5 mice. A2, average arousal modulation index of DS boutons in each group. Mean ± SEM. Distributions of indices were
significantly different across groups (Kruskal-Wallis test, p < 108, post hoc Dunn’s multiple comparison test: **p < 0.01; ***p < 0.001). A3, cumulative distributions of
modulation indices for the four groups. Indices were negative for 84.8%, 82.1%, 78.8%, and 60.0% of boutons. All pairs of distributions were significantly different
(150 –240 versus 240 –330 : p = 0.0015; all other comparisons: p < 103; Kolmogorov-Smirnov tests with Bonferroni correction), except for 330 –60 versus
60 –150 (p = 0.10). Inset: ROC AUC between pairs of distributions. A4, Fraction of boutons per group with significantly enhanced, not significantly (N.S.) enhanced,
not significantly suppressed, or significantly suppressed responses (at 0.08 cpd). Black dashed lines indicate median fractions of boutons that were significantly
enhanced or significantly suppressed in shuffled data (across 1,000 shuffles; gray dashed lines: 95% confidence intervals). D, dorsal; V, ventral; N, nasal T, temporal.
Note that polar axes have been rotated by 31 such that 0 indicates nasal-to-temporal motion during typical ambulatory posture [29].
(B) B1, the distribution of motion axis preferences across AS boutons had two distinct peaks. Accordingly, we manually defined two groups of AS boutons (distinct
colors). Ns for groups of boutons with preferences ranging from 0 –75 or 165 –180 and 75 –165 were 1,402 and 2,207, respectively. Note that the orange group
spanning the union of 0 –75 and 165 –180 is equivalent to spanning from 15 to 75 , as axis preferences of 180 –0 mirror that of 0 –180 . Data from 22 FOV
from 5 mice. B2, average arousal modulation index of AS boutons in each group. Mean ± SEM. Medians of the two distributions were significantly different (***p <
1022, Wilcoxon rank sum test). B3, cumulative distributions of modulation indices for each group. Indices were negative for 74.0% and 65.1% of boutons. Distributions were significantly different (p < 1022, Kolmogorov-Smirnov test). Inset: ROC AUC between the two distributions. B4, Fraction of boutons per group with
significantly enhanced, not significantly (N.S.) enhanced, not significantly suppressed, or significantly suppressed responses (at 0.08 cpd). Black dashed lines
indicate median fractions of boutons that were significantly enhanced or significantly suppressed in shuffled data (1,000 shuffles).
See also Figure S6.

[36, 37]. This opposing modulation may serve to suppress less
relevant signals at the RGC bouton, thus allowing pertinent information to be efficiently transmitted to the dLGN and amplified in
downstream circuits. In addition to these known actions on RGC
axon terminals, neuromodulatory retinopetal projections may
also act directly on RGC cell bodies [38].
The increase in pupil diameter during arousal may also
contribute to the observed response suppression, due to the
associated increase in overall retinal illumination. We observed
a 5-fold increase in median pupil area in high versus low
arousal states. Thus, arousal could cause a similar increase in
retinal illumination, though this increase may be partially mitigated by increased absorbance of incident light via a concomitant increase in retinal blood flow and volume. Several studies
demonstrate that larger changes in illuminance (i.e., orders of
magnitude increases) within a similar luminance range (scotopic
to mesopic) can modify mouse retinal processing [39–41]. However, the phenomena described in these studies cannot account

