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In brief

Anrlund-Richter et al. show that in mice,
discrete subregions of the prefrontal
cortex send distinct feedback signals to
the primary visual cortex. These
pathways differentially modulate visual
processing depending on behavioral
state, revealing how higher-order cortical
areas dynamically influence sensory
representations to integrate perception
with internal state.
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SUMMARY

The mammalian prefrontal cortex (PFC) is thought to modulate cortical sensory processing during behavior
through long-range feedback projections. Subregions of the PFC, such as the anterior cingulate cortex (ACA)
and ventrolateral orbitofrontal cortex (ORB), exhibit unique patterns of connectivity that may confer distinct
roles in feedback modulation of sensory information. Here, we combined axonal tracing, two-photon calcium
imaging, and chemogenetic manipulations in mice to determine how projections from the ACA and ORB in-
fluence visual processing in the primary visual cortex (VISp). We found that ACA axons conveyed stronger
visual-stimulus information than ORB axons, though both conveyed non-visual, behavior-related informa-
tion. ACA input enhanced visual encoding in VISp neurons and scaled with behavioral arousal, whereas
ORB input shaped behavior-related modulation but reduced high-contrast visual encoding. These results
reveal distinct feedback roles of ACA and ORB projections, supporting the modular organization of PFC

feedback modulation.

INTRODUCTION

A long-standing hypothesis of mammalian brain organization
suggests that brain regions are hierarchically organized, with the
relative order between two regions reflected in their laminar con-
nectivity."? This bidirectional connectivity is proposed to allow
higher-order regions to influence or modulate the activity of lower
cortical regions to optimize sensory information processing.*
Large-scale brain mapping identifies the prefrontal cortex (PFC)
and its subregions at the top of this hierarchy in mice, with the ma-
jority of PFC efferents classified as feedback projections.” PFC
subregions project to both shared and unique cortical targets,®”
forming a comprehensive pattern of axonal innervation across
the cortex.° This anatomical organization ideally positions the
PFC to guide or modulate cortex-wide activity and thereby shape
information processing and ultimately behavior. Indeed, perturba-
tion of PFC activity has been observed to not only disrupt cortex-
wide activity dynamics but also behavioral performance.'®"
However, it remains unclear whether this heterogeneity of projec-
tion targets across PFC subregions corresponds to equally
diverse functional feedback or if the PFC provides a more uniform,
brain-state-dependent modulation across the cortex.

A key feedback circuit, present across mammalian species
and well-studied in rodent models, is the projection from the
PFC to the primary visual cortex (VISp).'>' In the mouse, the
VISp is targeted by two distinct PFC subregions, the anterior
cingulate cortex (ACA) and the ventrolateral orbitofrontal cortex
(ORB).5'*"® Previous studies suggest a functional dichotomy
between ACA and ORB feedback during visually guided tasks:
ACA enhances the encoding of behaviorally relevant stimuli,
facilitating selective attention,'” whereas ORB filters out irrele-
vant visual inputs to support associative learning.'® Two
opposing local inhibitory motifs have also been described, with
ACA axons recruiting vasoactive intestinal peptide (VIP)" inter-
neurons to amplify VISp responses'’” and ORB axons recruiting
SST* interneurons to suppress them.'® These studies ostensibly
offer a circuit-based mechanism for how feedback modulation
could alter the task-dependent representation of visual stimuli,
but they also mask our limited insight into the nature of informa-
tion that ACA and ORB inputs actually convey to VISp. Apart
from invoking differences in connectivity from ACA and ORB to
two VISp inhibitory neuron classes,'”'® which represent only a
subset of their targets'® (also this study), the activation of these
feedback projections by optogenetics drives an artificial pattern
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of activity with debatable physiological relevance to the activity
driven by natural behavioral states. Other functions ascribed to
top-down projections from prefrontal to sensory cortices, such
as predictive signaling,'®?° similarly invoke an assumption that
such modulatory signals exist in top-down projections, without
knowledge of what exactly the signals might be.

We reasoned that a careful, unbiased description of the re-
sponses of ACA and ORB inputs to VISp in freely observing
and locomoting mice during natural behavioral states would pro-
vide a compendium of properties that would be important for all
future studies of top-down influences of PFC on VISp or other
targets. Indeed, recent studies on the complexity of PFC axonal
innervation reveal that both ACA and ORB comprise neurons
projecting exclusively to visual cortex and others with collateral
projections extending to additional cortical regions, such as
primary motor cortex (MOp).®° This discovery has created
additional gaps in our understanding of PFC feedback. To
what extent do target regions receive similar feedback from
the PFC, or is feedback tailored for each target region?

Imaging the activity of ACA and ORB axons in both the VISp
and the MOp, we observed a stronger representation of visual in-
formation in ACA axons in comparison to ORB axons and a
stronger representation of movement velocity in axons projec-
ting to the MOp in comparison to the VISp. ACA axon activity
scaled with arousal. Imaging of the same VISp neurons with
and without chemogenetic suppression of ACA or ORB feed-
back revealed that the ACA and ORB play complementary roles:
ACA inputs enhance visual encoding in relation to arousal,
whereas ORB inputs are strongly driven by high arousal and
movement, even at the expense of visual encoding in the VISp.
Our data support a model of PFC feedback that is specialized
at both the level of PFC subregions and their targets, enabling
each region to selectively shape target-specific cortical activity
rather than modulating it globally.

RESULTS

Cortical targets of ACA and ORB projection neurons

To characterize feedback projections from the ACA and ventrolat-
eral ORB, we mapped their axonal density and identified postsyn-
aptic targets across cortical regions and layers, focusing on the
VISp and MOp. To confirm stereotaxic targeting of VISp-projec-
ting neurons, we injected retroAAV-hSyn-GFP into VISp, which
produced dense labeling in ACA and ORB consistent with prior
studies®' (Figures S1A-S1D). For cortex-wide mapping, AAV-
CAG-tdTomato and AAV-CAG-GFP were unilaterally injected
into ACA and ORB, respectively (Figures 1A and S1E). Coronal
sections (50 pm) were aligned to the Allen Reference Atlas
(ARA)*? using a modified version of the WholeBrainSuite in R,
generating density (um? axon/um? area) estimates (Figure 1B).
ACA and ORB projection neurons broadly targeted overlapping
cortical areas, e.g., visual, motor, somatosensory, and auditory
cortices, as previously described,” though projection density
differed between the two PFC sources (Figures 1C and S1F-
S1l). Both regions sent dense axonal projections to retrosplenial
(RSP) and visual cortices, with ACA innervating both dorsal and
ventral RSP, while ORB projections were largely confined to dor-
sal RSP. Within the visual cortex, both regions innervated all major

2 Neuron 774, 1-15, February 4, 2026

Neuron

subregions, with the highest density in the anteromedial visual
area (VISam), spanning all layers (Figures 1D-1F). In other visual
areas (anterolateral visual area [VISal], lateral visual area [VISI],
VISp, posterolateral visual area [VISpl], and posteromedial visual
area [VISpm]), ACA axons primarily targeted layers 1 and 6,
whereas ORB axons were enriched in layers 1 and 5 (Figures 1F
and S1J). Although layer-specific ACA and ORB innervation of
VISp has been reported,'® our cortex-wide mapping revealed
that this laminar segregation extends across all visual areas but
is less distinct in other sensory cortices or MOp (Figures S1F
and S1H).

To identify postsynaptic targets of ACA and ORB projections
in VISp and MOp, we used the anterograde transsynaptic label
based on antibody-like sensor (ATLAS) system,?* injecting into
ACA or ORB to deliver Cre to downstream neurons. Subsequent
AAV-DIO-tdTomato injections into VISp and MOp labeled neu-
rons monosynaptically targeted by ACA or ORB projections
(Figures 1G and S1K). This approach was particularly valuable
as long-range PFC inputs target dendrites in superficial layers,
while their postsynaptic partners may reside in deeper layers,
such as layer 5.2° Thus, axonal projection density alone does
not necessarily predict the laminar location of postsynaptic cell
bodies. Immunohistochemical analysis of somatostatin (SST),
parvalbumin (PV), and VIP interneurons showed that both excit-
atory (triple-negative) and inhibitory neurons across all layers of
VISp and MOp are monosynaptically targeted by ACA and ORB
axons (Figures 1TH-1J and S1L).

Overall, we found that long-range projections of ACA and ORB
target discrete layers in the visual cortex and have access to
both excitatory and inhibitory local microcircuitry. This anatomical
difference in connectivity between the two PFC regions thus sug-
gests that differences may exist in their influences on VISp activity.

ACA axons have stronger visually driven activity that
scales with contrast, compared with ORB axons

To examine visually driven activity in ACA and ORB axons projec-
ting to VISp, we injected AAV-axon-GCaMP6s into either PFC re-
gion and performed 2-photon calcium imaging in VISp (10-150 pm
depth). As PFC projection neurons form extensive collaterals
across the cortex,” ACA and ORB axonal calcium activity in the
MOp was also recorded in separate cohorts of mice to compare
modulatory activity putatively transmitted on a cortex-wide scale
to modulatory activity unique to the VISp or MOp. Cranial windows
were implanted over VISp or MOp, and axonal activity was re-
corded in layer 1 and superficial layer 2 (Figures 2A-2C). Once
habituated, awake behaving mice were free to run on a running
wheel while visual stimuli were presented to the contralateral eye
(in relation to the cranial window; Figure 2D). Each mouse under-
went two daily stimulus sessions: (1) drifting gratings of eight direc-
tions at three contrasts and (2) five natural movies at three con-
trasts (see STAR Methods for details). In some sessions, uncued
air puffs to the ipsilateral eye and face were delivered in alternating
trial blocks to evoke arousal. Active axonal segments (regions of in-
terests [ROIs]) were identified using Suite2p.?® To prevent over-
sampling of correlated segments from the same axonal branch,
identified ROIs were clustered based on activity correlation mea-
surements and averaged together to represent one axonal
branch®” (see STAR Methods). An axon was considered visually
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Figure 1. Axonal projections from the ACA and the ORB innervate discrete layers of the VISp and adjacent regions and target diverse neuron
classes

(A) Experimental strategy. AAV-CAG-tdTomato and AAV-CAG-GFP were unilaterally injected into the ACA and ORB, respectively.

(B) Example brain section (green and red channels split) mapped to the Allen Brain Atlas, showing axonal density across cortical regions and layers.

