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SUMMARY

The role of experience in the organization of cortical feedback (FB) remains unknown. We measured the ef-
fects of manipulating visual experience on the retinotopic specificity of supragranular and infragranular pro-
jections from the lateromedial (LM) visual area to layer (L)1 of the mouse primary visual cortex (V1). LM inputs
were, on average, retinotopically matchedwith V1 neurons in normally and dark-rearedmice, but visual expo-
sure reduced the fraction of spatially overlapping inputs to V1. FB inputs from L5 conveyed more surround
information to V1 than those from L2/3. The organization of LM inputs from L5 depended on their orientation
preference and was disrupted by dark rearing. These observations were recapitulated by a model where vi-
sual experience minimizes receptive field overlap between LM inputs and V1 neurons. Our results provide a
mechanism for the dependency of surround modulations on visual experience and suggest how expected
interarea coactivation patterns are learned in cortical circuits.

INTRODUCTION

Perception is an active process that combines sensory stimuli

with prior knowledge of the world.1 Prior knowledge disambigu-

ates noisy stimuli, biases percepts, and shapes sensory repre-

sentations.2 Predictive processes require associating features

of different complexities. For example, locationsmust be associ-

ated with the objects typically found there, and the objects must

be linked with their expected properties, such as color and size.3

How the brain learns and stores these associations to make pre-

dictions is not well understood.

Visual perceptionemerges froma set of hierarchically organized

cortical areas. Although neurons in lower areas respond to simple

visual features such as oriented bars and have relatively small

receptive fields (RFs), neurons in higher areas represent increas-

ingly complex stimuli and have larger RFs.4,5 Given their more

complex and increasingly invariant tuning, neurons in higher-order

areasare thought to shape sensory representations in lower areas,

depending on context and expectations, through direct cortico-

cortical feedback (FB) projections.6,7 Thus, predictions might be

constituted by an association between activity patterns in higher-

and lower-order neurons, mediated by FB connections.8–11

Consistent with this, there is increasing evidence that FB projec-

tions innervate the primary visual cortex (V1) with specificity for

cell and functional types,12–17 as required for linking neurons with

particular patterns of activity in higher- and lower-order areas.

TheorganizationofFB inputs fromthe lateromedial (LM)visual cor-

tex, an area considered as the putativemouse homolog to primate

V2,18 also reflects the relation between the functional properties of

the afferent axons and their postsynaptic neurons in V1. On

average, LM axons in layer (L)1 of V1 (V1L1) innervate neurons

with RFs like their own, i.e., they are retinotopically matched.16,19

However, LM inputs avoid V1 locations with RFs displaced from

their own along the axis of the axons’ preferred orientation.16

Thus, synapses of LM axons in V1L1 reflect the relation between

the orientation-tuning of the higher-order presynaptic neurons

and the RFs of lower-order postsynaptic ones, suggesting a

learned association of their joint activity. If FB inputs do indeed

reflect a learned association between the functional properties of

higher- and lower-order neurons, its organization should depend

on visual experience. Consistent with this hypothesis, FB projec-

tions to V1 are sparse at eye opening and undergo a protracted

maturation in humans and mice.20–22 By contrast, feedforward in-

puts from V1 to LM are comparatively more mature by the time of

eye opening.20,21 The extended maturation period of FB projec-

tions potentially allows visual experience to shape their connectiv-

ity and organization. FB inputs originating in different layers23–26

have different functional properties27,28 and might subserve

different functions in visual processing.29 Thus, visual-experi-

ence-dependent associations between the functional properties

of FB afferents and their postsynaptic neurons might depend on

the laminar origin of the projections. However, the role of visual

experience in the organization of FB inputs as well as its laminar

dependency remains uncharacterized.
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RESULTS

FB projections from LM to V1L1 are retinotopically
matched in the absence of visual experience
To measure the role of visual experience in the organization

of LM inputs in V1, we dark-reared two groups of mice. One

group was reared in the dark from postnatal day (P)

0 (DRP0). Another group of mice was housed on a regular

12-h light-dark cycle from birth until P21 (DRP21) and reared

in the dark afterwards. Thus, mice in the DRP21 group had

normal visual experience during the period when orientation

selectivity is established and the first afferents from LM start

arriving in V1 (P14–P21), but they were visually deprived during

the critical period for ocular dominance plasticity and when the

LM projection to V1L1 develops most of its synaptic inputs

(P21–P60).20,30–35 We measured how the functional organiza-

tion of LM axons in V1 in the two dark-reared groups compared

with normally reared (NR) mice (Figures 1A–1C). Mice were in-

jected with an adeno-associated virus (AAV) encoding for

GCaMP6s36 in LM and another for a red-calcium indicator

jRGECO1a37 in multiple V1 locations. We verified the accuracy

of the LM injection using intrinsic signal imaging (Figure 1D) and

in coronal histological sections of the visual cortex registered to

the brain atlas (Figure 1E). These analyses confirmed that, in all

the mice, the virus injection labeled a large fraction of both

supragranular and infragranular neurons in LM. LM axons

densely innervated V1 in L1, L5, and L614,16,38 (Figure 1F). Us-

ing a two-photon microscope equipped with two lasers and a

piezo actuator to rapidly change the depth of the focal plane,

we simultaneously recorded calcium activity from boutons of

LM axons in V1L1 and somata of underlying L2/3 neurons dur-

ing contralateral visual stimulation (Figures 1C and 1G). In each

group, we sampled LM axons and V1 neurons at different ret-

inotopic locations of the monocular V1 (Figure S1). Using small

moving gratings we measured the RFs of individual axonal bou-

tons and L2/3 neurons and fitted them with a two-dimensional

(2D) Gaussian (Figure 1H). Visual experience did not affect the

size of the RF (mean RF area LM boutons; DRP0 576�2 ± 124�2;
DRP21 553�2 ± 114�2; NR 713�2 ± 219�2; one-way ANOVA

F2, 24 = 1.8, p = 0.18, see also Figure S8 and Table S1 for other

RF metrics). We measured how the LM inputs’ RFs related to

those of the V1 neurons beneath. The RFs of LM boutons var-

ied greatly and were often distant to those of the V1 neurons

directly underneath (Figures 1H and 1I). Using presynaptically

targeted GCaMP in another group of mice39 we confirmed

that RFs relaying distal information, i.e., boutons with RFs

that were distant to the RFs of the V1 neurons at that V1 loca-

tion, reflected synaptic inputs rather than signals from passing

axons innervating matched positions elsewhere in V1 (Fig-

ure S2). Thus, consistent with previous reports, diverse distal

visual information is relayed to V1 neurons from LM.16,19

Although the RFs of LM inputs were highly scattered, the

average RF of LM boutons matched that of the underlying V1

neurons in azimuth and elevation across the monocular V1 in

all three groups (Figure 1I; see also Table S2 for details on sta-

tistical tests). Thus, LM inputs to V1 remained topographic and,

on average, retinotopically matched, even in the absence of vi-

sual experience.

For each bouton for which we could measure a RF, we

computed the difference in visual coordinates between its RF

center and the average RF center of all V1 neurons within the

two-photon field of view (1003 100 mm2) (Figure 2A). This differ-

ence defines the displacement vector DRF, with components

DAzimuth and DElevation, angle q and length kDRFk. As neigh-

boring V1 neurons within a field of view have similar visual

RFs,40 DRF measures the spatial relation between the RFs of

the imaged boutons with their postsynaptic neurons, despite

these not being identified in our recordings. To quantify and visu-

alize the relation between the visual locations encoded by LM

and the RFs of V1 neurons, we plotted the 2D distribution of

DRF for the three groups (Figure 2B). In all groups, the DRF dis-

tribution peaked around the origin, indicating that the most

abundant RFs of LM inputs were retinotopically matched with

those of the V1 neurons. Although the DRF distribution was, on

average, retinotopically matched in the 3 groups, they showed

different degrees of scatter around the matched position (Fig-

ure 2B). In NR mice, matched inputs were less abundant, with

a larger fraction of them conveying information from distal sur-

round locations than those of DRP0 mice, while the DRP21

mice showed an intermediate distribution (Figures 2C and 2D).

Consequently, kDRFk increased with visual experience and

was significantly larger in NR mice compared with those from

the DRP0 group (Figure 2E). Although kDRFk increased with

visual exposure, the overall anisotropy of theDRF distribution re-

mained unchanged (mean½kDAzimuthk=kDElevationk�: DRP0 =

1.4 ± 0.3, DRP21 = 1.4 ± 0.3, NR = 1.5 ± 0.2, one-way ANOVA,

F2, 24 = 0.34, p = 0.72). The increase in kDRFk with visual expe-

rience was not due to differences in the confidence of the RF

measurements (Figure S3A; STAR Methods).

We simulated to what extent the visual information conveyed

by LM inputs overlapped with the V1 RFs, assuming random

connectivity. We sampled pairs of random LM boutons and V1

neurons from each dataset and calculated their RF overlap (Fig-

ure 2F). We considered the local jitter of V1 neurons’ RF relative

to the mean retinotopic position40 and the spatial extent of V1

dendrites in L1, as synapses can be made with neurons whose

somata might not be located directly beneath the boutons

(STAR Methods). These analyses showed that RF overlap be-

tween LM inputs and V1 neurons diminishes with increasing vi-

sual experience (Figures 2G and 2H).