for many of our results. First, Farrow et al. [39] show an abrupt
step-change in inhibition of certain RGC types beyond a certain
threshold luminance level. In contrast, our findings indicate that
the change in response magnitude is roughly linear across the
entire range of pupil areas (e.g., Figures 1E, 3C, and S1F). Second, it is not clear that luminance alone can explain the feature
specificity of the arousal modulation that we observed. Notably,
we show that RGC boutons can be differentially modulated
based on their preferred direction of motion. Likewise, luminance
effects on RGC activity might be expected to be generally
consistent across the retina, whereas we show that RGC boutons encoding nasal or dorsal versus temporal or ventral aspects
of visual space differ in their typical magnitude and sign of
arousal modulation. Additionally, while arousal typically suppresses visual responses in retinal axonal boutons in both the
dLGN and superior colliculus [33], aspects of arousal modulation
differ markedly between these two target areas. For example,
arousal differentially modulates responses of retinal boutons in
Current Biology 30, 3923–3934, October 19, 2020 3931
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the dLGN depending on their preferences for motion direction or
motion axis (Figure 6) or On or Off preferences (Figure 5). This selective modulation of functional subsets of retinal boutons by
arousal was not evident in the superior colliculus [33]. These
data further suggest that, while changes in retinal illumination
may contribute to some of our findings, local neuromodulation
at the level of each retinal target area also shapes the effects
of arousal on retinal axonal bouton responses.
The diversity of bouton sensitivities to arousal, together with the
lack of changes in baseline fluorescence across states, also argue
against a major contribution from arousal-related changes in
thalamic blood flow to our data. As discussed above, we also
ruled out major contributions from changes in eye movement or
eye position with arousal. An increased pupil area might also drive
the observed effects via a decreased depth of field [42]. However,
this would lead to blurring of stimuli that are presented outside the
focal plane, particularly stimuli with higher spatial-frequency content. In contrast, we observed larger arousal-dependent suppression of responses for stimuli at lower spatial frequencies.
How might future studies directly assess whether arousal modulation of retinal axonal boutons occurs presynaptically in the
dLGN or whether similar modulation is already present in the
retina? One strategy for assessing effects of illumination involves
direct dilation of the pupil(s) [17, 43]. However, this strategy can
cause compensatory squinting at the luminance levels used in
this study (data not shown). Arousal modulation of presynaptic
axon terminals could be assessed by bypassing retinal transduction via direct electrical stimulation of the optic tract (see [44] for a
similar strategy applied to the whisker somatosensory system).
Indeed, pairing of optic nerve electrical stimulation with stimulation of dorsal raphe neurons in vivo was shown to suppress electrically evoked responses in thalamocortical cells in dLGN [45, 46].
Implications for Thalamocortical Coding of the Visual
World
Regardless of the potential mechanisms involved, our findings
demonstrate that arousal can influence the nature and magnitude
of visual information transmission from a very early stage in the image-forming pathway. Somehow, the central visual system must
make sense of the visual world despite these major differences
in information received from RGC axons across arousal states.
Behavioral states play important roles in shaping neural dynamics, sensory perception, and behavior performance. This
has led to a surge of studies evaluating state-dependent modulation of visual responses in thalamic and cortical neurons. Our findings highlight the existence of flexible, feature-specific gating of
visual responses at even earlier stages of this pathway, providing
a powerful, efficient, and state-dependent means for exclusion of
less relevant information by the early visual system.
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RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mark L.
Andermann (manderma@bidmc.harvard.edu).
Materials Availability
This study did not generate new unique reagents.
Data and Code Availability
The widefield and two-photon fluorescence imaging datasets and analysis code supporting the current study have not been deposited in a public repository due to the large data size, but are available from the Lead Contact on request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All animal care and experimental procedures were approved by the Beth Israel Deaconess Medical Center Institutional Animal
Care and Use Committee. Animals were housed with standard mouse chow and water provided ad libitum. Male C57BL/6 adult
mice (2-6 months old) were used in this study.
METHOD DETAILS
Viral injection
To label retinal ganglion cell axons, 1.2 ml of AAV2/2.CAG.GCaMP6f.WPRE.SV40 [48]; Boston Children’s Hospital Viral Core) was
gently injected intravitreally into the right eye after the mouse was anesthetized using isoflurane in 100% O2 (induction, 3%–5%;
maintenance, 1%–2%). Care was taken to minimize bleeding and to prevent cataract formation during the injection procedure.
Headpost and cranial window implantation
A headpost and cranial window were implanted 2-3 weeks after viral injection. Mice were given 0.03 mL of dexamethasone sodium
phosphate (4 mg/mL, i.m.) roughly 3 h prior to surgery in order to reduce brain edema. Mice were anesthetized using isoflurane in
100% O2 (induction, 3%–5%; maintenance, 1%–2%) and placed on a heating pad (CWE) in a stereotaxic apparatus (KOPF).
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Ophthalmic ointment (Vetropolycin) was applied to the eyes. Using a procedure similar to that described previously [26], a twopronged headpost was affixed to the skull, centered roughly 2.7 mm lateral and 1.9 mm posterior to Bregma over the left hemisphere,
tangential to the curved skull surface. The head was then tilted to secure the headpost in custom clamps (Thorlabs, Standa) that
aligned the headpost precisely parallel to the platform of the stereotaxic apparatus. A 3-mm diameter craniotomy was performed
at the center of the headpost. The underlying cortical and hippocampal tissue was carefully aspirated until reaching the surface
of the thalamus. The thalamic surface and optic tract were kept intact. A 3-mm diameter coverslip (glued to the bottom of a 3 mm
x 3.4 mm (diameter x height) stainless steel cylindrical cannula (MicroGroup) prior to surgery using UV-cured Norland Optical Adhesive 71) was lowered into the craniotomy, approximately 2.75 mm below the skull, where it pressed slightly on the surface of the thalamus. The cannula was affixed to the skull with Vetbond (3M) followed by C&B Metabond (Parkell), to form a permanent seal. To
create a low-profile adaptor to accommodate the water-immersion objective and light shielding, a neodymium ring magnet (Indigo
Instruments, outer diameter, inner diameter, height: 7.5 mm, 5 mm, 1 mm) was positioned around the cannula and glued to the skull.
During two-photon imaging sessions, this ring magnet held the light shielding in place by contact with a 8 mm x 0.3 mm (diameter x
height) spring steel round shim (McMaster) attached to the blackout fabric (Thorlabs). Meloxicam (0.5 mg/kg, s.c.) was administered
and the mouse was allowed to recover.
Epifluorescence and two-photon calcium imaging
To measure bulk calcium signals in response to visual stimulation in head-fixed mice across arousal states, we performed epifluorescence calcium imaging (Neurolabware). A blue LED light source (470 nm center, 40 nm band, Chroma) was used for excitation, and