(C) Average axonal density per cortical region and anterior-posterior (A-P) coordinate bin across all mice (n = 4, 67 + 20 sections per animal) from the ACA (left) and
ORB (right). Abbreviations from the Allen Brain Institute mouse brain reference atlas.

(D) Example image of VISp and surrounding visual regions showing ORB (green) and ACA (red) axonal innervation targeting superficial and deep layers (split
channels in Figure S1).

(E) Average axonal density of ACA (top) and ORB (bottom) projections in visual regions along the A-P axis (n = 4 mice). VISal, anterolateral visual area; VISam,
anteromedial visual area; VIS, lateral visual area; VISpl, posterolateral visual area; VISpm, posteromedial visual area.

(F) Axonal density per cortical layer for all visual regions (n = 4 mice).

(G) Experimental strategy. AAV-ATLASCre was unilaterally injected into the ACA or ORB, followed by AAV-DIO-tdTomato injection into the VISp and MOp.
(H) Left: kernel density estimate (KDE) of tdTomato+ neurons monosynaptically targeted by ACA (red) or ORB (green) along visual cortex depth. Right: tdTomato+
neurons overlapping with PV (blue), SST (purple), or VIP (green) labeling along cortex depth, all sections aligned along the A-P axis. ACA: n = 4 mice; MOp, 32
sections; VISp, 31 sections. ORB: n = 3 mice; MOp, 30 sections; VISp, 15 sections.

() Left: KDE of tdTomato+ neurons targeted by ACA (red) or ORB (green) along motor cortex depth. Right: overlap with PV (blue), SST (purple), or VIP (green)
labeling, all sections aligned along the A-P axis. ACA: n = 4 mice; MOp, 32 sections; VISp, 31 sections. ORB: n = 3 mice; MOp, 30 sections; VISp, 15 sections.
(J) Percentage overlap of tdTomato+ neurons with PV (blue), SST (purple), or VIP (green) in MOp (dark) and VISp (light). ACA: n = 4 mice; MOp, 32 sections; VISp,
31 sections. ORB: n = 3 mice; MOp, 30 sections; VISp, 15 sections. Error bars: SEM; dots represent individual animals.

See also Figure S1.
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Figure 2. ACA and ORB axonal activity in VISp and MOp convey visually driven information that is differently modulated by behavioral state
(A) Experimental strategy. Axon-targeting GCaMP6s (AAV-hSyn-axon-GCaMP6s) were injected unilaterally into either the ACA or ORB, and a cranial window was
implanted above VISp or MOp.

(B) Representative viral injection sites in the ACA (left) and ORB (right). Replicated in n = 4 ACA-VISp, 4 ORB-VISp, 4 ACA-MOp, and 4 ORB-MOp mice.

(C) Example 2-photon field of view of ACA axons in VISp.

(D) Schematic of behavioral setup.

(E) Heatmap of visually responsive axons in MOp and VISp from ORB (left) or ACA (right). Average responses across ten trials for each contrast and direction/
movie; all directions/movies included. Axons sorted by peak response amplitude to 64% contrast. ACA-VISp/MOp: 1,834 axons from 8 mice; ORB-VISp/MOp:
1,034 axons from 8 mice.

(F) Proportion of visually responsive axons to gratings (left) from the ACA or the ORB in the VISp or the MOp. Bars: mean of proportions; error bars: SEM; dots:
individual animals. ACA-VISp vs. ORB-VISp: p = 0.0345; ACA-VISp vs. ORB-MOp: p = 0.0231 (one-way ANOVA with Tukey’s post hoc test). Selectivity of visually
responsive axons (right) shown as the normalized distribution of the number of directions to which each axon responded significantly.

(G) Proportion of visually responsive axons to movies (left) from the ACA or the ORB in the VISp or the MOp. Bars: mean of proportions; error bars: SEM; dots:
individual animals. ACA-VISp vs. ORB-MOp: p = 0.0432 (one-way ANOVA with Tukey’s post hoc test). Selectivity of visually responsive axons (right) shown as the
normalized distribution of the number of movies to which each axon responded significantly.

(H) Averaged population responses of visually responsive axons with increased AF/F to gratings, plotted per contrast (left: ACA-VISp; right: ORB-VISp). ACA-
VISp: 488 axons (4 mice); ORB-VISp: 122 axons (4 mice). Solid line: mean; shaded area: 95% confidence interval (Cl).

() Standardized AF/F peak responses during stimulus on-time plotted per contrast. Visually responsive axons in the VISp and MOp with significant AF/F
increase included. AF/F peaks were Z scored across all trials and contrasts for each axon (negative = below-average; positive = above-average amplitudes).

(legend continued on next page)
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responsive if mean AF/F during stimulus presentation differed
significantly from baseline (1 s pre-stimulus) for at least one unique
stimulus (Student’s paired t test, p value < 0.00625 for gratings,
and p value < 0.001 for movies; Figure 2E).

ACA axons in VISp showed the highest proportion of visually
responsive axons (gratings: 0.17 + 0.03, 122 + 14 axons;
movies: 0.19 + 0.02, 125 = 9 axons; mean + SEM), followed
by ACA axons in MOp (gratings: 0.13 + 0.03, 182 + 57; movies:
0.13 £ 0.01, 119 £ 56; n = 4 mice). ORB axons were overall
significantly less responsive than ACA axons in VISp (VISp:
gratings = 0.06 + 0.01 (31 + 25 axons), movies = 0.13 + 0.02
(42 + 29); MOp: gratings = 0.07 + 0.01 (84 + 17), movies =
0.11 £0.01 (123 £ 41); n = 4 mice; Figures 2F and 2G). The ma-
jority of visually responsive ACA and ORB axons increased ac-
tivity during visual stimulation (Figures S3A and S3B) and were
selective for one specific grating direction or movie (Figures 2F
and 2G). The responses of excitatory neurons in visual areas
scale with visual contrast.?® Similarly, visually responsive ACA
axons in both VISp and MOp exhibited mean and peak
response amplitudes that increased with stimulus contrast,
whereas responsive ORB axons showed little contrast depen-
dence (Figures 2H and S2). ACA axons displayed a greater dif-
ference between responses to high- and low-contrast stimuli
than did ORB axons for both drifting gratings and natural
movies (Figure 2l).

Although a smaller fraction of ORB axons were visually respon-
sive compared with ACA axons, we tested whether, as a popula-
tion, they could carry comparable information about stimulus
identity. A linear support vector machine (SVM) was trained to
decode stimulus identity from mean AF/F responses of ACA
and ORB axons in VISp. The decoder trained on ACA axon activ-
ity outperformed the decoder trained on ORB responses
(Figure 24, left). While mean response-based decoding for movie
identity did not differ, temporal decoding accuracy was higher for
ACA axons across both movies and gratings in VISp (Figures S3C
and S3D). Comparing projections across targets revealed stron-
ger visual information in PFC axons from both subregions to VISp
than to MOp (Figure 2J). Thus, visual information was encoded
more robustly in ACA than ORB axons, but both subregions
transmitted stronger visual signals to VISp than MOp.

¢? CellPress

Visual responses of VISp neurons change in relation to the
behavioral state of the animal,® and top-down projections are
known to carry non-visual information to sensory areas.'®*"
We monitored pupil diameter and locomotion to classify each
trial into three behavioral states: aroused (>80th percentile pupil
size or arousal events), running (>80th percentile speed), and
neutral (stationary, <20th percentile arousal; see STAR
Methods). Mean response amplitudes of ACA and ORB axons
to their preferred stimuli were modulated by state, with higher
normalized responses during aroused or running trials compared
with neutral ones (Figures 2K, S3E, and S3F). Notably, ORB
axons exhibited larger amplitude shifts between neutral and
aroused states, showing lower responses than ACA axons dur-
ing neutral trials but higher during aroused ones (Figure 2K). Un-
der moderate arousal (>40th <80th percentile), ACA axon re-
sponses scaled more gradually with arousal, whereas ORB
responses increased sharply only at high arousal (Figure 2L).

To summarize, ACA axon visual response amplitudes were
more reflective of both the contrast of the visual stimuli and
level of arousal, suggesting a modulatory effect onto VISp ac-
tivity incorporating both visual-stimulus information and a con-
tinuum of arousal state. ORB axon visual responses did not
discriminate direction and contrast as well but instead reflected
adiscrete behavioral state of high arousal. Comparing ACA and
ORB input to VISp vs. MOp revealed that while discrete traits
such as contrast encoding and behavioral state modulation of
visual responses were still preserved in ACA and ORB axon ac-
tivity within MOp, the population-level strength of visual infor-
mation was weaker in PFC projections to MOp. Thus, PFC re-
gions preferentially send visual information to VISp compared
with MOp.

Visual information in ACA axons scales with

arousal level

To test whether visual information encoded by PFC axons de-
pends on behavioral state, we trained an SVM across all trials
and evaluated single-trial decoding accuracy by state. In VISp,
ACA axons decoded stimulus identity significantly better during
running and arousal trials than during neutral ones (Figures 3A
and 3B). ORB axons showed a similar but smaller improvement

ACA-VISp/MOp: 1,854 axons; ORB-VISp/MOp: 1,053 axons. Solid line: mean standardized AF/F peak responses; error bars: 95% Cl; dots: individual animals.
ACA vs. ORB: 4% p = 0.001; 64% p = 0.001 (one-way ANOVA with Tukey’s post hoc test).

(J) Decoding accuracy of an SVM classifier trained on AF/F responses of ACA (orange/green) or ORB (blue/pink) axons in the VISp (left) or MOp (middle). Shuffled
controls are shown in gray. Solid line: mean; error bars: 95% CI (omitted when only one session contributed); dashed line: chance level. p values from two-way
ANCOVA to examine the effects of subset (number of axons) and PFC subregion (ACA vs. ORB) on the accuracy of decoding. The model included interaction
terms to explore if the effect of subset on accuracy varies by group and data/shuffled data. VISp-ACA vs. ORB: p = 4.52 x 107'¢; MOp-ACA vs. ORB:
p =2.77 x 107, Right: average decoding accuracy across sessions in VISp and MOp for both subregions. Each dot represents one session; colors distinguish
ACA-MOp, ACA-VISp, ORB-MOp, and ORB-VISp. Independent-samples t test between MOp and VISp: p = 2.14 x 103, VISp-ACA: 18 fields of view (FOVs, 4
mice); ORB: 12 FOVs (4 mice). MOp-ACA: 21 FOVs (4 mice); ORB: 26 FOVs (4 mice).

