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An essential role for the latero-medial
secondary visual cortex in the acquisition
and retention of visual perceptual learning
in mice

Alan Consorti 1,2,3, Gabriele Sansevero 1,3, Irene Di Marco1,2, Silvia Floridia 1,
Elena Novelli1, Nicoletta Berardi1,2 & Alessandro Sale 1

Perceptual learning refers to any change in discrimination abilities as a result
of practice, a fundamental process that improves the organism’s response to
the external environment. Visual perceptual learning (vPL) is supposed to rely
on functional rearrangements in brain circuity occurring at early stages of
sensory processing, with a pivotal role for the primary visual cortex (V1).
However, top-down inputs from higher-order visual areas (HVAs) have been
suggested to play a key part in vPL, conveying information on attention,
expectation and the precise nature of the perceptual task. A direct assessment
of the possibility to modulate vPL by manipulating top-down activity in awake
subjects is still missing. Here, we used a combination of chemogenetics,
behavioral analysis and multichannel electrophysiological assessments to
show a critical role in vPL acquisition and retention for neuronal activity in the
latero-medial secondary visual cortex (LM), the prime source for top-down
feedback projections reentering V1.

The functional properties of visual cortical neurons are not fixed but
are continuously modulated by top-down information relative to the
behavioral context. Such influences convey higher-order signals that
add to the bottom-up input of feedforward connections carrying
information on basic sensory aspects of the external world1,2. This top-
down signal is considered to take part in allowing a stable repre-
sentation of the sensory environment, despite the continuous subject
movements3,4, and to have a major role in the encoding and recall of
learned information5,6.

A paradigmatic case is that of visual perceptual learning (vPL), i.e.
an increase in visual perceptual abilities as a result of experience and
practice7–9. vPL can occur in response to a wide range of visual tasks,
including discrimination of orientation10,11, texture12, visual
gratings13–16, changes in spatial frequency17, small depth differences
between two targets18, and even face recognition19. Classical electro-
physiological, neuroimaging and psychophysical observations have

led to the assumption that the primary visual cortex (V1) has a domi-
nant role in vPL. Accordingly, vPL is highly specific for the trained
location10,12,15,20,21 and stimulus orientation10,12,15,22–25, a characteristic
typical of V1 neurons26,27. In agreement with this view, several elec-
trophysiological and functional imaging studies reported that visual
perceptual improvements correlate with changes in the visual repre-
sentation of V1, both in humans28–31 and animal models32–35.

Despite the pivotal role of V1, top-down inputs from higher-order
visual areas (HVAs) are also thought to play a key part in vPL36. Indeed,
during vPL, visual cortical neurons are subjected to top-down influ-
ences conveying information of attention, expectation and the precise
nature of the visual task. In a series of seminal studies, the group of
Gilbert and colleagues investigated top-down processing in vPL by
means of bisection tasks. These tasks involve the localization of short
line segments and examine the specificity of the learning for the visual
location, orientation, and geometric arrangement of the trained
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stimulus32,33,37,38. To specifically dissect the role of top-downprocessing,
these authors recorded the electrical activity of V1 neurons in a group
of anesthetizedmonkeys after vPL practice33. Inhalation of anesthetics,
a process that preferentially reduces the activity of top-down
connections39–42, completely abolished V1 changes induced by vPL33.
Similarly, transient chemical inhibition of themonkeymiddle temporal
area impaired perceptual performance on a coarse-depth discrimina-
tion task43. In humans, a transient interference with the middle tem-
poral area or the posterior parietal cortex activity was also reported to
affect the performance in different discrimination tasks44,45.

Despite the evidence coming from primate studies and pointing
toward a crucial involvement of top-down integration in vPL, a direct
assessment of the possibility to modulate vPL by manipulating top-
down activity in awake subjects and with a direct control of neuronal
activity during the learning trials is stillmissing. Tofill this gap, herewe
employed amousemodel of vPL recently developed in our laboratory,
in which mice were trained in a forced-choice visual task consisting in
the discrimination of two vertical gratings, differing only for their
spatial frequency. This task, inspired by the classical work by Fiorentini
and Berardi (1980)22, was adapted by Sale et al.46 for application to
rodents. Using this task, we have previously shown that vPL correlates
with specific plastic changes in V1 activity. To investigate the possible
involvement of higher order visual areas, we focused our attention on
the latero-medial secondary visual cortex (LM), the homologous of the
primate secondary visual cortex (V2)47–49, considered the prime source
for top-down feedback projections reentering V136,50, and the gateway
of the ventral visual stream51. Alterations in the activity of areas
belonging to this pathway have been previously associated with
learning and perceptual deficits52–55. Nevertheless, the involvement of
the ventral visual stream in vPL remained to be addressed. Using a
combined approach based on chemogenetics, behavioral analysis and
multichannel electrophysiological recordings, we provide strong evi-
dence for an essential role of LM not only in vPL acquisition but also in
its retention.

Results
Visual perceptual learning in mice
A group of mice (n = 14) was subjected to a vPL protocol in which they
were asked to discriminate two vertical gratings with equal contrast,
but different spatial frequency (SF), made progressively more similar
by making their SF closer to each other. Initially, the test grating had a
SF of 0.522 c/deg, while the reference grating had a SF of 0.116 c/deg.
All mice easily learned this discrimination task, with the percentage of
correct choices increasing over the course of the training sessions
(One-way RM ANOVA, Holm-Sidak method, F = 24.276, DF = 1,
p <0.001) and finally achieving a performance level of at least 80% of
accuracy in at least three subsequent sessions (Fig. 1a). At this point,
mice were divided in two groups: vPL mice (n = 7) underwent a per-
ceptual learning task, practicing with a progressively more difficult
discrimination as the SFof the test gratingwasmade increasinglymore
similar to that of the reference grating; the other group, First-Step (FS)
mice, (n = 7) continued to practice with the test grating maintained at
the starting value of 0.522 c/deg. Notably, no differenceswere found in
visual discrimination abilities between prospective FS and vPL mice
during the initial phase (Two-way RM ANOVA, Holm–Sidak method,
F = 1.334, DF = 1, p = 0.346, Fig. 1b).