the green fluorescence was passed through a 500 nm long-pass emission filter and collected using a sCMOS camera (PCO). Light
shielding around the objective was used to block light emitted by the LCD screen. We focused on the surface of the thalamus. Epifluorescence images (512 3 384 pixels) were acquired at 15.5 Hz, using a 4x, 0.28 NA objective (Olympus).
Two-photon calcium imaging was performed using a resonant-scanning two-photon microscope (Neurolabware). All images were
acquired using a 20x, 1.0 NA, 5.6 mm WD objective (Zeiss) at 4.7x (160 3 210 mm2) or 2.8x (95 3 125 mm2) digital zoom. Light
shielding around the objective was used to block light emitted from the LCD screen. We concentrated on imaging fields of view
(FOV) at depths of 80-150 mm below the surface of the optic tract (roughly corresponding to the upper 20-90 mm of the dLGN shell;
high-quality images could be obtained throughout the upper 140-150 mm of the dLGN, data not shown), using a MaiTai HP DeepSee
Ti:Sapphire laser (80 MHz; Spectra-Physics) or an Insight X3 laser (80 MHz; Spectra-Physics) at 960 nm. The arousal modulation results were not sensitive to imaging depth within this range (not shown). Laser power measured at the front aperture of the objective
was 30-65 mW – likely a substantial overestimate of actual power reaching the sample via the cannula. Images were collected at
15.5 frames/s, 686 3 512 pixels/frame, using Scanbox (Neurolabware). Each imaging run lasted approximately 30 min, and 4-5
runs were performed during each imaging session. Occasionally, the imaging depth was adjusted slightly in between runs to account
for slow drifts in the z-plane. For a given mouse, each FOV imaged in a given session was at least 20 mm above or below any FOV
imaged in another session. Epifluorescence and two-photon imaging experiments were typically performed between one week and
one month after headpost and cranial window implantation.
Pupil videography and image analysis
During epifluorescence imaging, the eye contralateral to visual stimulation was illuminated by an infrared LED. During two-photon
imaging, the pupil ipsilateral to the LCD screen was illuminated by the spread of two-photon excitation infrared light emanating
from within the brain. Images of a pre-selected region of interest around the eye were recorded using a CCD camera (Dalsa) at
15.5 Hz, synchronized with fluorescence image acquisition (Scanbox, Neurolabware).
Locomotion during two-photon imaging
Locomotion was recorded using a customized rotary encoder at a resolution of 0.5 cm/step. Total distance traveled was registered at
15.5 Hz, synchronized with two-photon image acquisition (Scanbox, Neurolabware). The running speed was calculated as the
displacement between two adjacent data points dividing by the time between data points (.065 s), and smoothed by a median filter
(width: 5 samples, or .32 s).
Visual Stimulation
Visual stimuli were generated using Psychtoolbox [47], and displayed on a luminance-calibrated LCD monitor (Dell, 17,’’1280 3 1024
pixels, 60 Hz refresh rate) placed 22 cm from the mouse’s right eye and spanning 80 3 70 of visual space (azimuth: 40 to 40 , with
0 indicating the line perpendicular to the eye, which is 45 lateral to the axis in front of the head, see Figure 4D; elevation: 13 – 57
relative to this same line). We estimated the luminance with the LCD on and at mean luminance to be 4.8 lux at the mouse’s ipsilateral
eye. Based on calculations from [49], we could obtain a very rough estimate that during median pupil areas in the low arousal and high
arousal state, this luminance would result in 40 and 200 photoisomerizations/rod/s – in other words, the effective illumination of
the retina using our stimulus conditions spans the upper scotopic to lower mesopic range of vision.
To measure arousal modulation during epifluorescence imaging, we presented full-screen sine-wave drifting gratings (80%
contrast) at 0 (nasal to temporal direction) and at spatial frequencies of 0.02, 0.08 and 0.32 cycles per degree (cpd) and a temporal
frequency of 2 Hz. Gratings of different spatial frequencies were delivered in a random order, with blank trials (full-screen mean luminance – gray screen) interleaved in between. All stimuli were displayed for a 2 s duration. The inter-stimulus interval (mean luminance
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gray) lasted 2 s. One session consisted of 432 repeats of gratings at each spatial frequency and 108 blank trials. Each animal was
recorded on two different sessions on two consecutive days.
To measure arousal modulation during two-photon imaging, we presented full-screen 2 Hz sine-wave drifting gratings (80%
contrast) at eight directions of motion spaced 45 apart for each of the three spatial frequencies of 0.02, 0.08 and 0.32 cycles per
degree. The visual stimulation paradigm also included periods of full-screen mean luminance (gray, blank trials) or periods of fullscreen bright or dark screen (‘On’ or ‘Off’ trials, respectively, 80% contrast). All stimuli were displayed for a 2 s duration. The inter-stimulus interval (mean luminance gray) lasted 2 s. A single repeat involved presentation, in random order, of the set of all of
the above stimuli (one presentation of each direction and spatial frequency, three presentations of ‘On’ and ‘Off’ stimuli, and three
or six presentations of ‘blank’ stimuli). A single run usually consisted of 10-14 repeats, each with a different randomized stimulus order. We recorded 3-5 runs for each FOV in a given imaging session.
To measure retinotopy with high spatial resolution during two-photon imaging, we used a binarized version of a bandpass-filtered
noise stimulus with a spatial frequency corner of 0.05 cycles per degree, a cutoff of 0.32 cycles per degree and a temporal frequency
cutoff of 4 Hz [2]. The noise stimulus was presented within 5 3 40 bars, presented vertically at one of 8 azimuth locations and horizontally at one of 8 elevations. Stimuli were presented for 2 s each, with a 2 s inter-stimulus interval (mean luminance, gray). Visual
stimulation also included a blank condition (mean luminance, gray). Stimulus order was randomized within a single repeat (consisting
of a single presentation of each stimulus condition), and 30 repeats were presented during one run. We performed 1-2 runs of retinotopic mapping per imaging session.
Image processing
Image preprocessing
To correct for x-y motion along the imaged plane, a series of image registration and data cleaning steps were applied [26]. For epifluorescence images, movies collected on each imaging day were registered to a common average field-of-view using a local image
normalization method (subtraction of local mean and division by local variance across pixels) and an image warping method (imregdemons.m, MATLAB, Mathworks; https://www.mathworks.com/help/images/ref/imregdemons.html). For two-photon images, additional denoising method was implemented to aid image registration. Specifically, principal component analysis (PCA) was performed
to identify spatial principal components of the field of view and each image of the movie was reconstructed using only the first 400
(highest eigenvalues) out of 30,000 principle components. The denoised images were then subjected to local normalization and
image warping to derive the warping parameters, which were then applied to the original raw movie. For additional details, please
see [26].
Identification of the responsive region in the dLGN from bulk calcium imaging
The dLGN region could be easily distinguished from superior colliculus or other thalamic regions, based on baseline green fluorescence from GCaMP6f-expressing retinal ganglion cell axons, and from the characteristic oval shape. However, given the limited dimensions of the LCD monitor used for displaying visual stimuli, and the obstructions in the upper visual field due to light shielding, not
all the dLGN regions receiving RGC projection responded to visual stimulation. For quantifying calcium signals across arousal states,