We conclude that, while visual experience is not required for

the topographic innervation of LM inputs to retinotopically

matched locations in V1L1, visual exposure leads to an in-

crease in the fraction of inputs representing distal locations

surrounding the RF of V1 neurons. This results in a decrease

in spatial redundancy between the visual representations of

V1 neurons and the LM inputs that are accessible to their den-

drites in L1.

Inputs originating in the supragranular and infragranular
LM convey distinct spatial information to V1L1

As FB projections originating in different layers might play

different roles in cortical processing, we wondered whether LM

inputs originating in the supragranular and infragranular layers

were similarly organized and shaped by visual experience in

V1. We repeated the measurements of the visual information

ll
Article

2 Neuron 112, 1–14, October 9, 2024

Please cite this article in press as: Dias et al., Visual experience reduces the spatial redundancy between cortical feedback inputs and primary visual
cortex neurons, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.07.009



relayed by LM to V1L1 using Cre-driver lines to selectively ex-

press GCaMP6s in L2/3 neurons (Cux2-CreERT2) or L5 neurons

(Rbp4-Cre) of LM (Figure 3A). Projections from both L2/3 and L5

neurons extended across the entire cortical depth of V1, albeit

with distinct laminar patterns (see Figure 3B). Specifically, inputs

from L2/3 neurons were dispersed throughout the entire depth of

L1 (both L1a and L1b), whereas those originating from L5 neu-

rons were denser in L1a than in L1b (Figures 3B and 3C). Addi-

tionally, a greater proportion of LM axons from L2/3 neurons

were in L2/3 of V1 in comparison with the projections originating

in L5.

When imaged under the two-photon microscope, LM inputs

from both L2/3 and L5 inputs formed a dense mesh in V1L1
(Figures 3D and 3G). Thus, our previous measurements most

likely included a mixture of inputs originating from both layers.

Asbefore,wemeasuredRFof singleLMboutonsandcompared

themwith those of the V1 neurons underneath. For each layer, we

compared the organization in NR (NR-L2/3 and NR-L5) and mice

Figure 1. FB projections from LM to V1L1 are retinotopically matched in the absence of visual experience

(A) Schematic illustration of the rearing protocols in three groups of mice.

(B) Schematic of the dual-color imaging configuration.

(C) Schematic illustration of the experimental setup.

(D) Left, fluorescence image of the cranial window showing the injection site in LM. Right, visual field sign map. Circle, injection site in LM.

(E) Coronal section of the injection site in visual cortex.

(F) Coronal section of V1 showing GCaMP6s-expressing axons from LM and jRGECO1a-expressing neurons.

(G) Two-photon field of view of an example plane of GCaMP6s-expressing boutons (top) and jRGECO1a-expressing neurons (bottom).

(H) RFs of an example LM bouton and V1 neuron from the same session. Traces, mean fluorescence signals for stimulus at each of the locations stimulated.

Stimulus onset was at the beginning of each trace and lasted for 1.2 s. Color map, mean response 0–2 s after stimulus onset. Ellipses, 1 SD isoline of the Gaussian

fit of the RFs. Data in (D)–(H) are from the same mouse.

(I) Visual coordinates of individual LM boutons’ RF center as a function of the mean RF centers of V1 neurons for each imaging session. Squares, mean values of

the RF centers of LM boutons for each imaging location. Blue lines, linear fits of the mean values (linear regression; DRP0: azimuth, p = 1e�30; elevation, p =

2e�25, n = 64 imaging locations, N = 9 mice; DRP21: azimuth, p = 4e�43; elevation, p = 1e�37, n = 62, N = 9; NR: azimuth, p = 2e�28, elevation, p = 6e�26, n =

62, N = 9). Identity line is dashed.
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reared in the dark from P21 (DRP21-L2/3 and DRP21-L5). Projec-

tions originating in both L2/3 and L5 of LM were retinotopically

matched with V1 neurons (Figures 3E and 3H) and, consistent

with themeasurementswithout laminar-sourcespecificity, they re-

mained so in visually deprived mice (Figures S4A and S4C). How-

ever, the kDRFkof theL2/3 inputswas smaller than theone fromL5

(Figures 3F and 3I–3L; see Figure S3B for analysis taking the con-

fidenceof theRFcentermeasurement intoconsideration).Consis-

tent with our previous measurements (Figure 2E), dark-rearing

from P21 did not affect kDRFk ðFigures S4B and S4D). Thus, the

RFs of L2/3 FB inputs are more aligned with those of V1 neurons

than those of the inputs originating in L5, while L5 inputs are

comparatively enriched in distal visual information. As for the pre-

vious groups of animals, we simulated the RFoverlap of LM inputs

with V1 neurons by sampling from the NR-L2/3 and NR-L5 data-

sets. Theseanalyses showed that, assuming randomconnectivity,

inputs originating fromL5of LMoverlap lesswith theRFof V1neu-

rons than those from L2/3 (Figure 3M).

Figure 2. Visual experience results in a decrease in the retinotopic precision of LM inputs

(A) DRF was defined as the difference between the bouton’s RF center and the mean RF center of the V1 neurons for that imaging session.

(B) 2D histogram of the distribution of DRF for boutons across the three visual experience groups. Same boutons as in Figure 1I. The x indicates the origin. Circles

correspond to different distances from the origin. Bins are 5� 3 5�.
(C) Mean distribution of kDRFk. Colored lines, mean across animals for each group; shading, SEM; DRP0, N = 9; DRP21, N = 9; NR, N = 9.

(D) Radial profile of the DRF distributions.

(E) Median kDRFk of all boutons per animal. Horizontal bar, mean (Tukey-Kramer test: DRP0 vs. NR p = 0.016).

(F) Example random LM bouton-V1 neuron pair sample.

(G) Cumulative distribution of the overlap with the V1 RFs, with RF boundary defined as 2.5 times the standard deviation of the Gaussian fit.

(H) Fraction of the V1 neurons’ RF overlapping with the LM boutons. Lines of different gray intensity signal values for RF boundaries defined as different multiples

of the standard deviation of the RF Gaussian fits.
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Figure 3. Feedback inputs originating in L5 of LM convey more surrounding information to V1 neurons than those from L2/3
(A) Coronal slices of LM in example normally reared Cux2-CreERT2 (NR-L2/3) and Rbp4-Cre mice (NR-L5). Scale bars, 100 mm.

(B) Left, coronal slices of V1, showing LM axons in an example normally reared Cux2-CreERT2 (NR-L2/3) and Rbp4-Cre (NR-L5) mice. Right, highermagnification

of image of L1 and upper L2/3. Scale bars, 100 mm.

(C) Laminar profile of LM axons in V1 for the two groups of mice. Thick line, mean; shading, SEM across mice (NR-L2/3, N = 5; NR-L5, N = 5; two-way mixed

ANOVA: interaction, p = 0.0004). A larger fraction of inputs in NR-L2/3mice was in L1b and L2/3 of V1 (t test L1b, p = 0.03; L2/3, p = 0.0047, Bonferroni corrected).

(D) Two-photon field of view of an example plane of GCaMP6s-expressing boutons from a NR-L2/3 mouse.

(E) Visual coordinates of individual LM boutons’ RF center from the NR-L2/3 mice as a function of the mean RF centers of V1 neurons for each imaging session.

Squares, mean values of the RF centers of LM boutons for each imaging location. Black lines, linear fits of the mean values (linear regression; NR-L2/3: azimuth,

p = 3e�26, elevation, p = 3e�18, 52 imaging locations, N = 7 mice). Identity line is dashed.

(F) 2D histogram of the distribution of DRF for NR-L2/3 boutons.

(legend continued on next page)
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The orientation-tuning-dependent organization of LM
inputs from L5 to V1L1 depends on visual experience
In addition to mapping their RFs, we also measured the tuning of

LM boutons in V1L1 to moving gratings. From the boutons for

which we could measure RFs, across all groups of mice, 56%

(66,648/118,083 boutons) responded to these gratings (Fig-

ure 4A), 82% of which were orientation selective (Figure S5A).

The orientation selectivity index (OSI) of FB boutons increased

with visual experience (Figure S5B). Visual exposure after P21

contributed to orientation selectivity, as boutons in the DRP0

and DRP21 groups showed similar orientation selectivity but

were less selective than those of the NR mice. Visual experience

increased orientation selectivity of inputs originating in L5, but

not of those from L2/3 (Figure S5B). Similarly, visual experience

altered the distributions of preferred orientation in inputs from L5

(Figure 4B) but not in those originating from L2/3 (Figure S5C).

We then checked whether LM inputs were organized depend-

ing on their tuning to oriented gratings16 and whether it de-

pended on visual experience. We compared the fraction of

inputs with distal DRF deviating in elevation in orientation-selec-

tive boutons preferring vertical or horizontal gratings (Figure 4C).