(K) Standardized AF/F mean responses during stimulus on-time of visually responsive axons in the VISp and MOp per behavioral state. Behavioral states: > 80th
percentile per session (running, movement, pupil size, arousal) and < 80th percentile, neutral. Only directions with all three states represented were included. AF/F
mean responses are Z scored across each axon. Bars: mean standardized AF/F responses; error bars: 95% Cl; dots: individual animals. ACA vs. ORB: neutral
p < 0.001; aroused p < 0.001 (one-way ANOVA with Tukey’s post hoc test).

(L) Standardized AF/F mean responses during stimulus on-time per arousal state. States defined by pupil size Z score: < 40th (neutral), 40-80th, and > 80th
percentile. Axons were included if each arousal state contained at least one presentation. AF/F mean responses are Z scored across each axon. Solid line: mean
standardized AF/F responses; error bars: 95% Cl; thin lines and dots: individual animals. ACA vs. ORB: 40-80th p < 0.001; > 80th p = 0.0061 (one-way ANOVA
with Tukey’s post hoc test).

See also Figures S2 and S3.
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Figure 3. Decoding accuracy of visual information scales with arousal level in ACA axons

(A) Decoding accuracy of an SVM classifier trained on ACA axonal responses to drifting gratings (mean AF/F during stimulus on-time) in the VISp and tested trial-
by-trial. Single-trial decoding accuracy, averaged per session, is plotted for movement (light green) and neutral (dark green) trials. p value from the variability in
accuracy explained by group (movement vs. neutral): 5.42 x 10-27. 18 FOVs across 4 mice. 855 running trials, 3,420 neutral trials.

(B) Decoding accuracy of an SVM classifier trained on ACA axonal responses to drifting gratings (mean AF/F during stimulus on-time) in the VISp and tested trial-
by-trial. Single-trial decoding accuracy, averaged per session, is plotted for arousal (light green) and neutral (dark green) trials. p value from the variability in
accuracy explained by group (arousal vs. neutral): 1.13 x 10-2%, 18 FOVs across 4 mice. 1,036 arousal trials, 3,455 neutral trials.

(C) Decoding accuracy of an SVM classifier trained on ORB axonal responses to drifting gratings (mean AF/F during stimulus on-time) in the VISp and tested trial-
by-trial. Single-trial decoding accuracy, averaged per session, is plotted for movement (light green) and neutral (dark green) trials. p value from the variability in
accuracy explained by group (movement vs. neutral): 2.14 x 107". 9 fields of view across 4 mice. 432 running trials, 1,728 neutral trials.

(D) Decoding accuracy of an SVM classifier trained on ORB axonal responses to drifting gratings (mean AF/F during stimulus on-time) in the VISp and tested trial-
by-trial. Single-trial decoding accuracy, averaged per session, is plotted for arousal (light green) and neutral (dark green) trials. p value from the variability in
accuracy explained by group (arousal vs. neutral): 3.04 x 107°. 9 fields of view across 4 mice. 432 arousal trials, 1,728 neutral trials.

(A-D) Decoding accuracy of shuffled ACA/ORB axonal responses (movement/arousal, light gray; neutral, dark gray) plotted for comparison. Speed/pupil value
per trial is the average —1 s before, during, and after visual-stimulus onset. Behavioral state was classified as > 80th percentile trials per session (running speed,
movement; pupil size, arousal; < 80th percentile, neutral). Thick solid line: mean accuracy across sessions; error bars: 95% CI (omitted when only one session
contributed); thin lines: individual sessions; dashed line: chance level. p values from two-way ANCOVA examining the effects of subset (number of axons) and
behavioral state on decoding accuracy. The model included interaction terms to test whether the effect of subset size on accuracy varied by group and data/
shuffled data.

(E) Linear-regression lines fit to Z scored pupil size and decoding accuracy per trial, per contrast, for ACA axons to drifting gratings. Slopes and significance levels
determined using ordinary least square (OLS) regression. Dots: single trials; shaded area: 95% CI. Number of trials per contrast: 4% n =710; 16% n = 757; 64%
n = 834. p value and slope per contrast: 4% slope = —0.469, p = 0.0028; 16% slope = —0.422, p = 0.0023; 64% slope = —0.422, p = 0.0023.

(F) Linear-regression lines fit to Z scored pupil size and decoding accuracy per trial, per contrast, for ORB axons to drifting gratings. Slopes and significance levels
determined using OLS regression. Dots: single trials; shaded area: 95% Cl. Number of trials per contrast: 4% n = 352; 16% n = 348; 64% n = 364. p value and
slope per contrast: 4% slope = —2.197, p = 0.148; 16% slope = —0.348, p = 0.795; 64% slope = —1.934, p = 0.180.

for visual-stimulus direction (Figures 3C and 3D). To assess
whether decoding scaled continuously with arousal, we corre-
lated decoding accuracy with Z scored pupil size on a trial-by-
trial basis. ACA axon decoding accuracy increased linearly
with pupil size, but this relationship was significant only for
low-contrast stimuli (Figure 3E) and absent in ORB axons
(Figure 3F).

These results suggest that ACA axons provide the VISp with a
representation of low-contrast (low-evidence) visual stimuli that
scales with arousal, whereas ORB axons’ representation of vi-
sual stimuli is strengthened during high levels of arousal but
without a continuous modulation related to arousal level.
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ACA and ORB axonal activity differentially reflect
behavioral state across VISp and MOp

Given that PFC axons showed state-dependent modulation of
visual responses (Figure 2), we next addressed how ACA and
ORB axons represent behavioral variables on a population
level. Most ACA and ORB axon activity correlated significantly
with pupil diameter, facial motion, and locomotion in both VISp
and MOp (Figures S4A-S4D). As ACA and ORB visual re-
sponses scaled differently with pupil dilation, we compared
how axonal activity related to discrete behavioral metrics
(running speed, face velocity, and pupil size) vs. binary state
measures (moving/stationary and dilated/constricted) and
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Figure 4. ACA and ORB axonal activity in the VISp are modulated by pupil size and a binary movement state

(A) Example trace of mouse movement on the running wheel and Z scored pupil size, overlaid with the binary state of movement (>0.5 cm/s) or pupil dilation (>1
Z score).

(B) Bottom: significant (p < 0.01) Spearman correlation coefficients (p, Rho) of each axon’s AF/F activity with running speed (cm/s) vs. binary movement state (0 or
1) (left), or Z scored pupil size vs. binary dilated state (right). Each dot represents one axon, color-coded by source and target area; only axons with significant
correlations to both actual and binary measures are included. Dashed lines: linear-regression fits for each subset, showing relationships between actual and
binary movement or pupil size. Top: distribution of absolute deviations from the identity line (JA| = Rho _actual — Rho _binary) for each group, summarizing how
closely each axon’s correlations to actual vs. binary measures align. Positive values indicate stronger correlation with the binary measure, and negative values
indicate stronger correlation with the continuous measure. Differences between groups were tested using the Mann-Whitney U test, with p values corrected for
multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) method. Movement: ACA-VISp 2,720 axons (4 mice), ORB-VISp 1,289 axons (4
mice), ACA-MOp 4,691 axons (4 mice), ORB-MOp 4,704 axons (4 mice). Pupil: ACA-VISp 2,573 axons (4 mice), ORB-VISp 1,191 axons (4 mice), ACA-MOp 4,299
axons (4 mice), ORB-MOp 4,494 axons (4 mice).

(C) Variance explained (R?) of behavioral parameters from a linear model (face [SVM Z scored)], pupil [diameter Z scored], pupil binary value [0 or 1 if z > top 20th
percentile per session], speed [cm/s], speed binary value [0 or 1 if > 0.5 cm/s]) predicted by the axonal activity of ACA or ORB axons in the VISp (left) or MOp (right)
during grating sessions. Differences were tested using the Mann-Whitney U test and Benjamini-Hochberg FDR correction. Significance: *p < 0.05, **p < 0.01,
**p < 0.001. Dots: mean R? of all imaging sessions; error bars: SEM; lines: individual sessions. Imaging sessions: n = 14 ACA-VISp, 14 ORB-VISp, 16 ACA-MOp,
and 25 ORB-MOp.

(D) Strength of correlation to actual vs. binary movement (left) or pupil diameter (right) calculated as a binary preference index (BPI) based on variance explained
for the binary vs. actual value per recording session. BPI was plotted for each subset of axons by target area. Each boxplot represents quartiles of values,
whiskers show the range of BPI values, and outliers are shown as diamonds. *p < 0.05 (one-way ANOVA with Tukey’s post hoc test).

(E) Variance explained (R?) of each behavioral parameter added to a linear model predicting single-axon activity (axon > 1% variance explained). The contribution
of each parameter is plotted as its proportional share of total explained variance per axon. Bars: mean proportion; error bars: 95% Cl. ACA-VISp: 2,940 axons (22
sessions, 4 mice); ORB-VISp: 1,444 axons (19 sessions, 4 mice); ORB-MOp: 5,015 axons (28 sessions, 4 mice); ACA-MOp: 4,999 axons (21 sessions, 4 mice).
Bottom: grouping of VISp vs. MOp (pooled across source areas). Differences were tested using the Mann-Whitney U test and Benjamini-Hochberg FDR
correction. Significance: *p < 0.05, *p < 0.01, **p < 0.001.

See also Figure S4.

whether these relationships differed between VISp and MOp
(Figures 4A, 4B, and S4A-S4D). In VISp, both ACA and ORB
axons (Spearman’s correlation Rho for axons with p value < 0.01
to both discrete and binary included) correlated more strongly
with binary movement states, whereas in MOp, they correlated
better with continuous running speed (Figure 4B, left). For pupil
size and facial motion, correlations were stronger with discrete
than binary measures in both regions (Figures 4B, right and
S4A-S4D).

To quantify how well PFC axonal activity tracked behavioral
states, we fit a generalized linear model (GLM) to decode each
behavioral state from axonal population activity (see STAR
Methods). PFC axon activity accounted for a substantial portion
of variance in facial motion, pupil size, and locomotion
(both continuous and binary measures). In VISp, activity pre-
dicted binary movement state better than continuous speed,
whereas pupil size was better predicted as a continuous variable
(Figures 4C, 4D, S4E, and S4F).
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Figure 5. ACA and ORB differentially modulate visual responses of VISp neurons

(A) Experimental strategy. retroAAV-Cre and AAV-hSyn-DIO-GCaMP7f were injected unilaterally into the VISp, followed by Cre-dependent inhibitory designer
receptors exclusively activated by designer drugs (DREADDs) (AAV-DIO-hM4D(Gi)-mCherry) into the ACA or ORB. A 3-mm cranial window was implanted above
the VISp.