we only considered the portion of the dLGN that showed robust visually evoked responses during at least one of the stimulus conditions (spatial frequencies). We first generated four mean DF/F images, one for stimuli at each of the three spatial frequencies used,
and one for blank trials. We then generated a single image that was the mean intensity projection of these four images. We compared
multiple methods for defining the portion of the dLGN with active responses. Ultimately, we defined the responsive region as the set
of 5000 pixels within the dLGN that showed the strongest evoked response in the mean intensity projection image. This ensured comparable shot noise in the average time courses estimated from each session. Control analyses in which we further dilated this region
(not shown) indicated that the modulation index was generally stable regardless of the parameters used to define the active subregion
of the dLGN.
Identification of bouton masks
To identify boutons and extract masks for further signal processing, we established an automated image segmentation algorithm.
First, an image of the absolute value of the average DF/F was calculated for each trial type by averaging single condition evoked
response maps across all N repetitions of that trial type |mean((Fi-Fi0)/Fi0)|, i = 1..N, where Fi is the mean fluorescence during the stimulus presentation and Fi0 is the average baseline fluorescence during the 1 s prior to each stimulus onset). We used the absolute value
of DF/F in order to include boutons that were strongly suppressed by visual stimuli, corresponding to negative values of DF/F. A bouton identification procedure was then independently applied to each of these average DF/F images. First, local normalization was
applied, with the local mean estimated by isotropic filtering of the image using a Gaussian kernel (with standard deviation, sigma =
3 mm). The local variance was estimated using a larger Gaussian filter (sigma = 50 mm).
Morphological filters were then applied to identify, in an unbiased manner, connected sets of pixels that together resembled the
size and shape of a typical RGC bouton, as follows: first, small pixel gaps were filled by interpolation using a square-shaped structuring element of 1.3 3 1.3 mm2. We then removed all small unconnected structures via an ‘opening’ operation using the same structuring element. To obtain candidate masks, we first binarized the above images by setting to ‘1’ all pixels with values above 10% to
15% of the maximal pixel amplitude after filtering, and setting all other pixels to ‘0’. A Euclidian distance transform was then applied to
these binary images (MATLAB function ‘bwdist.m’, https://www.mathworks.com/help/images/ref/bwdist.html). The built-in
MATLAB watershed transform was used to finalize the segmentation (MATLAB function ‘watershed.m’, https://www.mathworks.
com/help/images/ref/watershed.html). The results from the distance transform and the watershed transform from the individual
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DF/F images were combined by summing the distance transform across conditions and normalizing this value by the bouton count
obtained by the watershed transformation. A final watershed transformation was applied to this normalized distance image to increase the accuracy of the procedure and to reduce the risk of false positives in the bouton identification procedure. In addition,
to remove residual calcium signals not originating from the bouton itself, we estimated neuropil masks as circular annuli of 3 mm
width, with the inner edge located 2 mm beyond the edge of a corresponding bouton mask. Pixels from adjacent bouton masks
were excluded from these neuropil masks.
Time course extraction and correction
To obtain raw fluorescence traces for dLGN region in epifluorescence imaging datasets, or for bouton masks and neuropil masks in
two-photon imaging datasets, the fluorescence intensity value at each time point was defined as the average fluorescence across the
pixels belonging to the region or to the mask.
To account for photobleaching during two-photon imaging sessions, a bleaching correction method was established. Raw bouton
and neuropil traces were first smoothed using a sliding filter (30th percentile of a 5-min sliding window). Then, the filtered traces were
fitted using a decaying exponential, where the amplitude and the offset were independently estimated for each bouton and each
neuropil ring, while the time constant was fixed to an experimentally defined constant value of 75 min, which was in agreement
with time constants other groups have determined for the photobleaching of GCaMP6f using two-photon imaging at similar excitation
wavelengths and laser power (Harris lab/Photophysics, https://www.janelia.org/lab/harris-lab-apig/research/photophysics/
two-photon-fluorescent-probes). To correct for photobleaching in each trace, the fitted offset value was first subtracted from the
raw trace, and then the resulting trace was multiplied by the inverse of the exponential of the fixed decay time constant before adding
back the offset value.
To account for neuropil signals which may contaminate signals in the bouton trace, neuropil correction was applied by subtracting
a scaled version of the corresponding neuropil trace (0.6 x neuropil trace) from each bouton trace before adding back the mean neuropil fluorescence (temporally-averaged across the neuropil trace) [50].
To account for autofluorescence from brain tissue in the epifluorescence image, we estimated the average fluorescence value from
a region anterior to the dLGN which received no RGC input, which served as approximation of the level of background autofluorescence. We subtracted this estimate on a frame-by-frame basis from the fluorescence trace of the identified dLGN region.
We also corrected baseline fluorescence, F0, to remove the decay in fluorescence from activity evoked during the previous visual
stimulus presentation. Due to slow decay dynamics in vivo (as a result of calcium buffering and GCaMP6f buffering) after stimulusevoked calcium activity, the bouton fluorescence sometimes did not fully return to baseline during the 1 s after the offset of the
previous stimulus presentation, and persisted in the 1 s used to calculate F0 for the following stimulus period. Therefore, a baseline
correction was introduced that modeled this exponential decay of previously evoked GCaMP6f calcium activity, using an
experimentally determined fixed time constant of 1 s (in agreement with previously determined GCaMP6f dynamics in vivo [51]):
Fprev-fit(t) = a*exp(-t/t)+c, where t is the time constant and c is the new corrected F0.
To assess the fractional change in fluorescence, DF/F(t), during each visual stimulus presentation, the fitted, exponentially decaying contribution from the previous trial was first subtracted from F(t) during the 1 s interval prior to and the 2 s interval during visual
stimulus presentation. Then, the corrected baseline was used as the new baseline F0 to compute DF/F(t). Single response values
during a given trial were obtained by averaging the DF/F(t) response during the 2 s stimulus window.
Estimation of visual tuning preferences in RGC boutons
Estimation of boutons with significant visual responses
We define single condition bouton responses in two-photon imaging datasets as the average from all the trials of a given stimulus
condition. Visually evoked responses were corrected by subtracting the average response across blank trials. There were approximately 30 repeats for each of the retinotopic conditions, 60 trials for each combination of direction and spatial frequency (SF), 180
trials of luminance increments and decrements (‘On’ and ‘Off’) and 360 blank trials. Different boutons had differing response dynamics, and we attempted to minimize bias in which boutons were deemed significantly visually responsive. Thus, we assessed,
