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Interactions between excitatory neurons
and parvalbumin interneurons in V1
underlie neural mechanisms of amblyopia
and visual stimulation treatment
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As themain cause of visual function deficits in children and adolescentsworldwide, amblyopia causes
serious impairment of monocular visual acuity and stereopsis. The recovery of visual functions from
amblyopia beyond the critical period is slow and incomplete due to the limited plasticity of the mature
cortex; notably, visual stimulation training seems to be an effective therapeutic strategy in clinical
practice. However, the precise neural basis and cellular mechanisms that underlie amblyopia and
visual stimulation treatment remain to be elucidated. Using monocular deprivation in juvenile mice to
model amblyopia, we employed two-photon calcium imaging and chemogenetic techniques to
investigate the visual responses of individual excitatory neurons andparvalbumin (PV+) interneurons in
the primary visual cortex (V1) of amblyopic mice. We demonstrate that amblyopic mice exhibit an
excitation/inhibition (E/I) imbalance. Moreover, visual stimulation decreases the response of PV+

interneurons, reactivates the ocular dominance plasticity of excitatory neurons, and promotes vision
recovery in adult amblyopicmice.Our results reveal adynamicE/I balancebetweenexcitatory neurons
and PV+ interneurons that may underlie the neural mechanisms of amblyopia during cortical
development and visual stimulation-mediated functional recovery from adult amblyopia, providing
evidence for therapeutic applications that rely on reactivating adult cortical plasticity.

Visual cortex plasticity, the capacity of the visual cortex to undergo
experience-dependent changes in synaptic strength and circuit connectivity
during postnatal development, is dynamically regulated, with plasticity
peaking during the critical period and then decreasing with maturation1–3.
Abnormal visual experiences in early life, suchas strabismus, anisometropia,
high refractive error, and congenital cataract, may cause amblyopia—a loss
of visual acuity and binocular vision functions affecting 1–3% of the
population4,5. As the main cause of visual function deficits in children and
adolescents worldwide, amblyopia leads to lifelong deficiencies in visual
acuity and stereopsis without timely and appropriate treatment, seriously
affecting patients’ psychosocial health and quality of life6–8. Since the 1700s,
the clinical treatment for amblyopia has consisted of patching or penalizing
the strong eye to force the “lazy” amblyopic eye to work. This treatment has

generally been restricted to infants and young children during the critical
periodbut seems tobeuseless for older childrenandadult patients due to the
limited plasticity of themature cortex9. Recent research10,11 and our previous
studies12–14 have suggested that intensive visual stimulation training, i.e.,
perceptual learning, aimed at reducing the inhibition of the amblyopic eye
by the strong fellow eye and enhancing binocular fusion, is a therapeutic
strategy for recovery in older children and adults with amblyopia. However,
the results fromseveral randomized clinical trials on the effects of perceptual
learning or video game play are contradictory15–17. To better understand the
reasons for these mixed results, improve clinical treatment strategies for
amblyopia, and enhance the effects of visual stimulation training, we focus
our research on the nature and neural mechanisms underlying amblyopia
and visual training treatment, which remain largely unknown.
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Monocular deprivation (MD) during early life causes a progressive loss
of neuronal responsiveness in the primary visual cortex (V1) through the
deprived eye (e.g., ocular dominance plasticity and orientation selectivity)
andhas been used in animalmodels of amblyopia to explore the experience-
dependent plasticity18,19. Experiments in amblyopic animals have shown
that under certain conditions (e.g., with identical contrast, spatial frequency,
and temporal features), binocular visual experience can promote ocular
dominance plasticity and restore visual functions20–22. Although the neural
mechanisms underlying visual stimulation treatment for amblyopia remain
unclear, neural circuit plasticity regulated by the balance of excitation and
inhibition (E/I) is a potential explanation. The E/I balance is believed to be a
major mechanism by which cortical networks adapt to sensory input23–27.
Increased inhibition exerted by the maturation of parvalbumin-expressing
basket interneurons (PV+ interneurons) has been demonstrated to trigger
critical-period plasticity in the visual cortex28–30. BriefMDduring the critical
period evokes a rapid loss of excitatory synaptic inputs to PV+ interneurons,
thus reducing the inhibition to excitatory glutamatergic neurons, and
causing cortical disinhibition and juvenile visual cortical plasticity via the
downregulation of neuregulin-1(NRG1)/ErbB4 signaling in PV+