In vPL mice, we observed a robust improvement in visual dis-
crimination abilities with practice, as shown by the progressive
reduction in the minimum spatial frequency discrimination threshold
(MDT) across sessions. In the first session, mean MDT was
0.282 ±0.016 c/deg, while this value reached 0.043 ±0.004 c/deg at
the end of the vPL training procedure (One-way RM ANOVA on ranks,
p <0.001, Fig. 1c). A clear vPL was also revealed by the increase in the
percentage of correct choices for a given SF of the test grating (for
example: reference grating of 0.116 c/deg vs test grating of 0.160

c/deg, n = 7, One-way RM ANOVA, Holm–Sidak method, F = 14.691,
DF = 2, p < 0.001). In FS mice, the performance remained
stable (Fig. 1d).

A separate group of animals was used to probe the difference in
the vPL task between male and female mice (n = 16, 8 males and 8
females). No difference could be found either in the achieved MDT
(males: 0.044± 0.003 c/deg, females: 0.039 ± 0.004; t test, t =0.794,
DF = 14, p =0.441, Supplementary Fig. 1a) and the acquisition rate of
the vPL (Two-way RM ANOVA, Holm–Sidak method, F =0.521, DF = 1,
p =0.428, Supplementary Fig. 1b)

To test the specificity of vPL for the stimulus orientation, we
performed, in the same vPL mice previously trained with vertical sti-
muli (n = 7), an experiment of orientation shift inwhich the two vertical
gratings were rotated by 90°; afterwards, new trials were applied to
assess the new MDT. We found that the visual grating discrimination
abilities achieved by vPL mice were highly selective for the orientation
of the stimulus; indeed, we found a marked impairment in their dis-
crimination abilities occurring immediately after the rotation of the
stimuli (n = 7, MDT before shift: 0.040 ± 0.004 c/deg, DT after shift:
0.327 ± 0.021 c/deg; paired t test, t = −13.084, DF = 6, p <0.001,
Fig. 2a, b). The animals appeared unable to discriminate the newly
oriented stimuli when the test grating was maintained at the same SF
reached before the orientation shift, and the percentage of correct
choices fell below the 70% criterion for two consecutive vPL sessions
(gray bars, Fig. 2a), until a higher SF differencebetween the two stimuli
was achieved. With additional training, the animal performance
reached a new perceptual plateau, and the MDT for horizontal grating
was not significantly different from that achieved before the stimulus
orientation change (n = 7,MDTbefore shift: 0.040 ±0.004 c/deg,MDT
after shift and vPL training: 0.040 ±0.004 c/deg; paired t test on ranks,
p = 1.000; Fig. 2a, c). In contrast, FS mice were still able to perform the
task when the two vertical gratings were rotated by 90° (MDT before
shift: 100%±0.0%;MDTafter shift: 91%±0.035%; paired t test on ranks,
p =0.125; see Supplementary Fig. 2).

Electrophysiological characterization of LM activity
To provide a general characterization of basic LM neuronal activity
features, visual evoked potentials (VEPs) and single-units were recor-
ded in a group of anesthetized naïve mice (n = 7), by means of multi-
channel electrophysiological recordings. VEP recordings represent the
elective method to study the function of visual areas and they have
been extensively employed to assess visual capabilities, local cortical
processing and the state of maturation of visual pathways56–59. Single-
unit recordings were instead employed to locally characterize elec-
trical responses of LM neurons.

To assess visual acuity, VEP responses were recorded from a sili-
conelectrode inserted 3.6mm lateral to lambda and advanced 200μm
within the cortex, in response to horizontal gratings of different SFs
andmaintained at90%contrast. VEP acuitywas obtained extrapolating
VEP amplitude to 0 V. The average acuity was 0.408 ±0.039 c/deg
(Supplementary Fig. 3a). LM VEP acuity is just a measure of spatial
resolution in LM visual neurons, but it does not necessarily reflect
visual acuity in mice, as this requires recordings to be performed from
V1. Tomeasure contrast sensitivity, VEPs were recorded in response to
gratings of a spatial frequency of 0.06 c/deg, at different contrasts.
Contrast sensitivity was obtained extrapolating to 0 V the recorded
VEP amplitudes. The average contrast threshold was 9.46% ± 2.051%
(Supplementary Fig. 3b).

To further characterize the electrical activity of LM neurons, sin-
gle units in response to drifting sinusoidal gratings were recorded at
multiple depths, spanning all cortical layers. Single units were clus-
tered in seven ocular dominance (OD) classes on the basis of the ratio
of contralateral to ipsilateral peak responses, according to the Hubel &
Wiesel’s classification60. The great majority of all recorded cells
(n = 145) fell into the intermediate OD classes, without a prevalence of
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either the contralateral (class 1) or the ipsilateral (class 7) eye (Fig. 3a).
LM electrical activity was evaluated measuring spontaneous (contra =
0.220Hz, ipsi = 0.274Hz, Fig. 3b) and evoked discharge (contra =
3.008Hz, ipsi = 2.502Hz, Fig. 3c), while orientation and direction
selectivity were assessed calculating the orientation selectivity index
(OSI, contra = 0.465, ipsi = 0.565, Fig. 3d) and direction selectivity
index (DSI, contra = 0.225, ipsi = 0.210, Fig. 3e). No difference was
found in the electrical activity recorded from the contralateral and
ipsilateral eye in the spontaneous discharge or DSI (n = 6, paired t test,
DF = 5, t = −1. 242 p =0.269; t = −0.0298 p =0.977, respectively) nor in
the evoked discharge and OSI (n = 7, paired t test, DF = 6, t = 2.212
p =0.069; t = −1.800 p =0.122, respectively).

Chemogenetic inhibition of LM activity
In order to silence global LM neuronal activity, a constitutive viral
vectorwas injected into the LMof naïvemice, to induce the expression
of hM4D(Gi)-mCherry, an inhibitory DREADD (designer receptors
activated exclusively by designer drugs). Histological evaluations
showed that the expression of hM4D(Gi)-mCherry was confined into
LM, without entering the dorsal visual stream (Fig. 4).