for each bouton and each stimulus condition, if the evoked response was significantly different from noise, by requiring the amplitude
of DF/F(t) during the response window to exceed 2.5 standard deviations above or below the mean baseline activity (computed using
the 1 s window prior to stimulus onset) for at least 10 out of the 31 time points (15.5 Hz frame rate x 2 s stimulus presentation). For
assessment of significant On and Off responses, we only required the DF/F(t) amplitude to exceed this threshold for at least 5 of the 31
time points, as a substantial proportion of boutons exhibited transient On and/or Off responses. These criteria were confirmed to be
highly conservative, thereby including only highly robustly visually responsive boutons.
To assess if a given bouton exhibited a significantly positive response at a particular spatial frequency, we required that at least 3
out of the 8 directions at this spatial frequency evoked significantly positive responses according to the criteria described above. A
similar approach was used to determine if a bouton exhibited a significantly negative response to a particular spatial frequency. Note
that all boutons contributing to the main results underwent additional quality controls (see below), further protecting against inclusion
of any noisy boutons in our analyses.
Direction tuning curve fitting
For each bouton showing a significantly positive response at a given spatial frequency, a direction tuning curve was computed across
directions for stimuli presented at that spatial frequency. The direction tuning curves were initially sampled in steps of 45 . In order to
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obtain a more precise estimate of the preferred axis and direction, a fitting approach was used to estimate the preferred direction.
Tuning curves were fitted with a two-peaked Gaussian with offset [52]:
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RðqÞwas the DF/F response for stimulus direction q. This model assumed that the peaks of the two Gaussians were 180 apart.
qpref was defined as the preferred direction evoking the strongest DF/F response, R1 $ R2 was the amplitude of the second peak
located at qpref + 180+ . It was also assumed that both Gaussians shared a common standard deviation, s. The fifth fitted parameter
was a constant amplitude offset, Roff .
Several steps were taken to improve the reliability of the fitting of direction tuning curves and to optimize the accuracy of estimation
of preferred direction of motion. To increase the number of input points for the fitting procedure from 8 to 25, a heuristic method of
interpolation and extrapolation was implemented. First, a ninth point was added at 360 , which was identical to the one at 0 . Then,
the number of input points was doubled from 9 to 17 by linear interpolation of the 9-point direction tuning curve. For the interpolated
data point between the two most strongly driven initial directions (out of 9), we further adjusted the interpolated amplitude so that its
value became a close approximation of that predicted point from a Gaussian curve fit through the rest of the points, thus reducing the
error introduced by linear interpolation given the expected continuity of the curves. To this end, we applied the empirical formula
described below. Note that our results were largely unchanged if this additional adjustment to the linear interpolation was omitted
(mean difference in preferred direction: 2 , median difference: 1.2 ). However, this additional peak adjustment resulted in significantly
smaller residual values between the fitted curve and the initial 8-direction tuning curve.
The interpolated amplitude between the two most strongly driven initial directions was calculated as follows. RS1 was
defined as the strongest response out of all 8 directions and RS2 as the stronger of the two responses for directions ± 45 adjacent
to RS1 . RS3 was defined as the weaker of the two responses adjacent to RS1 . RS4 was defined as the response adjacent to
RS2 , at 90 from RS1 . The interpolated DF/F response RS12 between RS1 and RS2 was defined as:
RS12 = ðRS1 + RS2 Þ=2 + ð1=6Þð1  ðRS1  RS2 Þ=ðRS1  RS3 ÞÞððRS1  RS3 Þ + ðRS2  RS4 ÞÞ. This method compared the slope between
RS1 and RS2 with the slope between RS1 and RS3 . If the peak was flat, a maximum amount of ð1 =6ÞððRS1 RS3 Þ + ðRS2 RS4 ÞÞ was
added, corresponding roughly to the expected value of a Gaussian peak. If the absolute values of the slopes between RS1 and
RS2 and between RS1 and RS3 were identical (and therefore RS1 was the real peak of the Gaussian), this corresponds to
ð1  ðRS1  RS2 Þ=ðRS1  RS3 ÞÞ = 0 in the above equation, therefore resulting in no additional value added to the interpolation method.
A similar method was used to interpolate negative peaks.
To further improve the stability of the fitting procedure and to better approximate the direction tuning curve, we added two shadowcopies of the two-peaked Gaussian function, circularly shifted by +360 and 360 :
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This addition of the shadow-copies increased the range to [-90 , 450 ], and thus extended the fitted tuning curve by 4 additional
directions (at 22.5 spacing) on either end. While the adjusted linear interpolation and the addition of the shadow copies improved the
fitting procedure, similar results were obtained using the basic 17-point linearly interpolated tuning curve (data not shown)
A bootstrapping method involving random sampling of trials from each condition was then implemented to fit the tuning curves.
Specifically, for each of 100 iterations, the tuning curve was initially computed by randomly sampling with replacement, and by averaging responses from 60 trials sampled from each of the 8 directions. These 8-point tuning curves were then interpolated, extended
and finally fitted using the method described above. The final parameters used were the mean of the fitted parameters across the 100
sampling iterations.
To determine if the fitting procedure yielded a high-quality fit, a combination of criteria was used. Each iteration of the fitting procedure yielded a coefficient of determination, r 2 , defined as the explained variance using least-squares regression to fit the data. As a
2
, was computed by comparing the original direction tuning curve
second control step, a combined coefficient of determination, rcomb
with the fitted curve derived using the average of each fitting parameter (across 100 iterations). To assess both the quality and the
reliability of the fitting procedure, we introduced a heuristic goodness of fit, Gfit :
pﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃ
Gfit = r 2 1  IQR r 2
r 2comb where IQR was defined as the interquartile range – the difference between the 75th-percentile
ﬃﬃﬃﬃ
p
and the 25th-percentile (of r 2 values across iterations). A bouton was considered to have a well-fit direction tuning curve at a given
spatial frequency if the goodness of fit, Gfit , was greater than 0.66. The threshold was chosen based on examination of a large proportion of example boutons, and values in the range of 0.5 to 0.9 yielded similar results. The complete direction curve fitting procedure was separately run for each of the three spatial frequencies employed, and therefore each bouton was attributed up to three sets
of fitting parameters.
Axis and direction selectivity
For each bouton, we calculated its axis and/or direction selectivity at a given spatial frequency if we observed a significantly positive
evoked response at that spatial frequency. For axis selectivity, we calculated a ‘vector sum’ axis selectivity index (ASI [53]; i.e., selectivity for a motion along a given axis) on each interpolated direction tuning curve. This index was calculated by projecting the DF/F
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response for each of the 16 directions in the range between 0 and 360 onto a circle with 2i progression and estimating the magni , 16
 16