interneurons31,32. In addition, perineuronal nets (PNNs) are specialized
extracellular matrix structures that predominantly surround and stabilize
PV+ interneurons33,34. PNNs progressively aggregate during postnatal
development as structural obstacles to ocular dominance plasticity, in
parallel with the closure of the critical period35–37. Moreover, Shmal et al.
found that knockdown of the transcriptional repressor REST restores V1
plasticity and rescues vision in adult amblyopic mice, outcomes that are
associated with a reduction in PNNs around PV+ interneurons38. However,
what changes occur in the V1 network (e.g., visual responses of individual
excitatory or inhibitory neurons) in amblyopia induced by early-onset,
long-term MD and how visual stimulation treatment can restore vision
from amblyopia based on limited plasticity beyond the cortical period
remain unclear.

To address these questions, we employed two-photon calcium imaging
and chemogenetic techniques in an amblyopic mouse model to investigate
thevisual responsesof individual excitatoryneuronsandPV+ interneurons in
V1.Weobserved an excitation/inhibition (E/I) imbalance inV1of amblyopic
mice, which specifically manifested as an obvious ocular dominance shift,
decreased orientation selectivity of excitatory neurons, an enhanced response
of PV+ interneurons and increased density of PNNs surrounding PV+

interneurons after 30 days of MD starting from the critical period. Further-
more, we investigated the beneficial effects of visual stimulation on vision
recovery and found that visual stimulation training reactivated ocular
dominance plasticity and increased visual acuity in adult amblyopic mice by
reducing the PV+ interneuron response. Together, our findings indicate a
dynamic E/I balance between excitatory neurons and PV+ interneurons that
underlies the neural mechanisms of amblyopia and visual stimulation-
mediated functional recovery from adult amblyopia, suggesting potential
alternative strategies for the treatment of amblyopia in clinical practice.

Results
Amblyopic mice show an ocular dominance shift and reduced
orientation selectivity of V1 excitatory neurons
Using long-term MD in juvenile mice to model amblyopia, we first mea-
sured the change invisual acuity thresholds inducedby30daysofMD(from
P28 to P5839). The visual acuity threshold, which approximates the max-
imum spatial frequency of the grating visual stimuli sufficient to elicit an
optomotor response (OMR), was obtained frommice in theMD group and
an age-matchednormal control (NC) group. The plasticity of theOMRwas
previously believed to be basedmainly on subcortical circuitry40,41.However,
new research on cortical lesions suggests that the visual cortex may also be
involved42–44. To measure OMRs, the head movements of the unrestrained
tested animalwere video-recorded by a camera placed above the animal and
analyzed by an algorithm that tracks the position of the mouse’s head.
According to the analysis modified from a previously published version45,
we found that the visual acuity thresholds of the left (MD) eyes of MD-

treated mice were significantly lower than those of NC mice (Fig. 1b), and
themeanvisual acuity thresholdswere 0.241 ± 0.046 cyc/° and0.349 ± 0.050
cyc/°, respectively. For the right eye, no significant difference was observed
between the NC and MD groups (Fig. 1b). These results suggest that long-
term MD can impair visual acuity, effectively simulating the visual
impairment caused by amblyopia to a certain extent.