Two weeks after the injection of the viral vector, single units were
recorded from LM in a group of mice (n = 9), to probe the effective
chemogenetic inhibition of LM activity. In a group of mice (n = 5),
electrical signals in response to alternatemonocular stimulation of the
two eyeswere recordedbefore and 15min after an intraperitoneal (i.p.)
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Fig. 1 | Amousemodel of vPL. Amodified version of the visual water box task was
used to perform vPL. aMean performance in distinguishing a test grating of 0.522
c/deg from the reference grating of 0.116 c/deg across the training sessions. All
animals (n = 14, vPL and FS mice) have been pooled together. The increase in the
percentage of correct choices with sessions was significant (One-way RM ANOVA,
Holm–Sidak method, p <0.001). b During training, the percentage performance of
prospective (prosp.) FS mice (n = 7) was not different compared to the training
performance of prosp. vPL mice (n = 7, Two-way RM ANOVA, Holm–Sidakmethod,

p =0.346). c Improvement of discrimination threshold in vPL mice engaged in the
vPL task. The threshold, calculated as the minimum spatial frequency difference
between the reference and the test gratings, decreased significantly across training
days (n = 7, One-way RM ANOVA on ranks p <0.001). d After few sessions, the
performance of FS mice (n = 7) engaged in a simple discrimination task remained
stable across the training days. *Statistical significance. Error bars, s.e.m. Source
data are provided as a Source Data file.
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administration of Clozapine N-oxide (CNO), a DREADD ligand. We
found that CNO administration resulted in a marked suppression of
the evoked activity in response to both the contralateral (pre-CNO=
2.473 ±0.690Hz, post-CNO=0.789 ± 0.112 Hz; paired t test, t = 3.039,
DF = 4, p = 0.038, Fig. 5a) and ipsilateral (pre-CNO= 2.559 ±0.597Hz,
post-CNO=0.415 ± 0.188Hz; paired t test, t = 4.180, DF = 4, p = 0.014,
Fig. 5a) eye stimulation. In contrast, no reduction in LMevoked activity
was found in control mice (n = 4) recorded before (pre-SAL; contra =
1.708 ± 0.325Hz, ipsi = 1.681 ± 0.294Hz) and 15min after an i.p.
administration of saline (post-SAL; contra = 1.87 ± 0.358Hz, ipsi =
1.274 ±0.288Hz) (paired t test, contra: on ranks, p =0.375 and ipsi:
t =0.734, p =0.516, Fig. 5b). Notably, LM activity recorded from CNO
and SAL mice was statistically different after the i.p. administration
(post CNO vs post-SAL, t test, DF = 7, contra: t = −3.242, p = 0,014 and
ipsi: t = −2.733, p =0.029). In contrast, no difference could be found
between the two groups of mice before the i.p. administration of CNO
or saline, respectively (pre CNO vs pre SAL, t test, DF = 7, contra:
t = 1.020, p =0.342 and ipsi: t = 1.342, p = 0.221).

To evaluate the global impact of the hM4D injection, single-unit
activity recorded from CNO and SAL mice was compared to that
sampled from naïve animals (n = 6). Only the evoked responses
recorded from the contralateral and ipsilateral eyes of the animals
treated with CNO (post-CNO) were significantly different compared to
the responses recorded from naïve mice (Naïve, contra =
2.659±0.354Hz ipsi = 2.421 ± 0.603Hz) (One-way ANOVA vs control,
Holm–Sidak method, DF = 4, contra: F = 3.791, p = 0.02 and ipsi:
F = 3.919, p =0.031, Fig. 5c).

LM activity is required for vPL acquisition
Then, we used the same chemogenetic approach to test whether
suppression of LM activity was able to significantly affect vPL. A group

of mice (n = 16) was required to learn the vPL task two weeks after the
hM4D injection. Once the 80% criterion was achieved, a subgroup of
animals was subjected to the incremental phase of vPL with adminis-
tration of CNO (n = 8, CNOmice), while a second subgroup of animals
were tested on the same task with administration of saline (n = 8, SAL
mice). Injections of either CNO or saline were performed 30min
before each vPL session. The performance plateau reached by CNO
mice (0.180 ±0.029 c/deg) was significantly different from that
achieved by SALmice (0.042± 0.004 c/deg), with the former group of
animals displaying a robust learning impairment both in the slope of
the vPL curve and in the achieved perceptual plateau (Two-way RM
ANOVA on ranks, Holm–Sidak method, p <0.001, Fig. 6a).

Theperceptual learningperformance ofCNOmice, but not thatof
SAL mice, was consistently different from the performance displayed
by naïve animals subjected to the same vPL task (Two-way RMANOVA
on ranks, Holm-Sidak method, vPL mice vs CNO mice: p <0.001; vPL
mice vs SAL mice p =0.513; SAL mice vs CNO mice: p <0.001; Fig. 6a),
with CNOmice reaching a significantly higher MDT compared to both
SAL and vPL mice (One way ANOVA on ranks, Dunn’s method,
p <0.001). Notably, no differences could be found between mice that
were administered with CNO (prospective CNO) or with saline (pro-
spective SAL) during the learning phase of the discrimination task
(Two-way RM ANOVA, Holm–Sidak method, F = 0.0980, DF = 1,
p =0.757, Fig. 6b). Moreover, the learning capabilities of the entire
group of injected mice (n = 16) were not different from those of naïve
mice (n = 14, vPL and FS mice pooled together), ruling out the possi-
bility that the observed impairment in vPL animals could bedependent
to learning deficits due to the surgical procedures per se (Two-way RM
ANOVA, Holm–Sidak method, F = 1.694, DF = 1, p =0.200, Fig. 6c).

To rule out the possibility that the deficits observed in CNO mice
might be due to a visual impairment caused by the manipulation of LM
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Fig. 2 | Orientation shift in vPL mice.When vPL mice achieved their minimum
spatial frequency discrimination threshold (MDT), the reference and test gratings
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was achieved. The stimuli were then rotatedby 90°. vPLmicewere totally unable to
discriminate the newly oriented stimuli for two consecutive sessions (performance
drop below the criterion of at least 70% correct choices, gray bars). However, when
additional vPL training was applied, vPLmice reached the same perceptual plateau
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the newly oriented stimuli (n = 7, MDT before shift: 0.040 ±0.004 c/deg, DT after
shift: 0.327 ±0.021 c/deg; two-tailed paired t test, p <0.001). c Starting from this
point, additional vPL training was applied. The new performance plateau was not
significantly different from that achieved before the stimulus orientational shift
(n = 7, MDT before shift: 0.040 ±0.004 c/deg, MDT after shift and vPL training:
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activation, we also measured behavioral visual acuity (VA) after LM
inactivation. VA was assessed through the Prusky water maze task61,
testing the ability of injectedmice to distinguish a visual grating from an
homogeneous gray stimulus. Two weeks after a bilateral injection of
hM4D, a separate groupofmice (n=8)wasfirst trainedwith a lowSFand
then tested for the capability to distinguish higher SFs 30min after i.p.
administration of saline. At the endof thisfirst part of the procedure, the
averaged VAwas of 0.514 ±0.005 c/deg. Then,micewere retested in the
same task 30min after i.p. administration of CNO. The VA measured in
the same group of mice after CNO administration was 0.516 ±0.005 c/
deg. Thus, no VA impairment could be found when LM activity was
suppressed (paired t test, DF = 7, t= −0.678, p=0.519, Fig. 7).