(B) Representative images of viral injection sites in the ACA (left) and ORB (right). Replicated in n =5 ACA and n = 6 ORB mice.

(C) Example field of view from 2-photon imaging of GCaMP7f-expressing VISp neurons across two imaging days.

(D) Example activity trace (F) from one VISp neuron, color-coded by drifting grating direction.

(E) Proportion of visually responsive VISp somas in each condition remained stable (Student’s paired t test, p > 0.05). Bars: mean of proportions; error bars: SEM;
lines: individual animals. ACA: saline = 1,760 neurons, CNO = 1,832 neurons (n = 5 mice). ORB: saline = 3,228 neurons, CNO = 2,701 neurons (n = 6 mice).
(F) Decoding accuracy of an SVM classifier trained and tested on saline-day (red, ACA; green, ORB) or CNO-day (orange) VISp somatic responses (mean AF/F
during stimuli on-time) per session and field of view. Decoding accuracy of shuffled saline (light gray) and shuffled CNO (dark gray) data plotted for comparison. All
paired sessions with accuracy above chance on saline day were included. All trials were included regardless of behavioral state. Thick line: mean accuracy; thin
lines: individual sessions; error bars: 95% Cl; dashed line: chance level. ACA: 26 paired sessions (n = 5 mice); ORB: 33 paired sessions (n = 6 mice). Two-way
ANCOVA tested effects of subset (neuron number) and condition (saline vs. CNO) on decoding accuracy, including interaction terms to explore if the effect of
subset on accuracy varies by group and data/shuffled data. Group effects (saline vs. CNO): ACA, p = 0.0025; ORB, p = 0.0041.

(G) Decoding accuracy of SVMs trained and tested on VISp somatic responses (mean AF/F during stimuli on-time) to high- (64 %) or low-contrast (4% and 16%)
gratings. Change in decoding accuracy per paired session and neuron subset compared between real and shuffled data. Bars: mean A accuracy; error bars: SD;
gray lines: paired real and shuffled data from the same session. p values: paired t test. ACA: high-contrast p = 4.79 x 10", low-contrast p = 6.20 x 1075, ORB:

(legend continued on next page)
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Finally, we used a linear model to predict the activity of PFC
axons from visual stimuli and behavioral variables recorded dur-
ing the imaging sessions (Figures 4E and S4G). Visual stimuli
contributed more to predicting PFC axonal activity in VISp than
in MOp, but behavioral variables overall explained a larger portion
of variance in both regions. In MOp, running speed was the domi-
nant predictor, whereas in VISp, binary speed and pupil size
contributed most (Figures 4E and S4G). Hence, differences in
parameter contributions were more pronounced across targetre-
gions (VISp vs. MOp) than between source areas (ACA vs. ORB).

In summary, our analysis reveals a previously unrecognized
functional organization of PFC axonal activity, encompassing
both shared and unique activity profiles between PFC subre-
gions and between target regions. This activity is characterized
by four distinct traits: (1) ACA axons are responsive to both visual
contrast and graded arousal level, (2) ORB axons reflect a more
binary arousal-dependent modulation of VISp, (3) ACA and ORB
projections to MOp preserve contrast encoding and arousal
modulation, but with weaker visual information strength
compared with VISp, and (4) PFC axonal activity in both VISp
and MOp scales with pupil size, reflecting differential encoding
of movement and arousal states, with movement modulation be-
ing binary in VISp and continuous in MOp (Figure S9). Thus, while
both the ACA and ORB preferentially convey visual information
to VISp, ACA conveys more information with respect to both vi-
sual contrast and arousal.

ACA and ORB differentially modulate VISp visual
responses

The next pivotal question was how the PFC axonal feedback
we observed influences the activity of VISp neurons and, impor-
tantly, the representation of visual stimuli. Prior studies using op-
togenetics showed that ACA axons sharpen VISp excitatory
neuron tuning via local interneurons.’” However, it remains un-
known how endogenous, behavior-driven PFC activity
modulates visual processing, particularly the role of discrete
PFC subregions. We injected retroAAV-Cre into VISp and AAV-
DIO-hM4D(Gi) into ACA or ORB to enable projection-specific in-
hibition and later injected AAV-hSyn-GCaMP7f in VISp to image
calcium activity in the same experimental conditions as the
axonal imaging (Figures 5A, 5B, and 5D). The same VISp neurons
were imaged across 2 days in which the mouse received an in-
jection of either saline or CNO (clozapine-N-oxide, 1 mg/kg)
(Figure 5C). Recorded neurons identifiable across both days
(see STAR Methods) were used to compare single-neuron re-
sponses with and without ACA or ORB feedback (dataset
referred to as “matched” throughout the paper). The proportion
of visually responsive neurons and the behavior of the mice (pupil
size, face movement, and running speed) did not differ between
conditions (Figures 5E and S5).

¢? CellPress

To assess how PFC feedback influences visual encoding, we
trained an SVM to decode visual stimuli from mean AF/F activity
of VISp neurons (stratified by contrast and direction) in each ses-
sion. Paired sessions from the same field of view (saline vs. CNO)
were analyzed when decoding accuracy exceeded chance in the
saline condition. Notably, ACA and ORB silencing had opposite ef-
fects: silencing ACA inputs reduced decoding accuracy for grating
direction, whereas silencing ORB inputs paradoxically improved
decoding (Figure 5F). While averaged decoding accuracy was
higher overall in the ORB group compared with the ACA group
(Figure 5F), this likely reflects between-session variability, as the
direction and significance of modulation effects were consistent
across paired sessions and stimuli (Figures 5G and S6). Given
that ACA, but not ORB, axonal activity scaled with contrast in
VISp, the effect of contrast on the decoding accuracy was evalu-
ated by training an SVM on trials with either high (64 %) or low (4%
and 16%) contrast stimuli. Removing ACA input impaired decod-
ing for both high (64%) and low (4% and 16%) contrast gratings
(Figure 5G, left), but selectively reduced decoding of low-contrast
natural movies (Figures S6C and S6D). By contrast, ORB silencing
enhanced decoding for high-contrast gratings and movies only
(Figures 5G, right, S6A, and S6B). Analysis of matched individual
VISp neurons confirmed that ACA modulation increased response
amplitude at the preferred direction across contrasts, whereas
ORB removal had no effect (Figure 5H).

To summarize, discrete PFC subregions differentially influ-
ence the responses of VISp neurons to visual stimuli. ACA input
enhances stimulus encoding and the direction selectivity of
matched VISp neurons (Figures 5F and 5H, left), while conversely
ORB input appears disruptive to the encoding of high-contrast
stimuli (Figure 5F).

ACA modulation of VISp is dependent on arousal state
Behavioral state strongly influences cortical activity, and VISp re-
sponses are known to vary with behavioral state (body move-
ment, pupil size, and facial motion).”>*'" Because ACA and
ORB axonal activity also correlated with these variables, we
next tested whether their modulation of VISp activity depended
on behavioral state. As described previously,”?* visually
responsive VISp neurons showed higher mean and peak AF/F
responses during arousal or running compared with neutral con-
ditions (Figures 6A and 6B, saline condition). Silencing either
ACA or ORB input reduced the arousal-related increase in
response amplitude, while only ORB silencing diminished the
running-related enhancement (Figures 6A and 6B). These effects
were not due to changes in behavior between saline and CNO
sessions (Figures 5E and S5). The latency of visual responses
was also not affected by ACA or ORB silencing (Figure S7A).
Further investigating the effect of ACA and ORB silencing on
matched VISp neurons revealed that the reduction in response

high-contrast p = 6.80 x 107%, low-contrast p = 0.37. High-contrast trials: ACA = 20 sessions (n = 5 mice), ORB = 31 sessions (n = 6 mice); low-contrast: ACA = 20

sessions (n = 5 mice), ORB = 30 sessions (n = 6 mice).

(H) Tuning curves of matched VISp neurons responsive on both days to the same direction(s), aligned to preferred direction (determined from saline day), plotted
per contrast. All trials were included regardless of behavioral state. Thick line: mean; shaded area: 95% CI. ACA: 4% =68, 16% = 94, 64% = 102 neurons (n =5
mice); ORB: 4% =109, 16% = 121, 64% = 126 neurons (n = 6 mice). Paired t test AF/F responses across matched neurons per direction: ACA 16% p < 0.0001,

64% p < 0.0001.
See also Figures S5 and S6.
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Figure 6. ACA modulation of responses to weak stimuli relates to arousal state

(A) Averaged population responses of matched VISp neurons significantly visually responsive on both days to the same direction(s), plotted per behavioral state
and response direction. Behavioral states were defined as the top 20th percentile of trials per session (running speed: movement; pupil size: arousal; <80th
percentile: neutral). VISp neurons were classified as positively or negatively tuned based on whether their mean response during stimulus presentation was above
or below zero. Top: ACA-DREADDSs (132 neurons, 5 mice); bottom: ORB-DREADDs (328 neurons, 6 mice). Thick line: mean; shaded area: 95% CI.

(B) Standardized AF/F peak responses during stimulus on-time of matched neurons significantly visually responsive on both days to the same direction(s), plotted
per behavioral state (classified as in A). AF/F responses were Z scored across each neuron. Bars: mean standardized AF/F responses; error bars: 95% Cl; dots:
individual animals. *p < 0.01 (one-way ANOVA with Tukey’s post hoc test for multiple comparisons of means). Top: ACA-DREADDs (132 neurons, 5 mice); bottom:
ORB-DREADDs (328 neurons, 6 mice).

(C) Tuning curves of matched neurons significantly visually responsive on both days to the same direction(s), aligned to preferred direction (determined from
saline day), plotted per behavioral state. Only neurons with at least one trial per direction in that state were included. Thick line: mean; shaded area: 95% CI. Top:
ACA-DREADDs (neutral p < 0.0001; aroused p < 0.0001); bottom: ORB-DREADDs (aroused p < 0.0001; running p < 0.0001); paired t test AF/F across matched
neurons per direction. Top: ACA-DREADDSs (neutral 127, arousal 107, running 27 neurons, and 5 mice); bottom: ORB-DREADDs (neutral 291, arousal 254, running
83 neurons, and 6 mice).