Then, we carried out in vivo two-photon calcium imaging (2-P ima-
ging) in Thy1-GCaMP6s transgenic mice that expressed the green fluor-
escent calcium indicator GCaMP6s in excitatory neurons. Calcium imaging
was performed in layer L2/3 of the V1 binocular zone (V1b) of awake mice
viewing drifting gratings of various orientations. Stimuli were presented to
either the right or left eye, for the hemisphere contralateral (i.e., right side) to
the original deprived eye (Fig. 1c). Amblyopic mice in the MD group and
littermate NCs were used to assess the visual responses of individual exci-
tatory neurons in V1b. Compared with NC mice, amblyopic mice mani-
fested a large shift in the ocular dominance index (ODI) in favor of the
ipsilateral eye, from 0.122 ± 0.292 in the NC group to−0.047 ± 0.336 in the
MD group (Fig. 1e, f), which is consistent with earlier studies reporting that
theODIof excitatory neurons shifted from0.185 ± 0.017 in normally reared
controlmice to−0.033 ± 0.015 in experimentalmice at the end of 30days of
MD39. The ODI shift was achievedmainly by a change in the nondeprived-
eye input, with the response (ΔF/F0) to stimulation of the ipsilateral eye
increasing after 30 days ofMD compared with that observed in NCmice. A
corresponding decrease in the response to stimulation of the contralateral
eye was observed after 30 days of MD, but the difference did not reach
significance (Fig. 1g). In addition, the orientation selectivity index (OSI) to
the contralateral eye decreased significantly, from 0.283 ± 0.177 for the NC
group to0.208 ± 0.158 for theMDgroup, as did theOSI to the ipsilateral eye,
which decreased from 0.212 ± 0.156 to 0.171 ± 0.116 (Fig. 1J). These find-
ings are partially consistent with the conclusion reported by Craddock
et al.46, showing that the OSI for the contralateral eye in the V1b of young
adult mice (2–3 months) decreases, whereas the OSI for the ipsilateral eye
increases (although it fails to reach significance) after 2 weeks ofMD, which
we speculate may be due to the differences in age groups and durations of
MD in mice. In general, we found that relative to the excitatory neurons
recorded from NC mice, amblyopic mice induced by long-term MD dis-
played an obvious ocular dominance shift toward the ipsilateral eye and
reduced orientation selectivity of the excitatory neurons in V1.

Amblyopic mice exhibit an enhanced response of PV+ inter-
neurons and an increased density of PNNs surrounding PV+

interneurons
We further investigated the changes in a major type of GABAergic inter-
neurons, PV+ inhibitory neurons, in amblyopic mice. To identify the PV+

interneurons in V1b, Cre-dependent rAAV-Ef1α-DIO-GCaMP6f was used
to drive green fluorescence expression in PV+ interneurons of PVCre mice
and observed by in vivo two-photon calcium imaging (Fig. 2a). The results
showed thatPV+ interneurons exhibited amild contralateralODIbias in the
NC group (0.101 ± 0.510) and a weaker OD shift toward the ipsilateral eye
thanexcitatoryneuronsdidafter 30daysofMD(0.081 ± 0.372; Fig. 2b, c). In
addition, the OSIs of PV+ interneurons were low in the NC mice (Contra:
0.173 ± 0.148; Ipsi: 0.193 ± 0.145) and did not change significantly in the
MD-treated mice (Contra: 0.151 ± 0.102; Ipsi: 0.173 ± 0.112; Fig. 2e, f).
Interestingly, the responses of PV+ interneurons to stimulation of both the
contralateral and ipsilateral eyes of amblyopic mice in the MD group were
greater than those in the NC group (Fig. 2d), indicating that long-termMD
enhances the response of PV+ interneurons in amblyopic mice.