We defined the collinear depletion index as the difference be-

tween the fraction of horizontal- and vertical-preferring boutons

deviating along elevation. Positive values indicate that there is a

lower fraction of boutons preferring vertical gratings deviating

along elevation than horizontal-preferring ones. In other words,

a positive collinear depletion index indicates that inputs had

fewer RFs representing locations along the axis aligned with

the bouton’s preferred orientation relative to the V1 neurons’

RF (see Figure 4F, right, for a cartoon of the underlying LM

projection functional organization). Values close to 0 reflect the-

absence of an orientation-tuning-dependent organization. In NR

mice, inputs from L5 were organized differently, depending

on their orientation-tuning, with the proportion of boutons

deviating in elevation being different for the two orientation-se-

lective groups (Figure 4D; see also Figure S6 for unbinned ana-

lyses). Vertically preferring boutons were less likely to encode

distal locations along the elevation axis than the horizontally

preferring ones, resulting in a positive collinear depletion

index (Figures 4E and 4F). Consistent with a previous report,16

this organization depended on orientation selectivity, being

present only in highly orientation-selective boutons (collinear

depletion index of NR-L5 boutons with OSI < median of all L5

boutons [0.37]: 0.047 ± 0.16, t8 = 0.91, p = 0.39; boutons with

OSI >median: 0.19 ± 0.16, t8 = 3.6, p = 0.0072, t tests; difference

between the two groups t8 = �2.8, p = 0.023, paired t test).

In contrast, the collinear depletion index was not different from

zero in DRP21-L5 mice (Figure 4D) and different from the NR-L5

mice (Figure 4E; see Figure S3C for analysis taking the confi-

dence of the RF center measurement into consideration). Unlike

in the NR-L5 group, the collinear depletion index in DRP21-L5

mice did not depend onOSI (collinear depletion index of boutons

with OSI < median: 0.017 ± 0.12, [t9 = 0.45, p = 0.66]; boutons

with OSI >median:�0.083 ± 0.19, t9 =�1.4, p = 0.21, t tests; dif-

ference between the two, t9 = 1.3 p = 0.24, paired t test). The

absence of the collinear depletion index relation with OSI in the

dark-reared group was not due to its lower orientation selectivity

(two-way mixed ANOVA of collinear depletion index with visual

experience and OSI as factors: visual experience F1, 17 = 7.4,

p = 0.014; OSI, F1, 17 = 0.16, p = 0.7; interaction, F1, 17 = 6.1,

p = 0.024). Thus, while orientation selectivity and the collinear

depletion index are correlated in NR mice, the orientation-tun-

ing-dependent organization of LM inputs does not merely reflect

the circuit processes underlying the orientation selectivity of LM

boutons, as the two are uncoupled in dark-reared mice.

L2/3 inputs were not organized depending on their orientation

selectivity in NR mice (Figure S7A), nor did visual deprivation

affect the orientation-tuning-dependent organization of the

inputs (Figure S7B). However, inputs in DRP21-L2/3 mice

showed an orientation-tuning-dependent organization, albeit

opposite to that observed in NR-L5 inputs, i.e., they showed a

negative collinear depletion index (Figure S7). Additionally, we

did not detect any organization contingent upon the orientation

selectivity of the LM inputs in mice expressing GCaMP without

laminar specificity. However, the same orientation-dependent

organization observed in the inputs of NR-L5 mice was present

in a subset of the RFs of these mice (see below).

We conclude that inputs originating in L5 of LM, but not those

from L2/3, show an orientation-tuning-dependent organization

that depends on visual experience beyond the first week after

eye opening.

A model based on representational redundancy
minimization recapitulates the impact of visual
experience on FB organization
What are the mechanisms by which visual experience increases

the kDRFk of LM inputs? One possibility is that LM inputs with

RFs that overlap with those of V1 neurons are negatively selected

with visual experience. Such amechanismwould tend to eliminate

retinotopically matched inputs while sparing those relaying sur-

rounding information, resulting in an increase in kDRFk. Could
the same mechanism also give rise to the orientation-tuning and

visual-experience-dependent organization observed in NR ani-

mals? To investigate this, we analyzed whether the shape of the

RFs of the LM boutons depended on their preferred orienta-

tion.40,41 In boutons from L5 axons as well as in those from mice

with non-laminar-specific labeling, the RF size was not different

between boutons preferring horizontal and vertical gratings

(Figures S8A and S8E). The angle of the long axis of the RF was

also similar in both groups of orientation-selective boutons, being

closely aligned with the azimuthal axis (Figure 5A). However,

despite having a similar mean, the angular standard deviation

(G–I) Same as (D)–(F) for NR-L5 mice (linear regression in H: NR-L5: azimuth, p = 2e�29, elevation, p = 1e�32, 77 imaging location, N = 9 mice).

(J) Distribution of kDRFk values for all boutons in NR-L2/3 and NR-L5 mice.

(K) Radial profile of the DRF distributions.

(L) Median kDRFk of all boutons per animal. Horizontal bar, mean (t test, p = 0.04).

(M) Fraction of the V1 neurons’ RF overlapping with the LM boutons. Lines of different gray intensity signal values for RF boundaries defined as different multiples

of the standard deviation of the RF Gaussian fits.
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(SD) of the long axis angle was larger for the RFs of vertical-prefer-

ring boutons than for those tuned to horizontal gratings, irrespec-

tive of the mice’s visual experience (Figure 5A). Thus, the RF long

axis of the vertically preferring bouton’s RFs is more likely to be

tilted away from the azimuthal axis than in those tuned to horizon-

tal gratings (Figures S8B, S8D, and S8F). Hence, consistent with

previous observations in monkeys and tree shrews, the long

axis of the mouse visual cortex RFs tends to be aligned with the

neurons’ preferred orientation.42–44 Due to these differences in

their tilt, the RFs of inputs preferring vertical gratings will be

more likely to overlap with the RFs of V1 neurons when they

deviate in elevation rather than in azimuth. Conversely, in horizon-

tally tuned boutons, the opposite is expected (Figure 5B). Thus,

both the orientation-tuning-dependent organization that emerges

with visual experience and the increase in kDRFk could potentially

emerge through mechanisms minimizing RF overlap between LM

inputs and V1 neurons.

To test this, we simulated the DRF distribution resulting from

eliminating LM inputs onto V1 neurons with overlapping RFs.

We modeled the initial state of the converging LM boutons as

having a 2D Gaussian DRF probability distribution with SDs in

azimuth and elevation, and an angle relative to the horizontal,

matching the experimental data of dark-reared mice (DRP0)

(Figure 5C; STAR Methods). We also modeled the local scatter

of V1 neurons’ RFs as a Gaussian distribution from our exper-

imental values. We simulated random synapses between

‘‘dark-reared’’ LM boutons and V1 neurons by sampling bou-

tons and neurons with DRFs from these distributions. We

generated for each neuron and LM bouton a random RF based

on the experimentally measured distribution of the RF shape

parameters (STAR Methods; Table S1) and calculated their

overlap (Figure 5C). Vertical- and horizontal-grating-preferring

LM boutons had different RF shape parameters, taken from

the experimental measurements (Figure 5A; Table S1). We

Figure 4. Visual experience is required for the orientation-tuning-dependent organization of FB inputs originating in L5 of LM

(A) Responses to gratings of two orientation-selective boutons from one NR-L5 mouse. Top: vertical preferring (signal to noise ratio [SNR] = 11); bottom: hor-

izontal preferring (SNR = 1.1). Thick line, mean response across trials; shading, SEM.

(B) Fraction of orientation-selective boutons preferring vertical gratings (t test, p = 0.02).

(C) DRF values of orientation-selective boutons from one NR-L5 animal. Left: orientation-selective boutons with kDRFk > 10� split by preferred orientation.

Shaded bowtie: area where inputs were considered to deviate in elevation. Right: fraction of boutons deviating in elevation.

(D) Fraction of boutons deviating along elevation for the two L5 groups. Horizontal line, mean across animals; thin lines, individual animals; circles, animal shown

in (C) (paired t test NR-L5, p = 0.026).

(E) Collinear depletion index (t test: p = 0.016).

(F) Cartoon of the retinotopic biases of orientation-selective LM inputs originating in L5 to V1. Planes represent retinotopic maps in LM and V1. In DRP21-L5mice,

LM inputs do not show any bias depending on their preferred orientation (bar in circle) in the V1 retinotopic positions they innervate. The larger spread in azimuth

vs. elevation of the projection is ignored for simplicity. After visual experience, LM inputs develop an orientation-tuning-dependent bias. Inputs with RFs deviating

along the axis collinear to the preferred orientation become less likely (gray arrows).
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also randomly displaced the RF of V1 neurons to simulate the

possibility that synapses are made on the dendrites of neurons

whose cell bodies might not be directly beneath the synaptic

boutons.

We calculated the fraction of RF overlap in large numbers of

random pairs. Boutons tuned to vertical gratings overlapped

more than those tuned to horizontal grating when their RF devi-

ated in elevation relative to the V1 neurons. Conversely, boutons

preferring horizontal gratings overlapped more than vertical-

preferring ones when their RF was displaced in azimuth relative

to the V1 neurons (Figure 5D).

We modeled the stabilization of LM-V1 synapses depending

on this overlap: the greater the overlap, the less likely it is that

the synapse between the LM bouton-V1 neuron pair is stabilized

and persists (Figure 5C). As observed in the experimental data,

the DRF distribution of the surviving inputs peaked at the fully

Figure 5. A model based on the selection of LM inputs based on the RF overlap with V1 neurons recapitulates the effect of visual experience

(A) RF shape parameters of LM L5 boutons with different preferred orientation in dark and normally reared mice. Left: circular mean of RF angle (two-way mixed

ANOVA: preferred orientation p = 0.2). Right: circular standard deviation is bigger for vertical-preferring boutons (two-way mixed ANOVA: preferred orientation

p = 0.0002). Lines, mean across animals; shading, SEM. Inset: horizontally tuned boutons will be more consistently elongated along the azimuth.