LM activity is required for vPL retention
We then asked whether the vPL impairment caused by LM inactivation
could be reversed by a treatment shift in which CNO was replaced by
saline administration, and vice versa, whether the intact vPL abilities
displayed bymice originally treatedwith salinemight be impaired by a
treatment shift inwhich salinewas replacedbyCNOadministration. To

this purpose, CNO and SAL mice were subjected to an experiment of
administration shift (AS). When the animals reached their perceptual
plateau, CNOmice were subjected to i.p. administration of saline, and
then to additional vPL practice (CNO_SAL mice); vice versa, after
reaching their perceptual plateau, SAL mice were subjected to
administration of CNO, and then to additional vPL practice (SAL_CNO
mice) (Fig. 8). Both groups of animals were asked to perform addi-
tional vPL, starting 30min after the first administration of the new
treatment. Injectionswere repeated 30min before each vPL session, as
previously described for CNO and SAL mice.

CNO_SAL mice displayed a marked improvement in their vPL
performance. While, immediately after AS, the MDT of CNO_SAL
mice was not significantly different from that achieved before AS
(paired t test, DF = 7, t = 2.004, p = 0.085, Fig. 8a), they eventually
reached a new MDT (0.048 ± 0.003 c/deg) that was significantly
lower than that reached before AS (paired t test, DF = 7, t = 4.379,
p = 0.003, Fig. 8a), and no longer different with respect to that
achieved by both vPL and SAL mice (One-way ANOVA on ranks,
DF = 2, p = 0.587). On the other hand, SAL_CNO mice were only able
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to discriminate the easiest set of stimuli of our vPL task immediately
after AS (paired t test, test on ranks, p = 0.008, Fig. 8b). When
additional vPL was applied, SAL_CNO mice reached a new MDT
(0.319 ± 0.026 c/deg) that was significantly higher than that
achieved before AS (paired t test on ranks, p = 0.008, Fig. 8b) and
then that achieved by vPL mice (t test, DF = 13, t = −8.702, p < 0.001).

When LM activity was suppressed, the vPL performance of CNO,
but not that of SAL mice, was significantly different compared to the
performance of vPLmice- naïve animals subjected to the samevPL task
(One-way ANOVA on ranks, Dunn’s Method, p <0.001, Supplementary
Fig. 4a). Instead, theMDTof SALmice treatedwithCNO (SAL_CNO) but
not that of CNO mice treated with SAL (CNO_SAL) was significantly
different compared to the performance of vPL mice (One-way ANOVA
on ranks, Dunn’s Method, p <0.001, Supplementary Fig. 4b). Notably,
we found that major perceptual impairments can be induced sup-
pressing LM activity after vPL acquisition (SAL_CNO mice). The MDT
achieved by SAL_CNO mice (MDT=0.319 ±0.026 c/deg) was indeed
significantly higher than the MDT achieved by CNO mice, i.e. those

animals subjected to LM suppression from the very first vPL session
(MDT=0.180 ± 0.029 c/deg) (t test on ranks, p =0.021, Supplemen-
tary Fig. 4c).

Taken together, these results show that interfering with the neu-
ronal activity of LM leads to a marked impairment not only of vPL
acquisition but also of its retention (Supplementary Fig. 5a).

The role of top-down projections in vPL
To gain conclusive insights into the role played by top-down LM to
V1 projections in vPL, we spatially confined our chemogenetic
suppression to those secondary visual neurons directly projecting
into V1 (LM > V1 projections) in a separate group of animals. To
suppress LM > V1 projections, we induced the expression of a Cre-
dependent hM4D delivered into LM by injecting retro-Cre within
V1 borders. Through this double-injection strategy, we were able
to selectively label and suppress only those LM neurons sending
top-down projections to V1. As previously described for the che-
mogenetic suppression of LM, mice were subjected to the vPL task
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30min after an i.p. administration of CNO (PRJ CNO mice, n = 7). A
significant deficit in vPL was found when LM > V1 projections
where selectively suppressed, with PRJ CNO mice reaching a mean
MDT of 0.235 ± 0.031 c/deg (Fig. 9a). The final perceptual plateau
reached by PRJ CNO mice was not different from that previously
reported for CNO mice (Two-way RM ANOVA on ranks,
Holm–Sidak method, overall treatment, CNO mice vs PRJ CNO
mice p = 0.333; SAL mice vs PRJ CNO p < 0.001; CNO mice vs SAL
mice p < 0.001, Fig. 9a).

We then tested whether the vPL deficit exhibited by PRJ mice
could be rescued by a shift to saline administration, as previously
observed in CNOmice. When PRJ CNOmice achieved their perceptual
plateau, they were subjected to additional vPL practice 30min after a
saline i.p. administration (PRJ CNO_SAL mice). When LM>V1 projec-
tions were released from the chemogenetic suppression, PRJ CNO_SAL
mice showed an improvement in their performance (0.235 ± 0.031
c/deg vs 0.188 ±0.039 c/deg; paired t test, t = 2.576, DF = 6, p = 0.042,
Fig. 9b), continuing to improve until they achieved a new MDT
(0.043 ±0.006c/deg, paired t test, t = 6.606,DF = 6,p <0.001, Fig. 9b).

Similarly to what was observed when the global LM activity was
suppressed, we found that PRJ CNO mice achieved a vPL plateau

statistically different from SALmice, but not fromCNOmice (One-way
ANOVA on ranks, p < 0.001, Fig. 9c). However, when the activity of
LM>V1 projections was rescued, PRJ CNO_SAL mice achieved a new
perceptual plateau statistically different from SAL_CNO mice, but not
from CNO_SAL mice (One-way ANOVA on ranks, p <0.001, Fig. 9d).

Overall, these results strongly show a key role for top-down pro-
jections that re-enter V1 from LM in the acquisition of vPL (Supple-
mentary Fig. 5b).

Discussion
Top-down processing is increasingly recognized as crucially involved
in visual perception54,55. Previous results have shown that vPL
improvements require the elaborationof visual signals by higher-order
areas33,43. However, the effects on vPL of a precise spatiotemporal
control of higher order areas was still missing, along with a chronic
interference of higher-order activity throughout a vPL task. In our
study, we provide evidence that neuronal activity in a higher-order
visual area belonging to the ventral stream is crucial for both the
acquisition and retention of vPL.