(D) Histogram of direction selectivity index (ADSI) change from neutral to aroused state (top 20th percentile pupil events). ADSI values were calculated for
matched neurons significantly visually responsive on both days to the same direction(s), aligned to the preferred direction on saline day. dashed line: 0; solid line:
mean ADSI. p values from one-sample t test against 0. ACA-DREADDs: saline p =1.10 x 1077 (mean = 0.18), CNO p = 0.093 (mean = 0.07). ORB-DREADDs: saline
p =4.46 x 1075 (mean = 0.19), CNO p = 1.93 x 10-° (mean = 0.13). ACA-DREADDs: saline 97, CNO 64 neurons (5 mice); ORB-DREADDs: saline 146, CNO 191
neurons (6 mice).

(E) Linear regression between Z scored single-trial AF/F activity and Z scored pupil size per condition (saline/CNO) and contrast, from matched neurons
significantly visually responsive on both days to the same direction(s). AF/F mean responses per trial were Z scored across each neuron and condition. Slopes
and significance were determined by ordinary least square (OLS) regression. Top: ACA-DREADDs—saline 4%: p = 4.87 x 107, slope = 0.05; 16%:
p=3.72 x 107%, slope = 0.06; 64%: p = 0.16, slope =0.01; CNO 4%: p = 0.043, slope = 0.02; 16%: p = 0.10, slope = 0.02; 64%: p = 0.10, slope = 0.02 (152 neurons,
5 mice; 49,290 total trials—24,737 CNO, 24,553 saline). Bottom: ORB-DREADDs —saline 4%: p = 4.5 x 102, slope = 0.07; 16%: p =2.61 x 10727, slope = 0.08;
64%:p =4.3 x 10, slope = 0.03; CNO 4%: p = 6.8 x 10-%5, slope = 0.08; 16%: p = 8.3 x 1022, slope = 0.07; 64%: p = 0.001, slope = 0.02 (380 neurons; 120,652
total trials—60,336 CNO, 60,316 saline).

See also Figures S7 and S8.
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amplitude between saline and CNO sessions reflected
decreased responses to the preferred grating direction, rather
than a uniform decrease across directions (Figure 6C). In
matched neurons aligned to their saline-day preference, ACA
silencing reduced response amplitude to the preferred direction
in both neutral and aroused states, while responses to other di-
rections were unaffected. ORB silencing decreased preferred-
direction responses during aroused and running states but not
during neutral conditions (Figure 6C).

Because the effects of PFC silencing were specific to a neu-
ron’s preferred direction, we next examined how the direction
selectivity index (DSI) of VISp neurons changed across behav-
ioral states with or without ACA or ORB input (Figures 6D and
S7A). Neuronal DSI increases from neutral to aroused states,
but this effect is abolished when ACA feedback is silenced
(Figure 6D, left). By contrast, ORB silencing reduced but did
not abolish the increase in DSI from the neutral to aroused state
(Figure 6D, right).

Finally, we examined how changes in response amplitude from
neutral to aroused depended on stimulus contrast, given the
distinct effects of ACA and ORB modulation on contrast encod-
ing (Figure 5G). ACA modulation of low-contrast stimuli was
strongly correlated with pupil size, indicating arousal-dependent
scaling of response amplitude, a relationship lost when ACA input
was silenced (Figure 6E). By contrast, ORB silencing had no ef-
fect on this modulation. During transitions from neutral to running
states, VISp neurons showed increased DSI values and higher
response amplitudes correlated with running speed, and these
movement-related effects were unaffected by ACA silencing
and only modestly reduced by ORB silencing (Figures S7B and
S7C). This scaling of visual responses with running speed likely
reflects global neuromodulatory or locomotor influences rather
than direct PFC input, as ACA and ORB axonal activity primarily
encoded binary movement states in VISp.

We used a GLM to assess how visual and behavioral parame-
ters predicted VISp neuronal activity with or without ACA or ORB
silencing. The proportional contribution of each parameter to the
explained variance showed no major differences between condi-
tions (Figure S8A). Thus, although ACA and ORB inputs modu-
late VISp neuronal activity and visual responses, they do not alter
the overall encoding of sensory and behavioral information in
VISp neurons.

To conclude, our data indicate that ACA feedback strengthens
the representation of visual stimuli, particularly low-contrast
(low-evidence) stimuli, by increasing the response amplitude of
VISp neurons to their preferred direction, resulting in an increase
in population decoding accuracy. The modulation of visually
responsive VISp neurons by the ACA is dependent on arousal
state, and correspondingly, the increase in response amplitude
to low-contrast stimuli is largest during high-arousal states.
ORB feedback also contributes to the increase in VISp neuron
preferred direction responses, especially during running and
high-arousal states.

DISCUSSION

In this study, we show that VISp and MOp receive direct projec-
tions from two distinct PFC subregions, the ACA and ORB.

¢? CellPress

These projections target both excitatory and inhibitory neurons,
indicating complex influence over local microcircuits. By an un-
biased analysis in freely observing and locomoting mice, we
found that the two projection populations showed distinct differ-
ences in their encoding of visual stimuli, whereby ACA axons
were more visually responsive and scaled their response with vi-
sual contrast unlike ORB axons. Both PFC projections were
modulated by behavioral states of locomotion and arousal, puta-
tively through neuromodulatory inputs.®*** Comparing PFC
feedback between VISp and MOp revealed that feedback to
VISp carries a stronger representation of visual information at
the population level, while feedback to MOp is more strongly
correlated with the animal’s speed. Notably, the two PFC regions
diverged in their representation of body movement in down-
stream regions: in VISp, movement was encoded as a binary
state, while in MOp axonal activity encoded discrete velocities
(Figure S9). These differences between ACA and ORB feedback
to VISp and MOp suggest distinct neuronal subpopulations
within ACA and ORB, forming discrete functional subnetworks
previously described only anatomically.® As suggested by the
differences in their axonal activity in VISp, silencing ACA or
ORB inputs to VISp revealed divergent effects on visual encod-
ing. On a single-cell level, ACA modulation increased VISp neu-
rons’ response to their preferred direction. While ORB modula-
tion had no effect on VISp tuning curves in a neutral state,
ORB feedback increased neurons’ response to their preferred
direction during high arousal. Thus, ACA and ORB provide
both shared and specialized feedback to VISp and MOp.

ACA and ORB projections innervated distinct VISp layers, with
ACA axons targeting layers 1 and 6 and ORB axons targeting
layers 1 and 5 (Figures 1D-1F). ACA and ORB have previously
been shown to target and activate different VISp interneu-
rons,”®'® a distinction further supported here by our anatomical
tracing and functional data. Intriguingly, in this study, cortex-wide
mapping revealed that this differential targeting of deep layers ex-
tends across the broader “medial” or “visual-medial” network of
PFC projections™"®), whereas in “sensorimotor” or “central”
networks, ACA and ORB axons showed similar laminar innerva-
tion (Figures S1F and S1H). These findings are complemented
by our functional imaging results, in which a difference in laminar
organization may underlie the distinct representation and modu-
lation of visual stimuli observed in VISp, while their shared laminar
distribution in MOp could account for the similar representation of
movement. Together, these findings suggest that ACA and ORB
projection populations form discrete functional subnetworks that
selectively modulate either visual or motor cortical processing.
Future studies should assess whether subgranular feedback
arises from separate PFC subpopulations.®

The proportion of visually responsive ACA axons observed here
(Figures 2F and 2G) matched previous reports for both ACA axons
in VISp®® and ACA cell bodies.®>> ACA axonal responses in both
VISp and MOp scaled with stimulus contrast (Figures 2H, 2I,
and S2A-S2D). Fewer ORB axons were visually responsive, and
their responses showed minimal contrast dependence. This diver-
gence is likely due to differences in whole-brain connectivity. The
ACA is known to predominantly share connectivity with the
“medial network” of the cortex, including visual cortex regions,
RSP, and auditory cortex, in addition to visual thalamic nuclei
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and areas in the striatum with input from the aforementioned re-
gions.”*®® The ORB, while also having connectivity with the
medial network, is more connected to the somatosensory and
motor cortical and thalamic regions than the ACA.”**® Notably,
differences in contrast sensitivity and behavioral modulation be-
tween ACA and ORB axons were consistent across both VISp
and MOp, though overall visual encoding strength varied
(Figures 2E and S2). This consistency suggests that visually
responsive axons in MOp may represent collaterals from
medial-network projections of ACA and ORB.?

Changes in locomotion and arousal states strongly shape sen-
sory processing in the mouse cortex, influencing how visual in-
formation is represented.’®* Visual responses of both ACA
and ORB axons were found to also reflect the behavioral state
of the animal (Figures 2K and 2L). Likely, state- and move-
ment-related inputs target these PFC regions, as shown for other
cortical areas,**** and this is reflected in their feedback. ACA re-
sponses and population decoding accuracy scaled with arousal
level, measured by pupil size (Figures 2L and 3E). By contrast,
ORB axon responses and decoding accuracy increased only
during high-arousal periods (Figures 2L and 3F). Therefore, the
incorporation of state-dependent modulation into the activity of
these discrete projection populations appears distinct. Previous
work linked PFC feedback to visual learning and attention,'”'®
and our findings extend this by showing that fluctuations in
behavioral state dynamically influence their activity and, conse-
quently, visual encoding in VISp.

The vast majority of ACA and ORB axon activity showed signif-
icant correlations with behavioral variables, including face move-
ment, running speed, and pupil size (Figures S4A and S4C).
Interestingly, their behavioral tuning differed across target re-
gions: in VISp, ACA, and ORB, axonal activity reflected a binary
stationary/moving state, while in MOp, they scaled continuously
with running velocity (Figures 4A-4D), indicating that distinct
movement-related PFC subpopulations selectively target VISp
or MOp. This dichotomy suggests a functional specialization,
and PFC feedback to VISp may signal the occurrence of move-
ment independent of velocity, predicting changes in the visual
scene, whereas feedback to MOp conveys graded information
about movement magnitude, consistent with its role as a central
hub of motoric actions. Similar binary movement-related signals
have been observed in cholinergic basal forebrain axons projec-
ting to VISp.*° Importantly, ACA axonal activity in the VISp may
predict visual information to appear based on previous experi-
ences in visual space®® and visual flow due to movement.'®
The activity of ACA and ORB axons we observe could serve a
similar function, and our current data provide a baseline for
future studies of top-down influences on sensory and motor
representations.