(B) The RFs of two boutons with equally distantDRFwill overlapmorewith a V1 neuron RF (central ellipse, overlap in black) when they are elongated along the axis

of displacement.

(C) The DRF values of pairs of LM boutons and V1 neurons were sampled from distributions matching the experimental data (left). Dashed circle has 10� radius.
The RF shape of each bouton/neuron was based on the experimental values of each group and the survival of the synapse depended on the RF overlap

(bottom right).

(D) Difference in RF overlap with V1 neurons between horizontally and vertically tuned NR-L5 boutons as a function of DRF.

(E) Example DRF distributions of surviving populations of vertical- and horizontal-grating-preferring NR-L5 boutons.

(F) Differences of the DRF distribution of the surviving horizontal and vertically preferring boutons, obtained from subtracting the distributions in (E).

(G) Left: distribution of kDRFk of the initial distribution of LM boutons (magenta) and those surviving after selection based on RF overlap (blue) when simulating

NR-L5 boutons. Mean across 10 repetitions; standard deviation is smaller than line thickness. Right: radial profile of the initial and surviving DRF distribution.

(H) Median kDRFk of all surviving boutons when using RF parameters of the different experimental groups. Circle, mean; vertical bars, SD.

(I) Fraction of boutons deviating along elevation for horizontal- and vertical-preferring surviving populations for the initial LM bouton population and when

simulating NR-L5 LM boutons. Only boutons with kDRFk > 10� were considered. Lines, mean across model repetitions for NR-L5 and initial condition; SD is

smaller than the line thickness for initial condition.

(J) Collinear depletion index when using RF parameters of the different experimental groups. Circle, mean; vertical bars, SD.
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matched location (Figures 5E and 5G). They also showed a larger

average kDRFk compared with the initial distribution (Figures 5E,

5G, and 5H). Moreover, after the selection based on RF overlap,

vertically tuned boutons were less likely to have RFs deviating in

elevation than the horizontally tuned boutons (Figures 5E and

5F). Consequently, the stabilized boutons showed a positive

collinear depletion index, recapitulating the experimental results

(Figures 5I and 5J). Consistent with the experimental measure-

ments, the model predicted a larger orientation-tuning-depen-

dent difference in the angular distribution of the DRF for inputs

originating in L5 than in those from L2/3. Using the RF parame-

ters of the inputs from undefined laminar sources (NR mice)

resulted in intermediate values. Simulations using the RF param-

eters of dark-reared mice yielded similar results to the corre-

sponding non-visually deprived group (Figures 5H and 5J). This

is expected given that RF parameters did not differ between

dark-reared and NR mice (Figure 5A). The modeled collinear

depletion index varied among the dark-reared groups. However,

simulations based on the RF parameters of DRP0mice predicted

a large collinear depletion index, nearly as large as that observed

in NR-L5 mice, even though only NR-L5 mice exhibited orienta-

tion-tuning-dependent organization in the data. Thus, the exper-

imental differences in the orientation-tuning-dependent organi-

zation in LM inputs from NR-L5 and DRP21-L5 (Figures 4D and

4E) cannot be solely explained by a visual-experience-mediated

shaping of RFs and its resulting overlap with V1 neurons.

In summary, a model based on minimizing RF overlap suc-

cessfully recapitulates the impact of visual experience on the or-

ganization of LM inputs in V1.

Validation of the model
As the model is based on the selection of LM-V1 synapses, de-

pending on RF overlap, it predicts that the precise shape of the

RF should have an impact on the resulting collinear depletion in-

Figure 6. The aspect ratio of the RF influ-

ences the orientation-tuning-dependent or-

ganization of LM inputs

(A) Collinear depletion indexindex of the surviving

boutons modeled for populations with different

median RF aspect ratio. Lines, mean across 10

repetitions; shading, SD.

(B) Collinear depletion index for orientation-se-

lective boutons split into quartiles of aspect ratio

(median aspect ratio per quartile: 1.23, 1.49, 1.82,

2.48; one-way repeated measures ANOVA: DRP0,

Tukey-Kramer test, quartile 1 vs. quartile 4, p =

0.03; NR, Tukey-Kramer test, quartile 1 vs. quartile

4, p = 0.04; two-waymixed ANOVA: interaction p =

0.011).

(C) Fraction of boutons deviating along elevation

for orientation-selective boutons with a RF aspect

ratio > 1.4 (paired t test NR t8 = 2.5, p = 0.039).

dex. Specifically, the model predicted the

collinear depletion index of LM inputs

to increase as a function of the aspect ra-

tio of the RFs (Figure 6A). We checked

whether the collinear depletion index

dependence on the aspect ratio of the RF was present in the

experimental data, as predicted by the model. A two-way mixed

ANOVA analysis revealed an interaction of the RF aspect ratio

and visual experience on the collinear depletion index in the 3

groups of mice without laminar-specific measurements (Fig-

ure 6B). In NR mice, the collinear depletion index increased

with RF aspect ratio, as predicted by the model (Figure 6B). In

contrast, in DRP0 mice, the collinear depletion index decreased

with the RF aspect ratio. The aspect ratio of DRP21 mice had no

relation with the collinear depletion index. In addition, while there

was no orientation-tuning-dependent organization in the LM in-

puts of NR mice when considering all the orientation-selective

boutons (not shown), the organization was present when consid-

ering only boutons with large aspect ratio RFs. Inputs of NRmice

with RFs of a large aspect ratio were organized as previously

observed in the NR-L5 mice, but not in the dark-reared groups

(Figure 6C). The relation of aspect ratio and the collinear deple-

tion index was not simply explained by the RF shape being

related to the orientation selectivity of the boutons. In the three

groups of mice, there was no relation between OSI and the

collinear depletion index (OSI quartiles, one-way repeated mea-

sures ANOVA DRP0, F3, 8 = 0.025, p = 0.99; DRP21, F3, 8 = 1.2,

p = 0.33; NR, F3, 8 = 0.86, p = 0.48; two-way mixed ANOVA:

visual experience F2, 24 = 0.82, p = 0.45, OSI F3, 24 = 0.67,

p = 0.57, interaction F6, 24 = 0.61, p = 0.72).

Thus, consistent with experience exerting a refinement of LM

inputs based on their overlap with V1 neurons, there was a pos-

itive relation between the RF aspect ratio and the collinear deple-

tion index, but only in NR mice. The negative relation between

these two metrics observed in the DRP0 mice might reflect

the presence of a collinear enrichment, i.e., a negative collinear

depletion index, in LM inputs originating in L2/3 in dark-reared

mice (Figure S7). This observation also confirms that the influ-

ence of visual experience on FB organization cannot be solely

ll
Article

Neuron 112, 1–14, October 9, 2024 9

Please cite this article in press as: Dias et al., Visual experience reduces the spatial redundancy between cortical feedback inputs and primary visual
cortex neurons, Neuron (2024), https://doi.org/10.1016/j.neuron.2024.07.009



explained by changes in RFs and their resulting overlap with V1

neurons, as experience changes the relations between RF shape

and collinear depletion index. Similarly, while not statistically sig-

nificant, the collinear depletion index tended to correlate with the

RF aspect ratio in NR-L5 mice. Consistent with the measure-

ments in mice without laminar-specific labeling, in NR-L5 mice

only boutons with an RF aspect ratio above the median showed

an organization with a positive collinear depletion index, while

those with an aspect ratio below the median did not (Figure S9).

Together, these observations validate the predictions of the

model and support the view that, with visual experience, LM in-

puts are remodeled to reduce RF overlap with V1 neurons. This

results in a greater fraction of FB inputs conveying surrounding

information to V1 neurons and an orientation-tuning-dependent

organization.

DISCUSSION

The retinotopic precision of LM inputs in V1L1 decreases
with visual experience
We found that LM inputs in V1L1 were retinotopically matched

with V1 neurons, even in mice that were dark-reared since birth

(Figure 1). Thus, like the retinal ganglion cells’ projections to the

superior colliculus and the lateral geniculate nucleus,34 visual

experience is not required for their topographic organiza-

tion.30,33,34 As in other topographic projections, molecular cues

could underlie the initial targeting of FB axons followed by

vision-independent, activity refinement mechanisms.30,33,34

Feedforward-driven, retinotopically matched correlated activity

between V1 and higher visual areas, as observed before eye

opening,45 could provide activity cues for organizing the target-

ing of FB inputs in the absence of visual inputs.

Experience resulted in an increase of surrounding information

relayed to V1 neurons by LM inputs (Figure 2). As the overall

morphology and extent of dendritic arbors are mostly unaffected

by dark rearing,46,47 the observed reduction in topographic pre-

cision with experience most likely reflects an increase in the pro-

portion of inputs relaying distal information to V1 neurons rather

than a larger spread of inputs in L1 due to visually driven den-

dritic remodeling without changes in connectivity.

Thus, visual experience degrades the precision of the topo-

graphic map instead of refining it, as it does with topographic

projections from the retina.33 This increase likely reflects a vi-

sual-experience-driven learned relation between activity in LM

and V1 beyond the spontaneous activity and molecular-driven

cues organizing the retinotopically matched inputs. Our model

suggests that this process might involve the selection of inputs

relaying non-redundant spatial information to V1 neurons.