To analyze this hypothesis, we developed a mouse model of vPL
adapting a visual discrimination task22,46 previously studied in humans

0 1 2 3 4 5 6 7 8 9 10111213141516
0.0

0.2

0.4

0.6

Sessions

Sp
at

ia
lf

re
qu

en
cy

(c
/d

eg
)

CNOSAL

SAL CNO
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Vi
su

al
ac

ui
ty

(c
/d

eg
)

C
or

re
ct

C
ho

ic
es

Spatial frequency (c/deg)

100%

80%

60%

0.2 0.4C
or

re
ct

C
ho

ic
es

Spatial frequency (c/deg)

100%

80%

60%

0.40.2

bilateral
hM4D

SAL i.p. administration
30’before the task

Training

CNO i.p. administration
30’before the task

a b

Fig. 7 | Assessment of visual acuity in a groupof injectedmice.Visual acuity (VA)
was measured in a group of injected mice to rule out any potential visual impair-
ments caused by LM inhibition. VA was measured using the water maze test.
Examples of sigmoidal extrapolations of psychometric curves used to calculate VA
are reported on the top panel. a No significant differences could be found in the

VAsmeasured before and after the chemogenetic inhibitionof LM (n = 8, two-tailed
paired t test, p =0.519). b Progression in the water maze task after an i.p. admin-
istration of saline (light blue panel) or CNO (orange panel). *Statistical significance.
Error bars, s.e.m. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-024-51817-5

Nature Communications |         (2024) 15:7322 8

www.nature.com/naturecommunications


and rats15,16,62–64. We found that a robust and reliable vPL process can
also be induced in adult mice, with trained animals reaching a steady
perceptual plateau after few training sessions. We report that the
observed vPL improvements do not transfer to orthogonal stimuli.
Consistently, several studies proved that perceptual improvements in
visual discrimination return to baseline levels when the trained stimuli
were altered. Specifically, we previously demonstrated that the effects

of practice in discriminating SF difference do not transfer when the
visual stimuli are rotated by 90°15,46, but only when the visual gratings
are rotatedby anangle of less than45° from theorientationused invPL
trials15. Our results suggest that perceptual improvements engage
lower stages of visual cortical processing, where neurons have rela-
tively small receptive fields and are selective for stimulus
orientations26. In contrast, rule learning seems to rely on higher stages
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of visual cortical processing, since the learned ability to perform an
easy discrimination task (FS training) generalizes across orthogonal
orientations.

The observed high specificity for trained orientation supports a
prime role of V1 in vPL. Previous studies have accordingly reported
that perceptual improvement can return to baseline levels changing
the stimulus features used during vPL practice20,23,65. V1 recruitment
in vPL is supported not only by behavioral observations, but also by
electrophysiological and imaging studies28–34. vPL practice is indeed
associatedwith structural changes in V1 circuitry35,66. In particular, we
previously reported that vPL correlates with LTP occlusion within

V146. However, the emergence of local plastic changes inside V1 cir-
cuitry was evident not only at the level of vertical connections con-
veying information from the lateral geniculate nucleus of the
thalamus (bottom-up stream), but also at the level of horizontal
connections, that can drive information from higher order areas
(top-down processing)46. Consistently, plastic changes in response to
vPL practice can also be found in higher stages of visual
cortical processing44,67,68. The encoding and retrieval of internal
computations regarding the external context, reward or prior vPL
practice, could therefore rely on the activity of higher-order visual
neurons.
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(two-tailed paired t test, p =0.084). When additional vPL practice was applied, a
further improvement in the vPLperformancewas detected (two-tailed paired t test,
p <0.001). c When administered with CNO, PRJ CNO mice achieved an MDT dif-
ferent from SAL but not CNO mice (n = 8 per group, One-way ANOVA on ranks,
p <0.001), displaying a clear vPL impairment. d In contrast, PRJ CNO_SAL achieved
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With the specific aim of probing the role of top-down processing
in vPL, we chemogenetically suppressed LM activity before each vPL
session. We focused our work on LM based on previously obtained
anatomical and physiological results. Primarily, the great majority of
feedback projections entering V1 from HVAs sprout from LM50. LM is
currently considered the gateway of the mouse ventral stream51, a
highly interconnected network of four lateral higher-order visual areas
whose projections find their prime target in a cluster of ventral
structures implicated in learning and memory processes48. Previous
studies have shown that anatomical lesions to visual areas belonging
to this pathway can severely impair perception and object
identification52,53,69. Furthermore, anatomical evidence suggests that
LM is the homologous of the primate V2 in the mouse visual system47.
LM might therefore represent the first higher cortical stage in which
visual associations start to emerge.

When LM activity was functionally disconnected from V1, CNO
treated mice displayed vPL impairments in the task progression
and in the achieved perceptual plateau. Strikingly, the observed
learning impairment could be completely reversed releasing LM
from the chemogenetic inhibition, a result that strongly suggests
that LM is crucial for vPL acquisition. In a separate group of mice,
LM activity was instead suppressed when the vPL task was already
completed. Major vPL deficits can be induced under this experi-
mental setting, with all trained mice being able to only distinguish
the SF difference used in the training trials. Even after additional
vPL practice, the acquired vPL performance in terms of dis-
crimination threshold could no longer be restored while LM activity
was suppressed. This suggests that LM is also required to retain vPL
improvements.

We further analyzed the role of top-down LM>V1 projections in
vPL. The selective inactivation of these re-entrant fiber led to a critical
failure in the acquisition of vPL expertise. PRJ CNO mice displayed an
equivalent vPL deficit in the perceptual plateau towhat recordedwhen
the entire LM activity was suppressed, although the initial progression
in the vPL task does not overlap with the initial vPL performance of
CNO mice. This difference suggests that the flow of information re-
entering V1 from LM is crucially required to perceive small difference
in the presented visual stimuli, i.e. when the spatial frequency differ-
ence between the stimuli is small. Another interpretation is that the
initial difference could be ascribed to the total amount of LM>V1
projections that we were able to suppress with our chemogenetic
selective approach. Either way, we found that both LM internal activity
and top-down projection streaming from LM are crucially required for
the acquisition of vPL expertise.