While axonal imaging reveals the information conveyed to
downstream targets, how does this alter how local circuits pro-
cess or represent sensory input?>**' Using two-photon imaging
and chemogenetic silencing, we compared how the same VISp
neuronal populations encoded visual stimuli with or without ACA
or ORB feedback. Silencing ORB input did not alter the tuning
curve shape but enhanced decoding accuracy for high-contrast
stimuli (Figures 5F-5H and S6). The ORB has been repeatedly
associated with reward- and value-related encoding®*° and
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has been directly implicated in modulating VISp responses by
outcome expectation.'® Thus, the reduced decoding accuracy
of high-contrast stimuli in the intact condition may reflect ORB-
mediated suppression of non-relevant or unrewarded sensory
input. Alternatively, ORB feedback linked to movement could
interfere with visual cortical processing, akin to movement-related
modulation described in the primate visual cortex.*®*’

Prior work showed that optogenetic activation of the ACA-
VISp circuit enhances VISp responses'’; however, the relation-
ship of optogenetic activation to physiological activity patterns
during behavioral states is unclear, and the effect of behavioral
state was not examined. Endogenously heightened ACA axonal
activity in VISp does not reflect a similar sharpening of VISp neu-
rons’ tuning curves.*° Rather, endogenous ACA axonal activity
levels are strongly related to behavioral state.'®?%*%*% |mpor-
tantly, our findings unify these prior observations by showing
that behavioral state modulates visual encoding by ACA axons
in VISp, in particular, the representation of low-contrast stimuli
(Figures 2 and 3). Consistent with this, we also observe that
ACA feedback increases the response amplitude of VISp neu-
rons toward their preferred stimuli and population-level decod-
ing, particularly at low contrasts, and that this modulation scales
with arousal level (Figures 5F-5H, S6, 6D, and 6E). The ACA
therefore likely works to enhance the representation of weak or
uncertain stimuli during states of arousal and allocated attention.
Our findings also reveal a similar dichotomy in ACA and ORB
modulation during passive viewing to that observed during visu-
ally guided behavior in mice'”'® as well as a suggested func-
tional dichotomy in the primate.*°

To conclude, our study reveals that the PFC targets the VISp
through two distinct populations of projection neurons originating
from the ACA and the ORB. ACA and ORB axons have distinct
laminar distributions in VISp, reflecting their potentially comple-
mentary roles in the modulation of visual processing. ACA projec-
tions are more visually responsive and scale their response to the
contrast of visual stimuli, while ORB projections do not exhibit
such scaling. Both types of PFC projections are modulated by
behavioral states, showing increased response amplitudes during
high arousal and movement, albeit with distinct scaling. The
distinct representation of visual information and differential en-
coding of movement in PFC axons within the MOp and the VISp
is consistent with a mixture of shared and distinct projection sub-
networks within each PFC subregion. The removal of each PFC
subregion’s input to the VISp results in both unique and shared
conseqguences on the activity of VISp neurons: neuronal activity
modulated by high arousal and movement is both decreased,
while the encoding of visual information worsens in the absence
of ACA input and is surprisingly enhanced in the absence of
ORB input (Figure S9). Such a differential impact likely reflects
distinct local microcircuitry that is targeted by ACA and ORB in-
puts to VISp, and unraveling the interplay of these downstream
targets is a critical goal for future work.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-RFP: rabbit Rockland Cat# 600-401-379; RRID:AB_2209751
anti-GFP: chicken Aves Cat# GFP-1020; RRID:AB_10000240

anti-PV: guinea pig ImmunoStar Cat# 24428; RRID:AB_572259

anti-SST: rat Millipore Sigma Cat# MAB354; RRID:AB_2255365

anti-VIP: rabbit ImmunoStar Cat# 20077; RRID:AB_572270

anti-Guinea Pig DyLight 405: Donkey
anti-Rat Alexa Fluor 647: Donkey
anti-Rabbit Alexa Fluor 488: Donkey
anti-Chicken Alexa Fluor 488: Donkey
anti-Rabbit Alexa Fluor 594: Donkey

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat# 706-475-148; RRID:AB_2340470
Cat# 712-605-153; RRID:AB_2340694
Cat# 711-545-152; RRID:AB_2313584
Cat# 703-545-155; RRID:AB_2340375
Cat# 711-585-152; RRID:AB_2340621

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: VIP-Flp: Vipm21(feo)ziny

Jackson Laboratory
Jackson Laboratory

RRID:IMSR_JAX:000664
RRID:IMSR_JAX:028578

Recombinant DNA

retroAAV-hSyn-GFP
AAV1-CAG-tdTomato
AAV5-CAG-GFP
AAV8-hsyn-SytNB-ALFAtag-BACEcs-
myc-Cre
AAV.PHP.eB-CAG-DIO-tdTomato
AAV1-hSyn-axon-GCamP6s
retroAAV-Ef1a-Cre
AAV-hSyn-DIO-hM4D(Gi)-mCherry
AAV-hSyn-GCamP7f
AAV1-Ef1a-fDIO-tdTomato

gift from Bryan Roth

gift from Edward Boyden

gift from Edward Boyden

Center for Neural Circuit Mapping,
University of California, Irvine

gift from Edward Boyden

Broussard et al.*°

Fenno et al.”’

Krashes et al.®”
Dana et al.>®

Sciolino et al.>*

Addgene cat# 50465-AAVrg
Addgene cat# 59462-AAV1

Addgene cat# 37825-AAV5

N/A

Addgene cat# 28306-PHPeB
Addgene cat# 111262-AAV1
Addgene cat# 55636-AAVrg
Addgene cat# 44362-AAV5
Addgene cat# 104488-AAV9
Addgene cat# 128434-AAV1

Software and algorithms

WholeBrainSuite R package
Fiji / Imaged

Psychtoolbox

MATLAB

DeeplLabCut

FaceMap

Suite2p

ROIMatchPub

Python version 3.8.8

Furth et al.?®
Schindelin et a
Brainard®
MathWorks

Mathis et al.>”
|.58

|55

Syeda et al
Pachitariu et al.”®

N/A

Python Software Foundation

https://github.com/tractatus/wholebrain
https://imagej.net/software/fiji/
http://psychtoolbox.org/
https://www.mathworks.com/
https://github.com/DeepLabCut/
https://github.com/MouselLand/facemap
https://github.com/Mouseland/suite2p
https://github.com/ransona/ROIMatchPub
https://www.python.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal subjects

All experiments were carried out in adult male and female mice under protocols conforming to NIH guidelines approved by the MIT
Animal Care and Use Committee. Wild type C57BL/6J, Jackson stock no. 000664, or transgenic mouse line VIP-Flp: Viptm2-1@po)zih/ .
Jackson stock no. 028578 were used. Mice were 2-4 months at the time of surgery and group-housed before and after surgery (max 2
per cage if the mice had head implants for 2-photon imaging). All transgenic mice used in experiments were heterozygous for the
transgenes. Mice were maintained under standard housing conditions with a 12-hour light cycle and with ad libitum access to

food and water.
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METHOD DETAILS

Viral injections and implants

General procedure

Mice were anesthetized with isoflurane (1.5%) and given preemptive analgesia (extended release buprenex, 1mg/kg, and meloxicam,
5mg/kg, s.c.). After hair removal and sterilization of the skin with 70% ethanol and betadine, the mouse was placed into a stereotaxic
frame (51725D, Stoelting). The temperature of the mice was maintained at 36°C with a feedback-controlled heating pad (ATC2000,
World Precision Instruments). For viral injections, a micropipette attached on a Quintessential Stereotaxic Injector (QSI 53311, Stoelt-
ing) was used (see axonal tracing, axonal imaging, and somatic imaging with DREADDs for details). The pipette was held in place for
5 min after each viral injection before being slowly retracted from the brain. Postoperative analgesics (meloxicam 5mg/kg, s.c.) were
given 18-24h after the surgery, and recovery was monitored for a minimum of 72 h after surgery.

Retrograde tracing

A small craniotomy was drilled above the right Primary Visual Cortex (AP: -3.5, ML: -2.5, DV: -0.3) and 0.2yl of retroAAV-hSyn-GFP
(50465-AAVrg, Addgene, 7x10'2 vg/mL) was injected at a rate of 0.05pl/min. Retrograde transport and virus expression was allowed
for 2 weeks before the mouse was perfused for tissue collection.

Axonal tracing

A small craniotomy was drilled above the right Anterior Cingulate Cortex (AP: +1, ML: -0.3, DV: -0.9) and 0.2ul of AAV1-CAG-
tdTomato (59462-AAV1, Addgene, 5x10'2 vg/mL) was injected at a rate of 0.05pl/min. A second craniotomy was drilled above
the Orbitofrontal Cortex (AP: +2.45, ML: -1.1, DV: -1.75) and 0.2ul of AAV5-CAG-GFP (37825-AAV5, Addgene, 7x10'2 vg/mL)
was injected at a rate of 0.05ul/min. Virus expression was allowed for 4 weeks before the mouse was perfused for tissue collection.
Anterograde tracing

A small craniotomy was drilled above the right Anterior Cingulate Cortex (AP: +1, ML: -0.3, DV: -0.9) or Orbitofrontal Cortex (AP: +2.45,
ML:-1.1, DV: -1.75) and 0.3pl of AAV8-hsyn-SytNB-ALFAtag-BACEcs-myc-Cre (Center for Neural Circuit Mapping, University of Cal-
ifornia, Irvine, 1x10"® gc/mL) was injected at a rate of 0.05pl/min. A second craniotomy was performed over the Visual (AP: -3.5, ML:
-2.5, DV: -0.4) and the Motor Cortex (AP: +0.5, ML: -1.5, DV: -0.4) and 0.3pl of AAV.PHP.eB-CAG-DIO-tdTomato (28306-PHPeB,
Addgene, 1x10!3 vg/mL) was injected at a rate of 0.05pl/min. Virus expression was allowed for 4 weeks before the mouse was
perfused for tissue collection.