FB inputs originating in L2/3 and L5 convey different
surround information to V1 neurons
We analyzed the organization of LM projections originating in L2/

3 and L5. Inputs originating in the two layers displayed distinctive

laminar innervation patterns within V1, including the targeting of

different sublaminae within L1 (Figures 3B and 3C). In addition,

LM inputs from L5 conveyed more distant surrounding informa-

tion to V1 neurons than those originating in L2/3 (Figures 3L and

3M). These functional and anatomical differences support the

view that the two FB projections might play different roles in hi-

erarchical processing.27,28,48 Given their larger kDRFk and expe-

rience-dependent organization, inputs from L5 are more likely to

be involved in contextual modulations based on learned visual

statistics, such as contour integration and figure-ground segre-

gation. Although inputs from L2/3 might also modulate V1 activ-

ity in part from learned visual statistics, these are likely to be

based on local information rather than the larger surrounding

context.

In the macaque visual cortex, FB inputs from supragranular

layers are more point-to-point than those originating in the infra-

granular ones,23,26 as observed here in the mouse. This shared

organizational principle suggests a conserved function for the

two FB streams across species.

Experience shapes the orientation-tuning-dependent
organization of LM FB from L5
Weobserved that, with experience, inputs from L5 became orga-

nized depending on their preferred orientation. Vertically tuned

inputs were less likely to encode surrounding locations deviating

in elevation relative to the RF of the V1 neurons than those tuned

to horizontal gratings. Thus, consistent with previous observa-

tions,16 in NR mice LM inputs tend to avoid V1 neurons with

RFs deviating from their own along the axis collinear to the

preferred orientation (Figure 4F).

In mice without laminar-specific labeling of LM inputs, the

orientation-tuning-dependent organization was only detected

when focusing on the RFwith a large aspect ratio (Figure 6C), un-

like in our previous report, where it was observed in the orienta-

tion-selective population as a whole.16 This could be due to a

methodological difference between the two studies. Although

here the AAVs were injected through the skull, in the previous

study they were injected through a hole drilled in the cranial win-

dow. Thus, the drilling through the cranial window might have

caused some damage to the superficial layers and biased

expression to deeper layers. Given that inputs from both L2/3

and L5 innervate L1 (Figures 3B and 3C), and that we did not

observe an orientation-dependent organization in LM inputs in

NR-L2/3 mice (Figure S7), boutons with orientation-tuning-

dependent retinotopic biases might have been more prevalent

in the experiments of Marques et al.16

However, the fact that we did not observe an orientation-tun-

ing-dependent organization in L2/3 inputs in NR mice does not

necessarily reflect that they do not follow the same organiza-

tional rules as those from L5. Because they are more retinotopi-

cally matched, their organization might not be discernible with

our current methods, as detecting small deviations in DRF

across orientation-tuning groups might require larger datasets

or different approaches.

Visual experience decreases spatial redundancy of LM
inputs and V1 neurons
The effects of visual experience on kDRFk, and the resulting orien-

tation-tuning-dependent organization, can be modeled as visual

experience selecting LM inputs with little RF overlap with their

postsynaptic V1 neurons (Figure 5). This suggests that visual

experience reduces LM inputs on V1 neurons exhibiting high cor-

relations with them. In addition to the RF overlap, the structure of
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LM-V1 correlations is likely driven by experienced visual statistics.

As collinear, co-oriented segments are more prevalent in natural

images,49,50 this synapse selection rule of the model would result

in a similar orientation-tuning-dependent organization of LM input

as observed for L5 inputs. This might explain why our model,

which was entirely based on RF overlap, was not able to capture

the full amplitude of the collinear depletion index (compare Fig-

ure 5I and Figure 4E). The elongation of RF shapes along the

preferred orientation axis, observed during the mapping of RFs

with flashed grating patches, likely indicates the involvement of

recurrent computations triggered by the stimulus.42,51 These

recurrent interactions, such as those mediated by horizontal con-

nections within L2/3, in turn reflect visual statistics.52 Thus, while

our model captures the orientation-selective organization of LM

inputs solely based on RF overlap, it might capture some of the

processes involving correlations driven by experienced visual

statistics.

It is unclear whether all FB connections undergo a similar over-

lap-dependent, experience-dependent selection. Our data sug-

gest that LM inputs originating in L2/3 might, at least partially, be

governed by different organizing rules. This is because, despite

having similar RF size (Table S1, mean RF area for orientation-

selective boutons: NR-L2/3, 525�2 ± 139�2, NR-L5, 602�2 ±

137�2, t test t14 = �1, p = 0.32), inputs originating in L2/3 were

more retinotopically matched than those from L5, even in dark-

reared mice (Figures 3L and S4). Consequently, a selection of in-

puts solely based on RF overlap predicts that, with visual expe-

rience, L2/3 inputs should become as retinotopically matched as

those originating in L5, unlike in the experimental data (compare

kDRFk for NR-L2/3 and NR-L5 inputs in model with experimental

values in Figures 3L and 5H).

LM inputs in V1L1 are clustered in patches overlapping with the

expression of M2 acetylcholine receptors.15,53 M2-expressing

and non-expressing patches harbor V1 neurons with different

spatiotemporal tuning. Thus, the observed visual experience

reorganization of the spatial information in converging LM inputs

might reflect a redistribution across patches and inter-patches

to contact different functional types. However, it is still unclear

how the functional organization of LM inputs relates with the

compartmentalization within M2 expression patterns. Notice

also that our measurements cannot distinguish whether the

experience-dependent functional reorganization of the FB inputs

converging on V1 neurons is due to sprouting and pruning of

synaptic inputs and axonal arborizations or changes in the

tuning properties of the LM neurons without changes in their

connectivity.

Functional implications
Our results add to the recent evidence that FB inputs to the visual

cortex are not diffuse and unspecific but are functionally orga-

nized and contact specific cell types.12–17 They also show that

at least part of this specificity, i.e., its orientation-tuning-specific

retinotopic bias, is dependent on visual experience beyond the

first week after eye opening. These observations are consistent

with theories of hierarchical computation requiring FB inputs to

learn to predict activity in lower-order neurons and selectively in-

fluence it.8–10,54 Our observations are consistent with learned ex-

pectations about the joint LM-V1 activity being encoded in the

specificity of LM inputs in V1L1 by way of a reduction in connec-

tions between pairs of neurons expected to be coactive. Asmost

LM synapses in V1L1 are on the dendrites of pyramidal neu-

rons,55 our measurements are most likely dominated by synap-

ses onto excitatory neurons. This suggests that connections

with coactive pyramidal neurons might become reduced with vi-

sual experience. The resulting circuit might allow descending LM

inputs to differentially modulate pyramidal neurons in V1, de-

pending on the degree of RF overlap.56 The reduction in overlap

between descending presynaptic inputs and lower-order post-

synaptic neurons could be meditated by decorrelating plasticity

mechanisms.57 Once wired with these mechanisms, the circuit

might be able to distinguish previously experienced patterns of

joint LM-V1 activity from novel ones. This is because maximal

activation of V1 is expected when top-down inputs and V1 activ-

ity do not match previously experienced activation patterns.

FB from higher visual areas plays a key role in contextual mod-

ulations.19,58,59 Our observations suggest that LM inputs, partic-

ularly those originating from L5, may play a pivotal role in these

processes and provide a mechanism for the dependency of sur-

round modulations on visual experience60,61 and how they might

learn to reflect natural image statistics.62
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RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to the lead contact, Leopoldo Petreanu (leopoldo.petreanu@neuro.

fchampalimaud.org).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GFP antibody Abcam (Abcam Cat# ab13970; RRID:AB_300798)

AlexaFluor 488 Invitrogen, ThermoFisher (Thermo Fisher Scientific Cat# A-11039;

RRID:AB_2534096)

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma-Aldrich T5648; https://www.sigmaaldrich.com/PT/

en/product/sigma/t5648

Bacterial and virus strains

AAV2/1-Syn-GCaMP6s-WPRE-SV40 Addgene RRID:Addgene_100843

AAV1-Syn-flex-GCaMP6s-WPRE-SV40 Addgene RRID:Addgene_100845

AAV-Syn-NES-jRGECO1a-WPRE-SV40 Addgene RRID:Addgene_100854

AAV-9.hSyn.Cre.WPRE.hGH Addgene RRID:Addgene_105553

AAV5-Ef1a-DIO-Synaptophysin-GCaMP6s Addgene RRID:Addgene_105715

Experimental models: Organisms/strains

Mouse: C57BL/6J Champalimaud Research, vivarium N/A

Mouse: C57BL/6J-Tg(Thy1-GCaMP6s)

GP4.3Dkim/J

The Jackson Laboratory RRID:IMSR_JAX:024275

Mouse: STOCK Tg(Rbp4-cre)

KL100Gsat/Mmucd

Mutant Mouse Resource & Research

Centers

RRID:MMRRC_031125-UCD

Mouse: B6(Cg)-

Cux2tm3.1(cre/ERT2)Mull/Mmmh

Mutant Mouse Resource & Research

Centers

RRID:MMRRC_032779-MU

Mouse: B6;129S-Slc17a7tm1.1(cre)Hze/J The Jackson Laboratory RRID:IMSR_JAX:023527

Software and algorithms

MATLAB Mathworks https://www.mathworks.com/products/

matlab.html; MATLAB (RRID:SCR_001622)