We also estimated the density of PV+ interneurons and the related
PNNs in brain sections from amblyopic and NC mice (5 mice per group).
Figure 2g shows representative examples of results obtained from one
animal in the NC or MD group. The densities of PV+ interneurons and
PNNs in the contralateral (right side) V1 region were observed and com-
pared.No significant difference in the absolute number of PV+ interneurons
was observed between the NC and MD groups (Fig. 2h); however, the
number of PV+ interneurons surrounded by PNNs increased in amblyopic
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mice (Fig. 2i). Specifically, the percentage of PV+ interneurons surrounded
by PNNs was 42.82 ± 3.02% (mean ± SEM) in the NC group but increased
to 58.92 ± 2.51% in the MD group (Fig. 2j). The percentage of area covered
by PNNs in V1 and themean intensity of the fluorescence ofWFA staining
for PNNs also showed similar increases in amblyopic mice (Fig. 2k, l).

Previous studies have reported a reduction in the PV+ interneuron
response after brief MD during the critical period28,47 and a significant
decrease in the expression of PNNs surrounding PV+ interneurons after
visual deprivation caused by dark exposure48,49. However, we found that
long-term MD-induced amblyopic mice exhibit an enhanced response in
PV+ interneurons and an increased density of PNNs surrounding PV+

interneurons. Considering the important regulatory role of PV+

interneurons in the activity of excitatory neurons and cortical inhibition24,31,
and the association of PNNs with neural stability and plasticity
inhibition33,50, our results imply that the increased response of PV+ inter-
neurons and enhanced inhibition to excitatory neurons may disrupt the
balance of excitation and inhibition in V1 and thus underlie the neural
mechanism of amblyopia.

Inhibition of PV+ interneurons reverses the MD-induced ocular
dominanceshift andpromotes vision recovery in amblyopicmice
To further verify the imbalance of excitation and inhibition in amblyopic
mice, we tested whether the inhibition of PV+ interneurons could promote
synaptic plasticity and vision recovery in an MD-induced amblyopia-like
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model.We selectively manipulated the activity of PV+ interneurons using a
chemogenetic technique, designer receptors exclusively activated by
designer drugs (DREADDs)31. Offspring of Thy1-GCaMP6s transgenic
mice crossed with PVCre mice (Thy1-GCaMP6s; PVCre mice) were mono-
cularly deprived from P28 to P58 and were microinjected with an adeno-
associated virus (AAV) expressingCre-dependent hM4Di receptor (hM4Di
group) in the right V1 two to three weeks before reopening the left eye.
AAV-hSyn-DIO-mCherry was also injected as the control vector (mCherry
group). The activity of V1 PV+ interneurons was selectively inhibited daily
via i.p. injection of clozapineN-oxide (CNO, 0.3mg/kg) for seven days after
reopening the left eye in both the hM4Di group and the mCherry group
(Fig. 3a, b). Themeasurements (OMRand 2-P imaging) were conducted on
the second day after the end of the injection to ensure that CNO was
completely washed out.

We found that chemogenetic inhibition of PV+ interneurons sig-
nificantly promoted vision recovery from amblyopia with a higher visual
acuity threshold (0.309 ± 0.024 cyc/°) than that in the mCherry group
(0.263 ± 0.030 cyc/°; Fig. 3c, Supplementary Fig. 1) after 7 days of CNO
injection, although it did not return to the level of normal mice (approxi-
mately 50% recovery). In addition, V1b ocular dominance returned to a
distribution of contralateral bias, similar to that of NCmice, after 7 days of
PV+ interneuron inhibition. In the hM4Di group, theODIwas significantly
greater (0.093 ± 0.323) than that in the mCherry group (0.001 ± 0.232;
Fig. 3d, e), with a significantly increased contralateral eye response and a
decreased ipsilateral eye response of V1 excitatory neurons compared with
those in the mCherry group (Fig. 3f), indicating a preference for the con-
tralateral eye. The OSI of V1 excitatory neurons was also greater in the
hM4Di group (Fig. 3h, i). In terms of the densities of PV+ interneurons and
PNNs in the contralateralV1 region, no significant difference in the absolute
number of PV+ interneurons or the number of PV+ interneurons sur-
rounded by PNNs was observed between the hM4Di and mCherry groups
(Fig. 3k–m). However, the percentage of area covered by PNNs and the
mean intensity of the fluorescence of WFA staining for PNNs in the V1
region were lower in the hM4Di group than those in the mCherry group
(Fig. 3n, o). These results confirmed the imbalance of excitation and inhi-
bition in amblyopic mice. Moreover, our findings suggested that the inhi-
bition of PV+ interneurons could reverse the effects of long-term MD and
reactivate ocular dominance plasticity in amblyopic mice so that they could
achieve better vision recovery, consistent with previous reports byKuhlman
et al.28 that the pharmacogenetic reduction in PV+ interneuron firing rates
can extend the critical period for ocular dominance plasticity.