The results presented in this paper can be analyzed within the
framework of computational models supporting the notion that vPL is
accomplished by weight changes between higher and lower visual
areas70,71. A classic computational model dealing with top-down inte-
gration in vPL is the reverse hierarchy theory (RHT72,73). RHTpostulates
that vPL occurs in a reverse hierarchy order, with lower-level learning
being guided by higher-order learning processes. In this model, per-
ceptual expertise is therefore acquired through a learning cascade
from prior higher-order representations, coding for easy-condition
learning, to difficult-condition learning processed in lower-order
levels, where external signals can be filtered at fine spatial
resolution74,75. In contrast to this model, our data show that when V1
was functionally disconnected from LM, we detected a significant
impairment in the more difficult-condition rather than in the easier-
condition learning task: indeed, mice treated with CNO failed to
complete the vPL task; in contrast, vPL performance of SAL_CNOmice
fell to an easy-condition (training level) right after the administration
shift. Our results might instead better fit the augmented Hebbian
reweighting model of VPL. According to this model, vPL relies on task-
specific changes in the strength of neuronal connections between
lower-level and higher-level visual cortical representations. In this

scenario, perceptual expertise results from a process of network
reweighting guided by higher-order visual areas that refines cortical
readout by assigning different weight to task-relevant inputs76–78. We
consistently proved that LM activity is required for vPL acquisition and
retention with top-down projections specifically recruited in the more
difficult-condition learning condition.

It is worth noticing that we can exclude the possibility that vPL
impairmentswere due to nonspecific visual deficits. A separated group
of CNO treated mice, indeed, was shown to display no detectable
deficits in behavioral visual acuity with respect to naïve mice engaged
in the same task61. Even though orientation tuned neurons are also
present in subcortical regions (such as the superior colliculus)79, it
seems implausible that these subcortical pathways could account for
the recorded visual acuity values, as the colliculus works at a lower
discrimination resolution than the visual cortex.

Despite the critical function of LM, the possibility that other
higher-order areas could have a role in vPL cannot be excluded and
certainly deserves future investigation. Mouse V1 is indeed sur-
rounded by at least nine retinotopically organized areas36,47. In
particular, we cannot exclude a role in vPL played by other visual
areas along the ventral streams. For example, several studies have
demonstrated that the postrhinal cortex (POR) is required for
contextual scene representation80, encoding the association
between a visual cue and the reward81 and the internal repre-
sentation linking objects to places80.

Further studies are also needed to precisely uncover the
mechanismsof the LM-to-V1 top-down interaction in vPL. According to
anatomical studies, feedback projections from LM to V1 are mostly
excitatory by nature82,83. Therefore, it is possible that V1 circuitry
changes under the influence of top-down inputs that directly target
selected primary visual neurons, probably recruiting the horizontal
connections1,84. In parallel to a role for excitatory connections, recent
studies support the notion of a not negligible role of the inhibitory
system in top-down integration85–87. A prime role of the GABAergic
system in vPL finds also support in biochemical assays showing a
substantial reduction in the inhibitory tone after vPL practice62. Future
studies might focus on the role of specific subclasses of interneurons
in top-down processing83.

In conclusion, the demonstration that top-down projections from
LM play a key role in the learning process that leads to visual percep-
tual improvement is an essential step towards unraveling the neural
networks responsible for the neural underpinnings of vPL.

Methods
Animal treatment
C57BL/6J (WT) mice of 2-3 months of age were used in this study, in
accordance with the approved guidelines and regulations of Italian
Ministryof PublicHealth. All experimental protocolswere approvedby
the Italian Ministry of Public Health (Authorization n. 545/2023-PR).
The experiments have been designed to minimize the number of ani-
mals used and their discomfort or distress. Animals were housed in a
roomwith a temperature of 22 °C and a 12 h light/dark cycle; food and
water were provided ad libitum.

Visual perceptual learning task
We used a modified version of the Prusky water maze task, dis-
playing a set of visual stimuli per trial46,61. The apparatus consisted
of a trapezoidal-shaped pool with two computer-controlled moni-
tors (40 cm diagonal screen size) placed side-by-side at one edge of
the pool. The pool (140 cm long, 55 cm high) was made of 6mm
Plexiglas, with one edge (80 cm) wider than the other one (25 cm).
All the walls were finished on the inside with black paint to reduce
reflection. The pool longitudinal axis was bisected by a midline
divider (50 cm long) that, sitting between the monitors, extended
from the wider edge into the pool. The divider was painted black to
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reduce reflection within the pool. The length of the divider set the
animal decision point, from which the spatial frequency (SF) of the
stimuli was calculated by the same computer software generating
the visual stimuli. The decision point was the closest an animal
could get to the monitors without choosing a side entering one of
the two arms set by the divider. Visual stimuli were presented by the
monitors through two glass windows carved on the wider pool
edge. Stimuli consisted of visual gratings at the same luminance
(40.06 cd/m2) and contrast (100%). A set of two visual gratings was
presented per each trial. The spatial frequency (SF) of one grating
was kept at 0.116 c/deg throughout the behavioral task (reference
grating). The SF of the other grating was changed according to task
phase or experimental conditions (test grating). A custom-made
software was used to decide which monitors displayed the refer-
ence grating, alternating the position of the test and reference
grating in a pseudorandom schedule where no more than three
trials on the same side were allowed. The pool was filled with tepid
(25 °C) water to a depth of 15 cm. A submerged platform was placed
below the monitor displaying the reference grating. Between trials,
the platform position was manually changed when the reference
grating was displayed on the opposite side. White paint was added
to the water preventing the animals from directly spot the platform
through the water. Mice were released into the pool facing the
monitors and were allowed to find the platform under the reference
grating. A trial was recorded as correct when mice reached the
platform entering directly the side displaying the reference grating.
On all trials, mice were required to swim until they found the plat-
form. A group of mice was first trained to distinguish a test grating
of 0.522 c/deg from the reference grating, until they achieved a
performance level of at least 80% of accuracy in three subsequent
sessions (training phase). Once this criterion was reached, for a first
group of mice (vPL mice) the vPL task was started by gradually
reducing the SF of the test grating. If the animal made a correct
choice, the SF of the test grating was decreased by one step and
another trial was executed. This procedure continued until an error
wasmade. Once an error occurred, the SF was increased by one step
and another block of trials was run. After trials covering approxi-
mately half of the animal’s projected threshold were completed, the
minimum number of trials in a block was increased to four. For the
last three SFs of the test grating, the required performance to
decrease the SF was always ≥70% correct choices. A mean dis-
crimination threshold (DT) was measured per each session until the
mouse performance reached a steady plateau (minimum dis-
crimination threshold, MDT). DT was defined as the smallest SF
difference between the two stimuli at which the animal perfor-
mance was above the criterion of at least 70% of correct choices.
Mean DT was obtained averaging the DT that each mouse achieved
within a session. In parallel, a different group of control mice (first-
step (FS) mice) was allowed to only discriminate the reference
grating from a test grating whose SF was always maintained at the
starting value of 0.522 c/deg. FS mice were matched to vPL mice in
terms of overall swim time and training sessions in the water
tank. When the performance plateau was reached, an experiment of
stimulus orientation shift was performed: the orientation of the
two gratings was rotated by 90°. For each mouse, the vPL task
restarted from the final DT perceived before the orientation shift
and new trials were applied to measure the MDT for horizontal
gratings.