ScanImage mbf Bioscience https://www.mbfbioscience.com/

products/scanimage/; ScanImage

(RRID:SCR_014307)

Bcontrol Brody Lab, Princeton https://brodylabwiki.princeton.edu/

bcontrol/index.php?title=Main_Page

Psychophysics Toolbox Psychtoolbox, http://psychtoolbox.org/; Psychophysics

Toolbox (RRID:SCR_002881)

ImageJ ImageJ https://imagej.net/ij/; ImageJ

(RRID:SCR_003070)

Computational model of the overlap-based

selection of LM-V1 synapses

This paper https://doi.org/10.5281/zenodo.12665567

Suite2p Pachitariu et al.63 https://github.com/cortex-lab/Suite2P;

Suite2P (RRID:SCR_016434)

QuickNII NeuroImaging Tools & Resources

Collaboratory

https://www.nitrc.org/projects/quicknii/;

QuickNII (RRID:SCR_016854)

VisuAlign NeuroImaging Tools & Resources

Collaboratory

https://www.nitrc.org/projects/visualign/;

VisuAlign (RRID:SCR_017978)
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Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d Model original code has been deposited at https://doi.org/10.5281/zenodo.12665567 and is publicly available as of the date of

publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental animals
All procedures were reviewed and approved by the Champalimaud Center for the Unknown Ethics Committee and performed

in accordance with the Portuguese Direção-Geral da Alimentação e Veterinária. Five mice genotypes were used: Wild-type

C57BL/6J (JAX#000664), Rbp4-Cre (MMRRC#031125), Cux2-CreERT2 (MMRRC#032779), Slc17a7-IRES-Cre (JAX#023527) and

GP4.3 (JAX#024275) male and female mice were used in experiments. All mice had ad libitum access to food and water and

were only used for the experiments reported here.

METHOD DETAILS

Rearing Protocols
Normal-reared animals (NR, NR-L2/3 and NR-L5) were raised on a 12-h light-dark cycle, dark-reared animals (DRP21, DRP21-L2/3

and DRP21-L5) were raised on a 12-h light-dark cycle until weaning (P21) and then moved to a 24-h dark cycle. Fully dark-reared

(DRP0) animals were born and raised on a 24-h dark cycle. The 24-h dark cycle room was kept dark and holding cages were placed

behind a light-proof black curtain. Cages were taken out of the covered shelves weekly (before the craniotomy) or biweekly (after the

craniotomy), one at a time under faint red light and changed (their total exposure to faint red light lasted 1-2 minutes). All mice were

group housed until the day of the cranial window and headpost implantation, after which the C57BL/6Jmice were housed individually

while Rbp4-Cre and Cux2-CreERT2 mice were pair-housed.

Cranial window implantation and virus injections
When mice were 55-65 days old, they were implanted with a cranial window and on the same day injected with AAVs encoding

for GCaMP6s and jRGECO1a. Surgeries were done under isoflurane anesthesia (1.5-2%). Bupivacaine (0.05%, injected under the

scalp) and buprenorphine (100 ml, 0.1 mg/kg injected subcutaneously) provided local and general analgesia, dexamethasone

(100 ml, 2 mg/kg, injected subcutaneously) and sodic cefovecin (100 ml/10 g, 6 mg/kg, injected subcutaneously) were used to mini-

mize inflammation and infection, respectively. Eyes were protected and kept moist using ophthalmic ointment (Vitaminoftalmina A,

Labesfal). While under anesthesia, body temperature wasmaintained at 37�C using a heating pad (Supertech Instruments). A circular

craniotomy with a 3 mm diameter was performed over the left visual cortex (center coordinates, posterior to bregma, 3.5 mm; lateral

to mid-line suture, 2.6 mm). The dura was left intact.

We targeted virus injections to visual area LM (coordinates, posterior to bregma, 3.55 mm; lateral to the mid-line suture, 3.65 mm).

Virus expressing GCaMP6s36 (AAV2/1-Syn-GCaMP6s-WPRE-SV40, Addgene #100843 for the C57BL/6J mice; AAV1-Syn-flex-

GCaMP6s-WPRE-SV40, Addgene #100845 for the Cux2-CreERT2 and Rbp4-Cre animals) was injected (50 nL total, 10 nL/min,

250 and 550 mm deep in C57BL/6J mice, 150 mm deep in Cux2-CreERT2 mice and 450 mm deep in Rbp4-Cre mice) into the center

of LM, using beveled glass pipettes (Drummond) with diameters of 8-12 mm. Pipettes were backfilled with mineral oil and frontloaded

with viral suspension before injection, and virus was injected using a custom volumetric injections system based on a Narishige MO-

10 manipulator. To label V1 neurons, virus expressing jRGECO1a37 (AAV-Syn-NES-jRGECO1a-WPRE-SV40, Addgene #100854)

was injected into three locations in V1 (locations correspond to the vertices of a 550 mm-wide equilateral triangle centered

3.5 mm posterior to bregma and 2.6 mm lateral to midline suture, 60 nL per injection site, 10 nL/min, 350 mm deep). To prevent back-

flow during withdrawal, the pipette was kept in the brain for over 5 min before being pulled up.

An imaging window was constructed from 3 layers of microscope cover glass (Fisher Scientific, no. 1) joined with an UV-curable

optical glue (Norland). Thewindowwas embedded into the craniotomy and secured in place using black dental cement (Lang dental).

A custom-designed iron headpost was attached to the skull with black dental cement.

Dark-reared mice were anesthetized and prepared for surgery under faint red light. Subsequently, the eyes were protected and

kept moist using ophthalmic ointment (Vitaminoftalmina A, Labesfal) and covered with a piece of impermeable black fabric to mini-

mize light exposure during the surgical procedure.

In Cux2-CreERT2mice, the Cre expression was regulated by the estrogen receptor and so thesemice were treated with 2.5 mg/kg

body weight tamoxifen (Sigma-Aldrich #T5648) intraperitoneal injections 5 days after the cranial window implantation for 5 consec-

utive days to activate Cre recombinase.
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For the presynaptically-targeted GCaMP experiments shown in Figure S2, two C57BL/6Jmice were injected with a combination of

AAV-expressing Cre (AAV-9.hSyn.Cre.WPRE.hGH, Addgene #105553) and AAV5-Ef1a-DIO-Synaptophysin-GCaMP6s (Cre-depen-

dent sy-GCaMP6s, Addgene #105715) in the ratio (1:4) into the center of LM (50 nL total, 10 nL/min at 250 mm and 550 mm deep). In

one Slc17a7-IRES-Cre male mouse we injected Cre-dependent sy-GCaMP6s (AAV5-Ef1a-DIO-Synaptophysin GCaMP6s Addgene

#105715) into the center of LM (50 nL total, 10 nL/min at 250 mm and 550 mm deep).

Intrinsic signal imaging
Twoweeks (three weeks for Cux2-CreERT2mice) after cranial window implantation and before starting two-photon imaging, intrinsic

signal imaging was used to obtain retinotopic maps of the primary visual cortex and surrounding visual areas in normally-reared mice

as described before.16 To minimize visual exposure in dark-reared groups, intrinsic signal imaging was performed only after the

2-photon imaging experiments were completed. Mice were head-fixed and lightly anesthetized with isoflurane (1%) and injected

intramuscularly with chlorprothixene (1 mg/kg, Sigma-Aldrich). The eyes were coated with a thin layer of silicone oil (Sigma-

Aldrich) to ensure optical clarity during visual stimulation. Optical images of cortical intrinsic signals were recorded using a Retiga

QIClick camera (QImaging) controlled using Ephus64 with a high magnification zoom lens (Thorlabs) focused at the brain surface un-

der the glass window at 5 Hz. To measure intrinsic hemodynamic responses, the surface of the cortex was illuminated with a 620 nm

red light-emitting diode (LED) while a drifting bar was presented to the right eye in a monitor. An image of the cortical vasculature

under the window was obtained using a 535 nm green LED. After the intrinsic signal imaging session, a 430 nm blue LED was

used to confirm that the GCaMP6s injection was in LM. Azimuth and elevation maps of the visual cortical areas were obtained by

calculating the phase for each pixel of the discrete Fourier transform at the visual stimulation frequency.65 Hemodynamic delay

was cancelled by subtracting the phase maps of the experiments from opposing moving stimuli. LM was identified from the visual

field sign maps (Figure 1D).66

2-photon imaging
We started imagingmicewhen they were around 75-days old and imaged them for 8±4 days (range 3-22 days) with amean of 7.9±1.3

imaging sessions per animal (range 5-13 sessions). We used a custom microscope (based on the MIMMS design, Janelia Research

Campus, https://www.janelia.org/open-science/mimms-10-2016) equipped with a resonant scanner. GCaMP6swas excited using a

Ti:Sapphire laser (Chameleon Ultra II, Coherent) tuned at 920 nm. jRGECO1a was excited using an ultrafast fiber laser (Fidelity-2,

Coherent) tuned at 1070 nm. The beams from the two lasers were combined and aligned using a polarizing beam splitter cube

and their power was independently controlled using Pockels Cells (ConOptics). We used GaAsP photomultiplier tubes (10770PB-

40, Hamamatsu) and a 16x (0.8 NA) objective (Nikon). We performed volumetric imaging by scanning in the axial direction with a piezo

actuator (Physik Instrumente). Data from the time of the piezo flybackwas discarded. To prevent light contamination from themonitor

we synchronized the stimulus presentation to the flyback of the resonant scanner using a custom electronic board and modified a

computer monitor to control its LED light source. The microscope was controlled using ScanImage67 (Vidrio technologies). The

objective optical axis was perpendicularly aligned to the imaging window. Two-photon imaging began 2 weeks (3 weeks for

Cux2-CreERT2 mice group) after viral injections and implantation of the cranial window and continued for another 2-3 weeks.