Axonal Imaging

A small craniotomy was drilled above the Anterior Cingulate Cortex (AP: +1, ML: -0.3, DV: -0.9) or Orbitofrontal Cortex (AP: +2.45, ML:
-1.1, DV: -1.75) and 0.2ul of AAV1-hSyn-axon-GCamP6s (111262-AAV1, Addgene, 7x10'® vg/mL) was injected at a rate of
0.05ul/min. Around 3mm craniotomy was performed over the Visual (AP: -3.5, ML: -2.5) or Motor Cortex (AP: +0.5, ML: -1.5). A cranial
window made of three round coverslips (CS-5R, 1x5 mm diameter; CS-3R, 2x3 mm diameter; Warner Instruments) glued together
with UV-cured adhesive (catalog #NOA 61, Norland) was implanted over the craniotomy and sealed with dental cement (C&B Me-
tabond, Parkell). For head fixation during the calcium imaging, a head plate was also affixed to the skull using dental cement
(C&B Metabond, Parkell).

Somatic imaging with DREADDs

A small craniotomy was drilled above the Visual Cortex (AP: -3.5, ML: -2.5, DV: -0.3) and two adjacent injections of 0.2l retroAAV-
Ef1a-Cre (55636-AAVrg, Addgene, 7x10'2 vg/mL) were injected at a rate of 0.05pl/min. After the retraction of the injection needle the
craniotomy was filled with bone wax (Medline). A small craniotomy was then drilled above the Anterior Cingulate Cortex (AP: +1, ML:
-0.3, DV: -0.9) or ORB (AP: +2.45, ML: -1.1, DV: -1.75) and 0.2ul AAV-hSyn-DIO-hM4D(Gi)-mCherry (44362-AAV5, Addgene, 7 x10'2
vg/mL) was injected at a rate of 0.05pl/min. The skin incision on top of the skull was then closed with sutures. Two weeks after the first
surgery, a second larger (3mm) craniotomy was made over the Visual Cortex, and four small injections of a mixture of 1:20 AAV-hSyn-
GCamP7f (104488-AAV9, Addgene, 1x10'® vg/mL) and 1:5 AAV1-Ef1a-fDIO-tdTomato (128434-AAV1, Addgene, 1x10'® vg/mL)
was made into the craniotomy. Thereafter, a cranial window made of three round coverslips (CS-5R, 1x5 mm diameter; CS-3R,
2x3 mm diameter; Warner Instruments) glued together with UV-cured adhesive (catalog #NOA 61, Norland) was implanted over
the craniotomy and sealed with dental cement (C&B Metabond, Parkell). For head fixation during the calcium imaging, a head plate
was also affixed to the skull using dental cement (C&B Metabond, Parkell).

Anatomical and Histological analysis

General procedure

Following an overdose of isoflurane, all mice were transcardially perfused with 1x PBS followed by 4% paraformaldehyde in PBS.
Brains were left over night in 4% PFA and washed three times in PBS the following day.

Axonal tracing

The whole brain was cut coronally at a thickness of 50pm using a vibratome (VT1200S, Leica). Every other section was thereafter
collected. The collected sections were placed free-floating in 1x PBST (0.3% Triton-X in 1x PBS) for 1 h, and subsequently incu-
bated with primary antibodies at a concentration of 1:1000 in PBST (anti-RFP: rabbit, 600-401-379, Rockland and anti-GFP: chicken,
GFP-1020, Aves) overnight in room temperature. The following day the sections were washed three times in PBST and incubated with
secondary antibodies (anti-Chicken Alexa Fluor 488: Donkey, 703-545-155, Jackson ImmunoResearch and anti-Rabbit Alexa Fluor
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594: Donkey, 711-585-152, Jackson ImmunoResearch) at a concentration of 1:1000 in PBST for 3-5h in room temperature. The sec-
tions were consecutively washed with 1x PBST, 1x PBS and 1x PBS (10 min each). Vibratome cut sections were mounted on glass
slides (Superfrost Plus, Thermo Scientific). All sections were coverslipped (Thermo Scientific) using 50:50 glycerol:1x PBS. Tiled
whole-brain images were acquired of both the green and red channel using a Leica TCS SP8 confocal microscope using a 10X /
0.40 NA objective.

For the whole-brain axonal mapping of the two projections, the axonal labeling (each fluorescent pixel) was segmented out using a
custom macro in Imaged and the coordinates of each axon-labeled pixel was saved. Each section was thereafter manually assigned
an AP coordinate and mapped to the Allen Brain Atlas (2011 version?) using a custom R-script utilizing the WholeBrainSuite R pack-
age.”® The segmented axons were then mapped back onto the section and a pixel density value (axon-labeled pixels / total pixels)
and axon density (pm2axon/pm2mta. area) fOr each brain region and layer were produced for each brain section. To avoid an overrep-
resentation of axonal density at each injection site, the segmentation method was modified to only extract pixels representing cell
bodies without the surrounding neuropil.

Projection tracing and cell type labeling

The whole brain was cut coronally at a thickness of 80pm using a vibratome (VT1200S, Leica). 6-8 brain sections were selected per
region including the Primary Motor Cortex and Primary Visual Cortex. The collected sections were placed free-floating in blocking
buffer at room temperature overnight (2% Triton-X, 10% Normal Donkey Serum, 0.04% NaN3 in 1x TBS). The following day, the brain
sections were transferred to primary antibody solution (1:1000 anti-PV: guinea pig, AB_572259 ImmunoStar; 1:200 anti-SST: rat,
MAB354, Millipore Sigma, 1:200 anti-VIP: rabbit, AB_572270, ImmunoStar in blocking buffer) and incubated 6-8h in room temper-
ature, followed by 2 nights in a cold room, followed by 6-8h at room temperature. The sections were washed 3 times for 3 minutes
followed by 3 times for 15 minutes each in blocking buffer. The brain sections were then transferred to secondary antibody solution at
a concentration of 1:1000 antibody to blocking buffer. (anti-Guinea Pig DyLight 405: Donkey, 706-475-148, Jackson
ImmunoResearch; anti-Rat Alexa Fluor 647: Donkey, 712-605-153, Jackson ImmunoResearch; anti-Rabbit Alexa Fluor 488: Donkey,
711-545-152, Jackson ImmunoResearch) and incubated overnight at room temperature. The sections were again washed 3 times for
3 minutes followed by 3 times for 15 minutes each in blocking buffer. Finally, the sections were washed with 1x TBS and 1x PBS for
10 min each. All washes and incubation periods were performed on a shaker. Vibratome cut sections were mounted on glass slides
(Superfrost Plus, Thermo Scientific). All sections were coverslipped (Thermo Scientific) using 50:50 glycerol:1x PBS.

Single tile images were acquired using a Leica TCS SP8 confocal microscope using a 10X / 0.40 NA objective. The XY image di-
mensions were 1551 by 1551um with a Z range of 15 to 20 pm across 5 Z planes. For analysis, the images were maximum projected
along the Z planes for each channel. The cell ROls were manually labelled in the tdTomato channel using FIJI. To determine overlap of
tdTomato cells with interneuron cell types, mean intensity measurements were made of the tdTomato-based ROIs across each of the
channels (PV/SST/VIP). If the mean intensity of an ROl was 2 standard deviations above the pooled ROI average intensity of the
respective channel (PV/SST/VIP), the cell was identified as a positive overlap. A positive overlap indicates that the identity of the tdTo-
mato cell is PV, SST, or VIP respectively. The ROl measurements were pooled by animal and thus the threshold for interneuron
(PV/SST/VIP) identification was determined per animal. The overlap/cell identity results are manually inspected for quality control.

Behavioral setup

Mice were head-fixed on a behavioral rig, placed on top of a running wheel (Bio-Serv) attached to a rotary encoder (LPD3806-600BM-
G5-24C). A monitor (15 by 9cm, 800 by 600-pixel resolution) was placed perpendicularly 14cm in front of the eye contralateral to the
imaged hemisphere. Drifting gratings (0.04 cycles per degree, 2 cycles per second, 8 directions) or natural movies were displayed to
the mouse at three contrasts (4%, 16%), 64%), while the mouse was free to run on the running wheel. In some imaging sessions, a
mild air-puff was delivered 2 seconds before the onset of 90° gratings or movie number 1, on alternating blocks of stimuli presenta-
tions. The delivery of an air puff was through a small tube 3 cm away from the whisker pad and eye ipsilateral to the imaged hemi-
sphere (compressed air at 40 psi for 0.3 s) and was controlled through a solenoid valve (003-0137-900, Parker) and microcontroller
board (Arduino UNO).

Timing of stimuli and air puff as well as collection of running speed was controlled with a custom MATLAB script, with visual stimuli
being generated through Psychtoolbox, and running wheel rotation and air-puff valve openings being logged through two microcon-
troller boards (Arduino UNO). The face and pupil of the mouse was recorded with a Thorlabs CMOS camera (CS165MU - Zelux®,
Thorlabs) with an infrared filtered lens (#59-871, 25mm C Series Fixed Focal Length Lens, Edmund Optics). Infrared illumination
at 780nm was provided by a light-emitting diode array light source (Thorlabs LIU780A). Video acquisition of the face was performed
at 20 Hz by a custom MATLAB script. The presentation of visual stimuli, pupil imaging, and calcium imaging were aligned via 5-volt
square wave pulses generated by the computer controlling stimulus timing via a National Instruments data acquisition device
(National Instruments BNC-2110 Terminal Block).

Two-photon imaging parameters

Two weeks after the mice were implanted with a cranial window, the fluorescent signal (axon-GCaMP6s or GCaMP7f) was imaged
using resonant-galvo scanning with a Prairie Ultima IV two-photon microscope system. A XLUMPlanFL N 20x 1.00NA (Olympus)
objective was used for single plane imaging with a field of view size of 588x588um. Axonal activity was recoded at a 2x digital
zoom and somatic activity was recorded with either 1.5x or 1x digital zoom, at a 512x512 pixel resolution. Two-photon excitation
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of GCaMP at a wavelength of 920 nm was provided by a tunable laser (Insight X3+, Spectra-Physics). Power at the objective ranged
from 10 to 30 mW depending on depth and expression levels. Images were acquired at a frequency of 30.2Hz and every 4 frames
were averaged for axonal imaging and every other frame for somatic imaging. Axonal activity recording was performed on a new field
of view every day at a depth ranging from 10-150um from the brain surface. Somatic activity imaging was performed on the same set
of neurons across two days (one saline day, and one CNO day).