2i2pqn 
P
P
tude of the normalized vector sum, which ranged from 0 to 1 (maximum selectivity): ASI = 
Rðqn Þe 360+ 
jRðqn Þj .
n=1

n=1

Opposite directions contributed in an additive fashion, while orthogonal directions canceled each other out. The ASI computation
was iterated 100 times by bootstrapping and averaged for each spatial frequency.
In a similar manner, we computed a ‘vector sum’ direction selectivity index (DSI [53]), by projecting the 16 directions onto a circle
!
 16
 , 16
1i2pqn 
P
P
with 1i progression: DSI = 
Rðqn Þe 360+ 
jRðqn Þj . As with ASI, the DSI estimate was repeated with the bootstrapping
n=1

n=1

method, and the average was used as the DSI for that spatial frequency.
Preferred direction of motion and preferred axis of motion
For direction-selective boutons or axis-selective boutons, the preferred direction of motion or preferred axis of motion was defined as
the direction or axis of the mean vector across the preferred motion direction or motion axis for each spatial frequency, which was the
direction or axis with peak response amplitude estimated from the fitted tuning curve at the given spatial frequency. Estimates of
preferred direction or axis of motion ranged from 0 and 360 , or 0 and 180 , respectively.
To compensate for the pitch angle of the mouse head during imaging acquisition (Pitch of 31.6 above the angle estimated for a
typical ambulatory position [29]; Roll: 16.7 ; measured using stereotaxic coordinates during headpost implant, N = 3 mice), we
rotated the preferred direction or axis of motion counterclockwise by 31.6 .
OnOff preference index
An OnOff preference index was calculated using the averaged response traces to luminance increments (On stimulus) and to luminance decrements (Off stimulus). A positive response to On only, to Off only, or a positive response of equal magnitude to On and Off
corresponded to index values of 1, 1 or 0, respectively. Boutons lacking both a significant On response and a significant Off
response (see Subsection, ‘Estimation of boutons with significant visual responses’) were not considered.
In order to take into account the dynamics of the evoked On and Off responses, a weighted OnOff preference index was introduced
as follows:
OnOffpref =