Mice were head-fixed and anesthetized with isoflurane (0.7-1%) and injected intramuscularly with chlorprothixene (1 mg/kg,

Sigma-Aldrich). The eyeswere coatedwith a thin layer of silicone oil (Sigma-Aldrich). Body temperaturewasmaintained at 37�Cusing

a heating pad (Supertech Intruments). We simultaneously imaged at 4 different depths (1003 100 mm, 5123 512 pixels, 40 mm inter-

plane distance, at 6 Hz). Images of FB axons were taken from the top two planes at a depth ranging from 10-80 mm from the dura.

Images of V1 L2/3 neurons were taken from the third and fourth planes, with depths ranging from 90-160 mm. Laser power in both

beams averaged between 55 to 75 mW. To minimize cross talk between the different calcium indicators37 the 1070 nm beam was

turned off (<1 mW of power) when scanning in L1 and the 920 nm one was turned off when scanning in L2/3. Imaging was done over

monocular primary visual cortex based on intrinsic signal imaging maps and vessels (when available). For DRP0, DRP21, DRP21-L2/

3 and DRP21-L5 a quick receptive field protocol (same stimulus as below repeated only 3 times) was run to assess the retinotopic

location of the neurons and decide on the imaging location.

Visual Stimulation
Visual stimuli were presented on a LED (BenQXL2411-B 144 Hz 24 ’’, stimulus presented at 60 Hz refresh rate) monitor positioned

with its center 11 cm from the right eye, 40� relative to the axis of the body of the mouse and 5� higher in elevation relative to the eye

level, providing stimulation to the right eye. This arrangement allowed the presentation of stimuli in a portion of the visual field of 120�

in azimuth and elevation. The center of the monitor was defined as having 0� in Elevation and Azimuth. Visual stimuli were generated

using Matlab and Pychophysics Toolbox.68

For measuring the receptive fields of neurons and boutons, a small moving bar (8� wide, moving at 25�/s) was presented inside a

10� by 10� square for 1.2 s.16 In each trial, the bar was presented moving sequentially in the four cardinal directions in a pseudo-

random fashion. A spherical correction was applied to compensate for the monitor flatness69 and visual space was measured in az-

imuth and elevation coordinates. Stimuli were presented in an isometric, circular grid pattern, spaced 10� between locations,

covering 120� in azimuth and elevation (Figure 1H). A total of 14 repetitions were presented in each grid location.
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To measure orientation-tuning, full screen, full contrast gratings moving in one of eight directions (cardinals and obliques) were

displayed on the monitor. Gratings had a spatial frequency of 0.04 c.p.d. and a temporal frequency of 1 Hz, as they are known to

drive a large fraction of both LM and V1 neurons.41,70–74 Each grating type was repeated 20 times. Each trial lasted 5 s with 1 s of

visual stimulation and 4 s of gray screen.

Histology
After completion of imaging experiments, mice were deeply anesthetized, transcardially perfused, and fixed overnight with 4% para-

formaldehyde in 0.1 M phosphate buffer, pH 7.4. The brain was cut into 50 mm-thick coronal sections with a vibratome (Leica).

GCaMP6s-expressing cells and processes were detected using a polyclonal anti-GFP antibody (1:4000, Abcam, ab13970) and an

AlexaFluor 488-conjugated secondary antibody (1:1000, Invitrogen by ThermoFisher, A-11039) and counterstained with DAPI. We

imaged the visual areas at high resolution using a slide scanner with a 20x objective (Axio Scan.ZI, Zeiss). We used QuickNII and

VisuAlign75 to align the brain sections to the Allen Reference Atlas76 and identify the boundaries of the visual cortical areas. Animals

in which the injection site was partially in V1 or when it was mostly outside of LM were discarded. While most of the GCaMP6s-ex-

pressing neurons were confined to LM, parts of adjacent area laterointermediate (LI) area were also labelled in somemice. Thus, as LI

projections to V1 are much sparser than those from LM77,78 most of the boutons we recorded originated from LM neurons.

Laminar distribution of FB axons

We quantified the distribution of LM FB axonal projections in V1 in five normally-reared L2/3 and L5 mice (Figure 3C). To correct

for differences in cortical thickness due to variability in slicing angle of brain sections, the fractional cortical depth (pia–white matter

distance�950 mm) was multiplied by average cortical thickness across the eight slices. Vertical fluorescence profiles of GCaMP-ex-

pressing axons were measured using ImageJ after subtracting background fluorescence from a hippocampal area devoid of any la-

bel. Layer boundaries were identified from a DAPI stained image. When comparing the laminar profile of LM inputs from the two

laminar sources (Figure 3C) layers boundaries were defined as L1a: pia�50 mm; L1b: 50–100 mm; L2/3: 100–350 mm; L4: 350–

450 mm; L5: 450–650 mm; L6: 650–950 mm.

Preprocessing of calcium data
Imaging sessions were registered, regions of interest (ROIs) were automatically detected and fluorescence traces were extracted

using Suite2p.63 ROIs were thenmanually curated andmost encompassed single boutons (98.3±0.6%,measured across 23 random

imaging session across 10 animals). We measured the shape of the ROI mask in 42% of the ROIs (310829 out of 732693 ROIs). The

average ROI had an area of 15±9mm2 and an aspect ratio of 1.2±0.12.

DF/F0 was calculated as follows:

DF
.
F0 =

ðF � F0Þ
F0

With F being the fluorescence trace and F0 the baseline fluorescence. To correctly estimate F0, we began by filtering the fluores-

cence trace by excluding extreme values (outside the initial percentile interval [10,99]) and calculating an initial coefficient of variation

(CV ) (ratio between SD andmean). ThisCV was used to calculate themax percentile value for the F0 estimation (lower percentile was

kept at 10%). We defined this max percentile to be 95 % for CV < 0:2, to decrease linearly from 95 % to 30 % when CV ˛ ½0:2;1:3�,
and 30 % for CV > 1:3. F0 was then calculated by averaging the filtered fluorescence trace using a 60 s sliding window.

For jRGECO-expressing V1 neurons we used the initial percentile interval as [10,75] and the CV thresholds were [0.05,1.3] corre-

sponding to [70,20]th percentiles. For the GCaMP6s-expressing V1 neurons we used initial percentile interval as [10,60] and the CV

thresholds were [0.5,1.5] to [80,30]th percentiles.

For the calculation of the neurons’DF/F0 during themeasurements of orientation-tuning we corrected for neuropil contamination in

Suite2p using a coefficient r = 0:7.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed using custom-written code in MATLAB.

Measurements of receptive fields
For each ROI, responses at each location were baseline subtracted (baseline: 0.2 s before stimulus onset) and averaged across

repetitions. We calculated the stimulus response Rðaz; elÞ at each location by averaging the responses during stimulus presentation

(1.2 s), where az and el are the retinotopic coordinates azimuth and elevation. az and el were measured relative to the center of the

monitor. The array of Rðaz; elÞ responses across locations was fitted with a two-dimensional (2D) Gaussian, using the MATLAB im-

plementation of the least-squares Levenberg-Marquardt algorithm:

Rðaz; elÞ = a+b$exp

"
�

�ðaz � az0Þ$cos f+ðel � el0Þ$sin fffiffiffi
2

p
$s1

�2

�
��ðaz � az0Þ$sin f+ðel � el0Þ$cosfffiffiffi

2
p

$s2

�2
#
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where ðaz0; el0Þ is the center of the 2DGaussian in azimuth and elevation, s1 and s2 are the SD along the two axes of theGaussian, f is

the rotation angle of the Gaussian in relation to the azimuth-elevation coordinate system, and a and b are offset and amplitude pa-

rameters. The RF boundary was considered to be the ellipse defined by the center ðaz0; el0Þ and the SD of the fitted 2D Gaussian

(Figure 1H): "�ðaz � az0Þ$cos f+ðel � el0Þ$sin f

s1

�2

+

��ðaz � az0Þ$sin f+ðel � el0Þ$cos f

s2

�2
#

= 1

The RF boundaries were defined using different multiples of s1 and s2 whenmodelling and simulating RF overlap (see below). Only

fitswithR2 > 0:35 for boutons andR2 > 0:3 for neurons and SD ˛ �0;50½� andwith centers within 60� from the center of the screenwere

considered for analysis. Lower R2 fits resulted in unreliable estimates of RF position and shape.

Additionally, we estimated a 95% confidence interval (CI) for the RF center of each bouton, only keeping the boutons with CI< 20�.
We calculated the CI of the RF center by resampling with replacement 1000 times from the 14 repetitions of the RF mapping stimuli.

We obtained a mean response map for each bootstrap iteration and fitted it with a 2D Gaussian as described before to estimate the

95% CI for each RF center.