Preprocessing of behavioral and imaging data

Pupil size

Videos captured of the face of the mouse was used to post-hoc extract 8 xy-coordinates surrounding the pupil using Deep Lab Cu
~500 frames were manually labeled (~20 frames/ video) and a resnet v1 50-based convolutional neural network was trained to pre-
dict the location of the 8 markers for 50,000 iterations. A new network was trained for each experimental cohort. Once the network
was trained, it was used to place coordinates on unlabeled frames / videos and the quality of the labeling was manually evaluated by
observing at least 10 labeled videos. The distance of each xy-coordinate to the corresponding xy-coordinate across the pupil was
calculated, corresponding to the diameter of the pupil in pixels. This was repeated for the 4 pairs of coordinates labeled and averaged
to provide a more stable and representable pupil diameter across the entire session. Any major outliers in label position (a label sud-
denly jumping away from the eye) was removed post-hoc by removing values above the 99™ percentile of pupil values.

Face movements

The same videos used to extract pupil diameter information was used to extract face movement information. The videos were pro-
cessed using FaceMap®® extracting the absolute motion energy (abs(current_frame - previous_frame)) for the entire face of
the mouse.

Axonal imaging

2-photon axonal activity imaging was performed at a framerate of 30.2 Hz and every 4 frames was averaged resulting in a framerate of
7.55 Hz. The tiff timeseries was motion corrected twice using the Template Matching plugin in Fiji (ImageJ). The imaging sessions
were motion corrected a third time in Suite2p®® and ROls extracted.

The detection of axonal ROls in Suite2p was without boundaries of size and manually curated afterwards. The fluorescence signal
from the ROl was taken as Fro| = Froiraw — 0.8 * Freuropi- FOr computing AF/F (AF/F= (F—Fg)/Fo) for each ROI, Fy was either calculated
as the mean value of F over the entire session for analysis of continuous variables, (e.g., running, face movements) or the mean value
of the immediate baseline (1-2 sec) preceding the onset of an event, for analysis regarding discrete events (e.g., a visual stimulus).

In order to cluster boutons that may potentially be from the same neuron, we performed pairwise correlations between every ROI.
We then performed hierarchical clustering based on these pairwise temporal correlations. The number of clusters was determined
empirically for each session by iteratively testing multiple distance thresholds to satisfy a cluster correlation threshold where 1) The
minimum within/intercluster correlation was >0.2 and 2) at least to times of that of the 85™ percentile between/inter-cluster correla-
tion. To ensure this did not result in any false positives, 3) the same distance threshold applied to a shuffled dataset should not have
any statistical difference between the between and within cluster correlations. We weighted boutons of each cluster by the signal-to-
noise ratio of the ROI, taking a weighted average of fluorescence signals to represent bouton clusters (referred to as axons
throughout the paper).

Somatic imaging

2-photon somatic activity imaging was performed at a framerate of 30.2 Hz and every other frame was averaged resulting in a fram-
erate of 15.1 Hz. Motion correction was performed within Suite2p and ROI detection was performed without size constraints and
manually curated. Somas imaged across days were identified using ROIMatchPub and manually confirmed. The fluorescence signal
from each soma was taken as Froi = Froraw — 0.8 * Freuropil- FOr computing AF/F (AF/F= (F—F)/F¢) for each soma, Fy was either
calculated as the mean value of F over the entire session for analysis of continuous variables, (e.g., running, face movements) or
the mean value of the immediate baseline (1-2 sec) preceding the onset of an event, for analysis regarding discrete events (e.g., a
visual stimulus).

t57

DREADD manipulations

In the chemogenetic DREADD experiments, mice were injected with 1mg/kg Clozapine-N-oxide intraperitoneal (i.p.) or with saline
(0.9% NaCl) of the same volume of the drug administration. Mice were imaged at least 30min after the i.p. injection. Chemogenetic
constructs were only expressed unilaterally in these experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis

Analysis of visual responses in axons or somas

To determine if an axon or soma was visually responsive, we compared the mean value of activity 1 second pre-stimulus with the
mean activity during stimulus presentation (1 second for gratings, 2 seconds for movies). A paired t-test was then performed between
pre and post responses (at 3 contrasts, 10 trials/values for each contrast) for each direction of grating or individual movie. Axons or
somas with a p-value < 0.00625 for one or several directions of drifting grating or with a p-value < 0.01 for one or several movies were
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considered visually responsive. If an axon or soma was significantly responsive to multiple directions or movies, the direction or
movie with the highest response amplitude was considered the preferred stimulus.

To compare single-cell visual responses in the presence or absence of PFC modulation, only neurons that were tracked across
days were used (matched neurons). From the population of matched neurons, only neurons that kept their visual responsiveness
and at least one preferred direction/movie across imaging day were kept for further comparative analysis.

Orientation tuning curves of matched neurons were created by identifying the preferred stimulus of a neuron on the saline day
(highest amplitude of response), and aligning the activity from the CNO day to the same preferred direction. Response amplitude
for each direction was the mean AF/F activity during visual stimulus presentation, averaged across all presentations of that direction.

The direction selectivity index was also computed as:

(Rpref - Rnull)
(Rpref)

Where the Ryt and Ry are responses at the preferred (pref) and preferred + 180° (null) orientation respectively.

Behavioral state

For a visual response to be classified as occurring during a discrete behavioral state the mouse needed to be moving/aroused above
the set threshold (defined for each panel in the figure ledged) for the entire trial, 1 sec before, during visual stimuli, and 1 second after
visual stimuli.

Decoding stimulus identity and contrast

We built linear support vector machine (SVM) classifiers using the fitceco function in MATLAB. All population decoding was
performed for each session. For the training and testing dataset, the number of trials in each condition (eight directions and three
contrasts) was matched to prevent bias for training classifiers. We used three-fold cross-validation by leaving a 33% subset of trials
for prediction to avoid overfitting. This procedure was repeated 50 times. To avoid overestimating the weights, we applied Lasso
regularization using a templateLinear function in MATLAB. Hyperparameter such as 1 regularization weight was determined by opti-
mization to minimize loss of validation dataset in a grid search manner (searched range 10°° - 107").

We used the mean AF/F response during stimulus presentation (1 second for gratings, 2 seconds for movies) for each individual
neuron, respectively. Classifier performance on each iteration was estimated by averaging decoding accuracies across the three
folds. Final decoding accuracy was determined by averaging these mean accuracies across all iterations. To obtain cross-validated
single-trial accuracy values, we averaged the binary prediction accuracy of each trial across all cross-validation folds and iterations in
which it was held out as part of the test set. To determine if the decoder was informative above chance, we shuffled labels for the test
data and trained and tested decoder to assess the decoding accuracy.

For statistically assessment of the decoding accuracy between sessions, we trained and tested decoders using subset of popu-
lation of neurons (from 10-200 neurons, at 10 neuron increments) by randomly choosing neurons in each iteration. Difference in de-
coding accuracy between two conditions (saline and CNO) were evaluated in multiple ways. First, by performing a 2-way ANCOVA to
examine the effects of subset (number of neurons) and experimental condition (saline/CNO) on the accuracy of decoding. The model
included interaction terms to explore if the effect of subset size on accuracy varies by group and data/shuffled data. p-values noted in
the figures are from the variability in accuracy explained by group (saline vs. CNO). Second, by performing a paired t-test on
the average accuracy per subset across paired recording sessions (imaging field of views). Lastly, by computing the difference in
decoding accuracy for each group and subset between the data and the shuffled data, and thereafter performing a paired t-test
of the differences in delta decoding accuracy between paired recording sessions and subset size.

Generalized Linear Model (GLM) of soma and axonal activity

To identify the visual information and behavioral variables of soma and axon, we used a GLM with linear (identity) link function. In this
model, the soma and axonal activity is described as a linear sum of visual and behavioral predictors aligned to each event. The pre-
dicted soma or axonal activity r,(t) for a soma or axon n is described as

rn(t) = Z Zﬁtcs.nXC(t - tS) + Zﬁb,nxb(t) + ﬂp,nXP+8
b

c ts€Sc

DSI =

where c¢ represents the direction and contrast of visual stimulus (eight direction x three contrasts), b represents the behavioral
variables (pupil diameters, face velocity, running speed, binarized pupil diameters, and binarized running speed), p represents the
air puff, S¢ represents the set of times to cover each predictor window. f; ,, By 5, B, » represents the weights of visual stimulus, behav-
ioral variables, and air puff for soma or axon n. The visual stimulus predictors cover the window -1-3 s from stimulus onset. x¢, Xp, X,
represents the visual stimulus, behavioral variable, and air puff predictors. Each predictor coded as “1” or “0” except for behavioral
variables. Behavioral variable predictors are the continuous behavioral event variables such as pupil diameter. ¢ is the model bias
(intercept). The values for the behavioral variables were z-scored. The soma or axonal activity was binned into 0.2seconds.

To estimate the optimal weights for each soma or axonal activity without overfitting, the lassog/m function in MATLAB with tenfold
cross-validation of the training set was used with a lasso regularization according to the value of a selected parameter 4, which rep-
resents regularization coefficients. The value of 1 in the lassoglm function was set to be 10~ 3. Model performance was assessed for
the test dataset by quantifying explained variance (R?).

e5  Neuron 774, 1-15.e1-e6, February 4, 2026



Please cite this article in press as: Ahrlund-Richter et al.

Neuron ¢ CellP’ress

To determine the contribution of each variable to soma or axonal activity, we fitted the model using full predictors (full model) and
predictors in which the target predictor is set to zero within whole-time points (partial model) and calculated the explained variance
(R,?u,,,Rgama,) of the full and partial model. We defined relative contribution of each variable to soma or axonal activity by determining
how much the performance of the partial model declined compared to full model.

In this study, proportional contribution of variable v is calculated as proportion of all variable’s contribution to the model:

proportional contribution = (Ri,,,yvaiama,_’v) / > (Rfu/u‘?iama/)

where Rga,ﬁa,,v represents explained variance of partial model of vth variable. Negative relative contributions were set to zero (this
means partial model performed better than full model).

The proportion of axons or somas with a significant contribution of the variance explained by variable v was calculated by perform-
ing a t-test between the RZ,,, and Rsa,ﬁa, across the 10-fold cross validation, correcting for multiple comparisons with Bonferroni-
Holm correction.

Statistical Methods

Statistical methods and parameters for each analysis/figure panel are noted in the figure legends. Statistical analysis was carried out
in Python 3.8.8 using the sklearn and scipy libraries.
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