ðOnt  Offt Þ$ðjOnjt + jOffjt Þ
kjOnjt + jOffjt k

2

Ont and Offt were defined as the On and Off response time courses during the 2 s response window. In this equation, the term
ðOnt Offt Þ determines the sign of the index at each time point. The dot product of this term with ðjOnjt + jOffjt Þ was used to assign
a relative weight to each time point according to its summed response magnitude. Then the numerator was normalized to obtain a
single preference index between 1 and 1.
A subset of SbC boutons exhibited a positive rebound after transient suppression [54, 55]. The positive values in On and Off
response traces from those boutons were set to zero prior to estimating OnOff preference. Moreover, we added a minus sign to
the above formula, so that SbC boutons that were significantly suppressed by an On stimulus were defined as On-responsive
SbC, while SbC boutons that were significantly suppressed by an Off stimulus were defined as Off-responsive. While this is opposite
to our previous definition for SbC cells [26], it increased clarity in this study by enabling consistent interpretation of arousal modulation
across bouton classes.
Bouton type classification
A bouton was classified as direction selective if, for at least one of the three spatial frequencies used, (i) it had a significant positive
response, (ii) the tuning curve was successfully fit (as estimated by goodness of fit criteria),
 (iii) the direction selectivity index (DSI)
exceeded 0.2 (a value equivalent to 0.33 if direction selectivity was calculated as DSI = Rpref  Ropp Þ=ðRpref + Ropp Þ, where Rpref
was the response at the preferred direction and Ropp was the response at the opposite direction). Additionally, for all spatial frequencies which showed a significant positive response, we also required the DSI at each of these spatial frequencies to exceed
0.15 (to ensure that group assignment was not sensitive to the vagaries of which spatial frequencies were used). Finally, we verified
that boutons in this group did not show any significantly negative responses for any spatial frequency.
A bouton was defined as axis selective (i.e., most strongly responsive to motion along two opposite directions constituting a single
axis of motion) if (i) it had at least one significantly positive response for at least one of the three spatial frequencies, (ii) the fitting
procedure was reliable, and (iii) the axis selectivity index (ASI) exceeded 0.15 (a value equivalent to 0.33 if axis selectivity was calcu
lated as ASI = Rpref  Rorth Þ=ðRpref + Rorth Þ, where Rpref was the response at the preferred direction and Rorth was the mean response
at the two directions orthogonal to the preferred one). We distinguish the term axis selectivity from orientation selectivity, as the latter
is often used even for responses to stationary (i.e., non-drifting) oriented gratings – a stimulus not examined in this study. It is possible
that certain axis selective boutons may not be strongly driven by stationary gratings. For all spatial frequencies for which we observed
a significant positive response, we further required that the DSI was less than 0.2 and that the ASI was greater than 0.1. If these conditions were not met or if the bouton showed any significant negative response at any spatial frequency, the bouton was removed
from this group.
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A bouton was defined as ‘broadly tuned’ if (i) it exhibited a significant positive response for at least one of the three spatial frequencies and (ii) the ASI and DSI were below 0.15 and 0.2, respectively, for all significant spatial frequencies. We also removed boutons that exhibited any significant negative responses at any spatial frequency.
Boutons having significant negative responses for at least one spatial frequency and no significant positive response at any spatial
frequency were defined as ‘suppressed’. ‘Suppressed-by-contrast’ (SbC) boutons were further defined as those boutons generally
suppressed by all types of visual stimuli, including horizontal and vertical bars containing spatiotemporal noise (used for retinotopic
mapping). Moreover, a SbC bouton needed to be significantly suppressed by at least 2 out of the 8 retinotopic conditions in at least
one of the two stimulation axes. If no retinotopic mapping stimulus evoked a significant response, or if the response to one or both
retinotopic stimulation axes was significantly positive, the bouton was classified as ‘suppressed’, but not as part of the subcategory
of ‘SbC’ boutons. Only the SbC subcategory of suppressed boutons was considered in this study.
Boutons which showed a significant visually-evoked response but were not classified into any of the above conservatively-defined
categories, were ‘unclassified’ boutons and were not included in subsequent analyses.
Finally, a small proportion of candidate bouton masks were not significantly driven by any of the presented visual stimuli. These
were classified as ‘unresponsive’ and not considered further.
Arousal modulation
The arousal level of the mouse was assessed by estimating pupil area [6–8, 12, 27]. Pupil area was automatically identified from the
acquired videos using customized scripts in MATLAB (MathWorks). To fit pupil regions recorded during two-photon imaging with
ellipses and extract pupil parameters including centroid positions, widths and heights, the Starburst algorithm was used [56]. For
extracting the pupil parameters when recorded during epifluorescence imaging, morphological filters and the grayconnected.m
function (MATLAB, MathWorks, https://www.mathworks.com/help/images/ref/grayconnected.html) were first used to identify the
region of image that belonged to the pupil, due to the difference in pupil illumination methods between epi and two-photon imaging.
The regionprops.m function (MATLAB, Mathworks, https://www.mathworks.com/help/images/ref/regionprops.html) was then used
to fit an ellipse to the pupil region and to measure parameters of the ellipse, including the centroid position, the width and the height.
For both methods, pupil area was calculated as the area of the fitted ellipse, normalized to the maximal pupil area during each session, and temporally smoothed by a median filter (width: 5 adjacent frames).
The distribution of pupil areas in each session was then assessed, and the area values at 25% and 75% were selected as thresholds for low arousal and high arousal states. For each trial, the average pupil area estimate from 1 s before to 2 s after onset of visual
stimulation was computed and used as the pupil area for that trial. If the average pupil area for a given trial was below the 25%
threshold, the mouse was considered to be in a low arousal state during that trial. If the average pupil area was above the 75%
threshold, the mouse was considered to be in a high arousal state.
To quantify the degree of arousal modulation of responses of drifting gratings, we defined a modulation index, MI = [RHighArousal –
RLowArousal]/RAllTrials, where RHighArousal, RLowArousal, RAllTrials represent the average response across all high arousal trials, the
average response across all low arousal trials, and the average response across all trials, respectively. Note that, because responses tended to vary linearly and were anticorrelated with pupil area, the value of RAllTrials was roughly similar to the value of
([RHighArousal + RLowArousal])/2, which is more commonly used as the denominator for such an index. Note that the index that we
use is thus roughly similar to 2 * [RHighArousal – RLowArousal]/[RHighArousal + RLowArousal]. For epifluorescence imaging, the response
magnitudes (R-values) were computed to 0 drifting gratings. For individual boutons from two-photon imaging, we considered
three directions: the direction that drove the maximal response, and the two adjacent directions (spaced ± 45 apart). We first
calculated the average response across trials for each of the three directions, and then averaged this value across the three directions. On average, 11.8 ± 1.0 trials (mean ± SEM) were included as low arousal trials, and 15.7 ± 1.7 trials were included as
high arousal trials, for each direction at the intermediate spatial frequency (22 FOV, 5 mice). No single direction had fewer than
2 trials at low or high arousal states, and no 3 used adjacent directions had fewer than 9 trials in total at low or high arousal states.
To further remove noisy boutons for a given spatial frequency, we also required that DS, AS, BrT and SbC boutons satisfy the
above defined criteria for direction-selective, axis-selective, broadly-tuned, or suppressed-by-contrast, respectively. Moreover,
for DS, AS and BrT boutons, we required the mean responses across the peak direction and two adjacent directions to be positive
at both low and high arousal; for SbC boutons, we required the mean responses to be negative at both low and high arousal. Due to
these additional criteria, the total number of boutons used for calculating the modulation index was smaller than the number of
boutons used for calculating correlation with pupil area.
For each bouton, we also assessed whether arousal modulation was significant (p < 0.05). An N-way ANOVA was used to compare
the responses from the aforementioned three directions (direction of maximal response and adjacent directions), at low versus high
arousal. To obtain the fraction of boutons that would have been deemed significantly suppressed or significantly enhanced in randomized data, we performed random shuffling analysis. For each bouton, we shuffled the mean single-trial responses across all trials
under the same visual stimulus condition in the session while maintaining the same trial-by-trial sequence of arousal states as was
present in the original data, and recalculated the p values. We measured the fraction of significant boutons from each shuffle, and
repeated this procedure 1000 times. We then displayed the median value (black dashed lines) and the 95% confidence interval
(gray dashed lines) of those estimated fractions in the corresponding figures.
To assess whether the modulation index was dominated by slow changes across many minutes during the recording, we
calculated a pairwise modulation index between each high arousal trial and all low arousal trials in an epifluorescence imaging
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session. We then compared the mean of these modulation indices for pairs of trials that were 0-5 min apart and for pairs that were
15-20 min apart.
Arousal modulation during the stationary state
The mouse was considered to be stationary during a given trial if, from 1 s before and 2 s after onset of visual stimulation, its movement speed didn’t exceed 1.55 cm/s at any moment (i.e., in any frame, with sampling at 15.5 Hz) and the total movement was no more
than 0.5 cm, the minimum step size of our rotary encoder. 1.55 cm/s was the minimum unit of running speed during a given frame, and
0.5 cm of movement is equivalent to movement at this minimal speed for 0.33 s. This criterion ensured that trials with occasional
posture adjustments would still be considered as stationary trials. For analyses of arousal-dependent modulation index during stationary trials, we used the same pupil-based definition of low versus high arousal trials as above, but we now only included trials that
met the additional criterion reflecting the stationary state. Across the 8 FOV from 4 mice used for assessing arousal modulation during
the stationary state, no single stimulus direction had fewer than 3 trials at either the low or high arousal state, and no 3 adjacent directions had fewer than 11 trials in total at either the low or high arousal state. On average, 13.3 ± 1.7 (mean ± SEM) trials were
included as low arousal trials, and 12.8 ± 2.5 trials were included as high arousal trials, for each stimulus direction at the intermediate
spatial frequency.
Trial matching
To test whether differences in position or motion of the pupil in high versus low arousal trials contributed to the effect of arousal
on response amplitude, we calculated the modulation index in the subsets of trials that were matched either for position of the
pupil along the dorsal-ventral axis (Y position, in a.u.), or for the amount of pupil motion along the nasal-temporal axis (horizontal
motion, or the standard deviation of the time course of X displacement), from 1 s before stimulus onset until the end of stimulus
presentation for each trial. We randomly selected a high arousal trial and matched it with the low arousal trial that was most
similar to it in terms of position or amount of motion (sampling without replacement). The difference in position between a
high and low arousal trial had to be below 2 a.u. (estimated to correspond to 1 degree of pupil rotation) and the difference
in standard deviation estimates of motion had to be less than 0.5 a.u. If no low arousal trial fulfilled these criteria, the high
arousal trial was not considered. We continued this procedure until all high arousal trials with a suitable match were found.
We then calculated the modulation index using the set of matched high and low arousal trials. The matching procedure was
repeated 100 times, randomizing the order in which high arousal trials were chosen for matching. We report the average modulation index (and average estimate of standard error) across 100 repetitions of the matching procedure.
To estimate the overall degree of dissimilarity between unmatched distributions of pupil location during high versus low arousal
(Figure S2C, right, and S2D, right), we used the Bhattacharyya distance [57]. This distance is defined, for discrete probability distriP pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pðiÞqðiÞ: pðiÞ and qðiÞ are the area-normalized distribution probability in the i th
butions, as  lnðBCðp;qÞÞ, where BCðp; qÞ = N
i=1
bin of low and high arousal trials, respectively.
Estimation of retinotopic preferences in RGC boutons
Retinotopic tuning curve fitting
Two retinotopic tuning curves, which were independently fitted for each bouton, were established, respectively, for tuning along the
azimuth and along the elevation axes. Both curves consisted of eight evenly spaced values, each consisting of the average response
across trials for a given location in visual space of the oriented bar containing binarized spatiotemporal noise (see above). Tuning
curves were approximated using a Gaussian function:
ðxxpref Þ