Boutons with RFs that fulfilled the quality criteria: DRP0, 22±8%, 26620/127253; DRP21, 23±7%, 27249/119705; NR, 25±10%,

26929/111210; DRP21-L2/3, 9±3 %, 6340/69219; NR-L2/3, 5±5%, 4716/90413; DRP21-L5, 11±2 %, 12661/115238; NR-L5,

14±8 %, 13568/99655 (mean, SD across animals). Dark rearing did not affect the fraction of boutons with a RF, but inputs from

L2/3 had a lower fraction than those from L5 (two-way ANOVA: experience F1,28=0.13, p=0.72, layer F1,28=8.1, p=0.008, interaction

F1,28=2.9, p=0.1; Tukey-Kramer: NR-L5 vs NR-L2/3, p=0.015).

To analyze the angular parameters of the RFs (Figures 5A and S8; Table S1) we excluded circularly shaped RFs by analyzing only

those with aspect ratio > 1.4. The angle (a) of the long axis of the gaussian fit was defined as 0� when it was aligned to the positive

azimuth axis. It had positive or negative values when tilted towards lower or higher elevations, respectively (Figure 5A, vertical axis).

To minimize the inclusion of RFs whose boundaries might extend beyond the monitor, only those with centers less than 30� from
the center of the screen were included when measuring RF area (main text, Figure S8; Table S1).

Analysis of Tuning properties
For each ROI, DF/F0 traces were averaged over all repetitions for each stimulus type after subtracting the baseline fluorescence

(average fluorescence 0.5 s before stimulus presentation). The mean stimulus response was obtained by averaging the mean fluo-

rescence trace between the stimulus onset and after 0.2 s after stimulus offset. The response for each orientation was obtained by

averaging the responses to two opposing directions. The signal to noise ratio (SNR) was calculated as the ratio of the maximum

response (Rmax) to noise (s).

SNR =
Rmax

s

s was measured as the mean of the standard deviation of the fluorescence trace during the baseline period (0.5 s before the stim-

ulus). Only ROIs with an SNR>1 were considered to be reliably driven by the grating stimulus and included in the analysis. We found

no significant differences in the SNR of boutons with an RF and grating responsive across layers or visual experience groups: DRP0:

2.4±0.35, DRP21: 2.3±0.23, NR: 2.3±0.17, DRP21-L2/3: 2.3±0.43, NR-L2/3: 2.1±0.44, DRP21-L5: 2.3±0.28, NR-L5: 2.5±0.19. ROIs

were considered to be orientation selective if their responses to the preferred orientation were significantly larger than to the orthog-

onal orientation (p<0.05 for a t-test). To determine the preferred orientation, we first took the average response to the two opposing

directions and then calculated the vectorial sum of the responses to the four orientations. The angle of the resulting vector was

defined as the preferred orientation and the normalized amplitude as the OSI. Preferred orientation distributions were binned using

90� bins centered at 0� (Horizontal grating preferring) and 90� (Vertical grating preferring).

Angular distribution of q
We calculated the angular distribution of theDRF deviation angle q, defined as 0� along the positive elevation axis and growing clock-

wise (Figure 2A) using two bowtie bins of 90� (Figure 4C). We discarded ROIs with kDRFk of less than 10� due to the imprecise nature

of angular measurements close to the origin of a coordinate system (Figure 4C). In Figure S6 we measure the moving average of q

using a 30� angular bin and 1� steps.

Simulations of RF overlap
We sampled with replacement 1x105 pairs of random LM boutons and V1 neurons from each dataset and calculated their RF overlap

(Figures 2F–2H and 3M). For each dataset we randomly picked one LM bouton RF and one high quality V1 neuron RF (R2 >0.8). To

take into account the local jitter of V1 neurons relative to the mean40 we placed the V1 neuron’s center of RF at the value of its DRF

relative to themean RF center of all neurons from the same imaging session. To also consider the spatial extent of V1 dendrites in L1,

we additionally randomly shifted the V1 RF center position up to 15� in azimuth and 5� in elevation, which corresponds to dendritic

trees with a span of up to 300 mmgiven the cortical gain of V1. We calculated the fraction of the V1 RF that was covered by the LMRF.
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We simulated RF overlap using different definitions of RF boundaries. RF boundaries were defined as the isoline of a given multiple of

the standard deviation of the long and short axes of the 2D Gaussian fits (1, 1.5, 2, 2.5).

Computational model
We modeled the effects of visual experience as a selection of LM-V1L1 synapses depending on their RF overlap. We simulated

random synapses between LM inputs and V1 neurons by sampling from their respective DRF distributions.

RF shape and local scatter of V1 neurons

The DRF of V1 neurons, i.e., their local scatter relative to the mean retinotopic position of their somatic position, was obtained from a

different dataset recorded usingGCaMP6s, as the better signal to noise of this sensor allowedmore precise estimates.Wemeasured

RF with the same protocol in GCaMP6s-expressing V1 neurons in normally-reared, isoflurane anesthetized GP4.3 Thy1-GCaMP6s

mice (JAX# 024275).79 We imaged V1 neurons over 4003 400 mm (6 imaging sessions from 4 animals). Somatic ROIs were identified

and theirDF/F0 was calculated as above.Wemeasured RFs using the same stimuli as before and fitted themwith a 2DGaussian as in

the main experiments. The resulting fits were used to estimate the RF shape parameters of V1 neurons (Table S1).

To estimate the local scatter of V1 RFs, we fitted the azimuth and the elevation of the RF centers as a function of the somata po-

sition using a linear regression. The residuals were fit with a 2D gaussian obtaining the following parameters: SD in azimuth (SDazi),

6.7�; SD in elevation (SDele), 4.5
�, which were consistent with previous measurements.16,40

LM and V1 receptive field overlap estimates

The initialDRF distribution of LM boutons was set as a 2D gaussian that closely matched the DRP0 experimental measurements (Fig-

ure 2B) and had a similar kDRFk: SDazi=10
�; SDele=8

�; angle of long axis=10�.
We simulated random synapses between LM boutons and V1 neurons. Firstly, we randomly sampled an LM bouton and the V1

neuron from the respective 2D gaussians of DRF to get their RF position relative to the mean in V1 (Figure 5C). Secondly, we gener-

ated for each a random RF shape by sampling gaussian distributions of the RF shape parameters with mean and SD obtained from

our measurements (RF parameters: long and short axes length, angle from azimuthal axis). We used the corresponding experimen-

tally derived values of LM RF shape parameters for each modeled projection (Table S1). The boundary of the RFs was defined as 2.5

times the SD. LM boutons tuned to vertical or horizonal gratings were simulated with their corresponding RF parameters. Given that

FB from LMmight connect with iso-oriented neurons,80 we set the RF long axis angle of each pair’s V1 neuron to be within 10� of the
angle of LM bouton. With LM boutons contacting V1 neurons with random RF angle the results of the model were qualitatively similar

but of smaller amplitude (data not shown). As LM boutonsmight synapse onto dendrites in L1 of neurons whose somatamight not be

immediately beneath them,we randomly shifted the V1RF center position up to 15� in azimuth and 5� in elevation, which corresponds

to dendritic trees with a span of up to 300 mm given the cortical gain of V1. Fraction of RF overlap RFovlp was calculated as:

RFovlp =
Area of overlap

Total area represented by the LM and V1 RF together

The probability of the stabilization, i.e ‘‘survival’, of the synaptic connection between the LM bouton-V1 pair Pst exponentially

decreased with RFovlp:

Pst = e� 15: RFovlp

Thus, when RFovlp = 0, the connection was always stabilized and kept. With RFovlp > 0, the probability of surviving progressively

decreased with larger values of RFovlp, reaching values of z0 at RFovlpz0:4.

In each runwe sampled 5x106 pairs of vertically and horizontally tuned LMboutons and V1 neurons and analyzed the distribution of

stabilized boutons as with the experimental data. In Figures 5D, 5F–5J, and 6A we show the average of 10 runs.

Tomeasure how the RF aspect ratio affects the orientation-tuning-dependent organization in themodel, we changedmean aspect

ratio of LM RFs without affecting the mean RF area using the following equations:

EccRFlongAxis = RFlongAxis $EccentricyFactor

EccRFshortAxis =
RFshortAxis

EccentricyFactor

where RFlongAxis and RFshortAxis correspond to the sampled RF long and short axes before the correction and EccRFlongAxis and

EccRFshortAxis to the corresponding ones after modifying the RF eccentricity by EccentricyFactor. In cases where that

EccRFlongAxis was not larger than EccRFshortAxis we set both axes to the same value of EccRFshortAxis. We tested EccentricyFactor

values 0.6, 0.8, 1 and 1.2, with the value of 1 corresponding to the normal aspect ratio.

Statistical analyses
All values in text are presented as mean ± standard deviation. Statistical analyses were performed in Matlab for the tests specified

using functions ttest, ttest2, anova1, anovan, ranova, crosstab, fitrm, multcompare, polyfit and corrcoef. Circular statistics (mean,
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variance and Watson-Williams test) were done using the CircStat toolbox.81 Tests were two-sided and corrected for multiple com-

parisons using the Bonferroni correction when indicated in the figure legend. ANOVAs were followed by Tukey-Kramer post-hoc

tests. Relevant significant p values relative to main figures are shown in figure captions (* p<0.05, ** p<0.01 and *** p<0.001). Com-

plete statistical description of all tests relative to main figures are shown in Table S2.
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