In vivo electrophysiology
Electrophysiological recordings were performed as previously
described88. Mice were anesthetized with an i.p. injection of urethane
(0.7 g/kg, 20% in saline; Sigma-Aldrich) and placed on a stereotaxic
frame, with the body temperature maintained at 37 °C, and were also
ventilated through an oxygen mask. During surgery, the eyes were

protected by applying a dexamethasone-based ointment (Tobradex,
tobramycin 0.3% and dexamethasone 0.1%). A craniotomy was per-
formed over the lateromedial visual cortex (3.6–4.1mm lateral to
lambda), leaving the dura mater intact. An electrode (2 × 2-tet-3 mm-
150–150-121-A16-15, Neuronexus Technologies) was slowly lowered
into LM cortex to record local field potentials and single-unit activity.
Signals were acquired using a 16 channels Neuralynx device and data
analysis was performed using customMATLAB software. Visual stimuli
were generated in MATLAB using Psychophysics Toolbox extension
and displayed, with gamma correction, on a monitor (Sony Trinitron
G500, 60Hz refresh rate, 32 cdm − 2mean luminance) placed 20 cm in
front of the animal.

For visual evoked potentials (VEPs), the extracellular signal
was filtered from 0.1 to 275 Hz and sampled at 20 kHz. VEPs in
response to sinusoidal wave patterns with a spatial frequency of
0.06 c/deg and abrupt phase inversion (1 Hz temporal period),
were evaluated in the time domain by measuring the peak-to-
baseline amplitude and latency. VEPs were acquired using the
responses coming only from the tetrode in the upright position
inside the inserted probe (responses from the four contact points
were averaged together), at 200 μm of cortical depth. Computer
controlled mechanical shutters were used to alternatively close
the two eyes. The presented spatial frequencies and contrast
percentages were within the range classically used in the mouse
model, in agreement with a vast literature in this field56,57,61. Visual
acuity and contrast threshold were then obtained by extrapolation
to zero amplitude of the linear regression through the data points
in a curve where VEP amplitude was plotted against log spatial
frequency or contrast percentage, respectively.

For single-unit recordings, the extracellular signal was filtered
from 0.6 to 9 kHz and sampled at 30.3 kHz. To improve single-unit
isolation, recordings from groups of four neighboring sites (tetrode)
were linked, so that each spikewas composed by fourwaveforms.Data
was loaded on the Offline Sorter software (Plexon), and a principal
component analysis was performed to score spikes with a high degree
of similarity in a 3D feature space. Waveforms from each electrode of
the tetrodes were processed together to improve isolation. Clusters
were progressively defined using convex hulls and then recalculating
principal component analysis. Quality of separation was determined
based on the following criteria: (1) during manual clusterization with
convex hulls, raw waveforms in the clusters were visually inspected to
check the uniformity of single waveforms; (2) clusters contained <0.1%
of spikes within a 1.0ms interspike interval; (3) auto- and cross-
correlogramsof the clusterswere also inspected to reveal if the cluster
contained more than a single unit or if several clusters contained
spikes of the same unit; and (4) the peak amplitude of a unit remained
stable over the entire recording session. Drifting sinusoidal gratings
were used as visual stimuli (1.5 s duration, temporal frequency of 2Hz,
12 different orientations with a step of 30°, 6 spatial frequencies: 0.01,
0.02, 0.04, 0.08, 0.16 and 0.32 c/deg). Stimulation was repeated five
times per eye, with stimulus conditions randomly interleaved, and two
gray blank conditions (mean luminance) were included in all stimuli
sets to estimate the spontaneous firing rate. The average spontaneous
rate for each unit was calculated by averaging the rate over all blank
condition presentations. Responses at each orientation and spatial
frequency were calculated by averaging the spike rate during the 1.5 s
presentation and subtracting the spontaneous rate. The preferred
stimulus was determined by finding the combination of spatial fre-
quency and orientation thatmaximize the response, independently for
each eye. Orientation tuning curves were constructed for the spatial
frequency that gave maximal response at this orientation. Given this
fixed preferred orientation (OPref), the tuning curve was fitted as the
sum of two Gaussians centered on OPref and OPref + π, of different
amplitudes but equal width, with a constant baseline. From this fit, we
calculated an orientation selectivity index (OSI) representing the ratio
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of the tuned versus untuned components of the response, and the
width of the tuned component. OSI was calculated as follows:
(respOPrefresp - OOrtho)/(respOPref + respOOrtho), where resp is the
maximal response evoked by visual stimulation and OOrtho is the
orientation orthogonal to the preferred one. Tuning width is the half-
width at half-maximum of the principal Gaussian. In addition, a
direction selectivity index (DSI) was calculated as follows: (respOPref-
respOOppo)/(respPref + respOppo).

To assess ocular dominance (OD), sorted units were clustered in
OD classes. OD classes were evaluated based on the ratio of con-
tralateral to ipsilateral peak response. More specifically, neurons in
ocular dominance class 1 were driven only by stimulation of the con-
tralateral eye; neurons in ocular dominance classes 2 (ratio of con-
tralateral to ipsilateral peak response, ≥2) and 3 (ratio of contralateral
to ipsilateral peak response, between 1.2 and 2) were binocular and
preferentially driven by the contralateral eye; neurons in ocular dom-
inance class 4 were equally driven by the two eyes (ratio of con-
tralateral to ipsilateral peak response, between 0.83 and 1.2); neurons
in ocular dominance classes 5 (ratio of contralateral to ipsilateral peak
response, between 0.5 and 0.83) and 6 (ratio of contralateral to ipsi-
lateral peak response, ≤0.5) were binocular and preferentially driven
by the ipsilateral eye; and neurons in ocular dominance class 7 were
driven only by the ipsilateral eye.