2

RðxÞ = R1 e

2s2

+ Roff

The DF/F response, RðxÞ varied as a function of the retinotopic stimulus location, x. The maximum response, R1 + Roff , was
evoked at xpref , the preferred retinotopic location. The standard deviation s of the Gaussian was proportional to the receptive
field size along this axis. To increase the number of points for fitting from 8 to 15, an interpolation method similar to the one
used for direction tuning curves was implemented. As responses were very reliable and well fit, no bootstrapping method
was implemented. Fitting was considered significant if 2 out of the 8 directions showed a significant response (see
pﬃﬃﬃﬃ
Subsection, ‘Estimation of boutons with significant visual responses’), if the absolute correlation coefficient r 2 exceeded
0.8, and if the fitted peak amplitude was confirmed to be positive or negative for non-suppressed and for suppressed boutons,
respectively.
QUANTIFICATION AND STATISTICAL ANALYSES
Statistical tests were conducted using MATLAB and Prism. Non-parametric tests were used for comparing two independent groups
(Mann-Whitney-Wilcoxon test), two related groups (Wilcoxon signed-rank test), and multiple independent groups (Kruskal-Wallis test
with post hoc Dunn’s multiple comparison test), multiple related groups (Friedman test with post hoc Dunn’s multiple comparison
test). To consider multiple factors and their interaction (for example, spatial frequency and mouse identity), a two-way or N-way
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ANOVA test was used. To test whether the mean of a normal distribution is significantly different from 0, a t test was used.
A Kolmogorov-Smirnov test was performed to compare cumulative distributions. p < 0.05 was considered significant. To consider
not only whether differences are significant but also how large the differences are given the spread in the distributions, we computed
the area under the curve (AUC) for the receiver operating characteristic (ROC) curve for each pair of modulation index distributions in
the associated plot, with probability estimates derived from the logistic regression model. Additional details on sample sizes, statistical test, significant levels for each experiment can be found in figure legends, Results and Star Methods. All acquired data were
included for analyses.
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