Intracortical AAV injection in LM
Adult mice (P > 60) were anesthetized with isoflurane andmounted on
a stereotaxic apparatus. An incision was made on the scalp, the skin
above the skull was retracted and a hole was drilled into the skull over
the LM (3.6mm lateral to lambda) or V1 (2.8mm lateral to lambda).
Viral injections were performed using a 10μL Hamilton syringe con-
nected to a nanoliter syringe pump (KdScienti, speed0.05μL/min). To
suppress LM activity, AAV8-hSyn-HA-hM4D(Gi)-mCherry (a gift from
Bryan Roth (Addgene viral prep #50475-AAV8); http://n2t.net/
addgene:50475; RRID: Addgene_50475), was delivered into LM. To
specifically target top-down projections, AAV8-hSyn-DIO-hM4D(Gi)-
mCherry (a gift from Bryan Roth (Addgene viral prep #44362-AAV8);
http://n2t.net/addgene:44362; RRID: Addgene_44362) was delivered
into LM and retro-pENN-AAV-hSyn-HI-eGFP-Cre (a gift from James M.
Wilson (Addgene viral prep #105540-AAVrg; http://n2t.net/addgene:
105540; RRID: Addgene_105540) into V1. Virus injections were made
inserting a single syringe at two different cortical depths (220 and 450
μm below the pial surface) into LM (200 nL per injection site). All the
injections were performed over a period of 4min/per cortical depth,
starting from the lowest site and then withdrawing the syringe to the
upper site within the same insertion point. After each injection, the
pipette was left in place for 2moremin and then gently withdrawn. For
vPL experiments and VA assessment, mice were bilaterally injected.
The scalp was then sutured, and an antibacterial pomade was applied
along the sutures. During surgery, body temperature was maintained
using feedback regulated heating pad. Mice were carefully monitored
in the following days for recovery and engaged into experimental
protocols 2 weeks after injection. To probe AAV expression,micewere
perfused intracardially with PBS followed by 4% paraformaldehyde
(PFA) in phosphate buffer. Brainswere post-fixed overnight at 4 °C and
then impregnatedwith 30%sucrose inphosphate buffer.Coronalbrain
sections (50 µm) were cut on a freezing microtome and collected in
PBS. All reactions were performed on free-floating sections. After a
washing step with PBS-T (PBS with 0.3% Triton), sections were incu-
bated for 10min at RT in Hoechst and mounted on glass slides and
covered with VectaShield mounting medium. Fluorescence was
acquired on a fluorescent microscope empowered with an Apotome
2.0 slit. To ensure the correct localization of the injections, three
random slices for each animal were aligned to Allen Mouse Brain Atlas
(https://atlas.brain-map.org/) using QuickNII (https://doi.org/10.1371/
journal.pone.0216796) and inspected.

Chemogenetic experiments
For all chemogenetic experiments, CNO (Tocris Bioscience, Cat. No.
4936) was dissolved in sterile 0.9% NaCl, which was administered as
vehicle.

Electrophysiological assessment of LM chemogenetic inactivation.
To assess the chemogenetic suppression of LM, single units were
recorded from a separate group of injected mice as previously
described. The probe was lowered of 400 µm and single-unit respon-
ses were recorded before and 15minutes after i.p. CNO administration
(2mg/kg) without changing the recording parameters. As control, a
group of injected mice was instead recorded before and 15minutes
after i.p. saline administration (2mg/kg). The electrical responses were
compared to single units sorted from naïve animals at the same
cortical depth.

Visual perceptual learning. Two weeks after surgery, a group of
injectedmicewas subjected to the vPL task previouslydescribed.Once
the 80% criterionwas reached,micewere subjected to the incremental
phase of the vPL task 30min after an i.p. administration of CNO
(2mg/kg, CNO mice) or saline (2mg/kg, SAL mice). Sessions were
interleaved by a 4-hour gap to minimize animal discomfort and stress.
When the performance plateau was reached, an experiment of
administration shift was performed, i.e., CNO mice were subjected to
i.p. administration of saline (CNO_SAL mice), and vice versa, SAL mice
were subjected to i.p. administration of CNO (SAL_CNO mice). To
assess the role of top-down projections, a different group of animals
(PRJ mice) was subjected to the vPL task two weeks after the selective
expression of inhibitory DREADDs in LM neurons projecting to V1. PRJ
mice were asked to perform the vPL task 30minutes after an i.p.
administration of CNO (2mg/kg, PRJ CNO mice). When the perfor-
mance plateau was reached, PRJ CNO mice were administered with
saline (2mg/kg, PRJ CNO_ SALmice) 30minbeforevPL. For each tested
group (CNO_SAL, SAL_CNO, PRJ CNO_SAL), the vPL task restarted from
the last DT perceived before the administration shift and additional
vPL training was then applied to measure MDT under these new
experimental conditions.

Behavioral assessment of visual acuity. VA was measured in a sepa-
rated group of injected mice two weeks after AAV intracortical injec-
tion. VA was assessed through the behavioral method of the Prusky
watermaze task61 employing the samearenadescribed for the vPL task.
To assess VA, mice were required to distinguish a visual grating from a
homogenous gray rather than a set of two visual gratings. In this
experimental setting, the submerged platform was always placed
below the grating displayed by one of the two monitors. A trial was
recorded as incorrect when mice entered directly the pool side dis-
playing the gray stimulus. Mice were first trained to distinguish a low
(0.116 c/deg) SF vertical grating. Once animal performance achieved a
level of at least 80% of accuracy in three subsequent sessions (training
phase), VA limit was estimated by increasing the SF of the grating (test
phase). VA has been taken as the SF corresponding to 70% of correct
choices on the sigmoidal function fitting the psychometric function.
Mice were subjected to training phase sessions 30minutes after i.p.
saline administration (2mg/kg). Then, starting from the last SF at
which animal performance was ≥70% of correct choices, mice
were subjected to the task 30minutes after i.p. CNO administration
(2mg/kg), and VA was reassessed.

Statistical analysis
Statistical analysis was done using SigmaStat Software. Data were
tested for normality before running statistical tests; parametric
tests were run on normally distributed data and, in case normality
test failed, non-parametric tests were performed as appropriate.
Differences between two independent groups were assessed with
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a two-tailed t test; differences between two dependent groups
were assessed with a two-tailed paired t test. One-way ANOVA,
One-way RM ANOVA, and Two-way RM ANOVA were used to
compare normally distributed data belonging to more groups.
One-way ANOVA or Two-way on ranks were performed to compare
not normally distributed data belonging to more than two groups.
The level of significance was p < 0.05, unless otherwise specified.
The size of biological replicates is indicated by the n numbers in
the various experimental sections.

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

Data availability
All data supporting the findings of this study are available in the paper
and its supplementary information files. Source data are providedwith
this paper.

Code availability
MatLab Code available upon request.
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