Visual stimulation training reactivates ocular dominance plasti-
city and promotes vision recovery in adult amblyopic mice
Based on the changes in excitation/inhibition imbalance in amblyopia that
we mentioned above, we further explored whether visual stimulation could
improve vision functions by restoring the E/I balance. We randomly
assigned amblyopic mice after long-term MD into two groups: one group

received grating visual stimulation for seven days (VS+ group), and the
other group did not (VS− group). Visual stimulation training was also
carried out in the OMR arena with binocular presentation. To optimize the
potential for recovery of binocular responses, from P58 to P65, the mice in
the VS+ group were placed in the chamber surrounded by four LED
monitors presenting high-contrast, phase-reversing gratingsmatched to the
spatiotemporal frequency response of the mouse (12 orientations, 0.05
cycles/degree, reversing at 1 Hz, Fig. 4a) in an interleaved manner for 1 h/
day during daylight for seven consecutive days. This type of visual stimulus
was selected to mimic visual stimuli used experimentally to promote opti-
mal recovery from MD in adult mice51,52 and amblyopia patients11,15,53.

We found that themean visual acuity threshold of the left (MD) eye in
the VS+ group (0.289 ± 0.023 cyc/°) was significantly greater than that in
the VS− group (0.246 ± 0.029 cyc/°), but no significant difference in the
visual acuity thresholdof the right eyewas foundbetween theVS+ andVS−
groups (Fig. 4b). In addition, the vision-promoting effects of visual stimu-
lation training (1 hour/day, 7 days) lasted for at least 2 weeks after training
was terminated (Supplementary Fig. 2A). To further determine whether
multiple days of visual stimulation are required to promote vision recovery,
we compared the effects of 1 day, 3 days, 1 week, and 2 weeks of visual
stimulation training (1 h/day) on the visual acuity threshold and found that
the vision-promoting effects of visual stimulation training appeared to be
dose-dependent; at least 1 week of visual stimulation training was needed to
significantly promote vision recovery (Supplementary Fig. 2B). These
results confirmed that long-term exposure to grating visual stimulation
promotes vision recovery in adult amblyopic mice.

To further explore the neural mechanisms underlying the ability of
visual stimulation to restore vision from amblyopia based on limited plas-
ticity beyond the cortical period, we carried out in vivo two-photon calcium
imaging to observe the visual responses of individual excitatory neurons and
PV+ interneurons inV1ofmice in theVS+ andVS− groups.We found that
seven days of visual stimulation training increased theODI of V1 excitatory
neurons to 0.051 ± 0.287 and returned V1 ocular dominance to a con-
tralateral eye preference. In contrast, the ocular dominance distributions of
mice without grating visual stimulation still showed an ipsilateral eye bias,
and the ODI was maintained at -0.030 ± 0.317, suggesting poor recovery
from long-term MD compared with that in the VS+ group (Fig. 4c, d).
Comparedwith that in theVS−group, the responseof excitatoryneurons to
stimulation of the ipsilateral eye was significantly decreased after 7 days of
visual stimulation training,whereas the response to the contralateral eyewas
not significantly different between the VS+ and VS− groups (Fig. 4e). In
addition, compared with those in the VS− group, the OSIs of both the
contralateral and ipsilateral eyeswere significantly greater in theVS+group,
with values of 0.243 ± 0.166 and 0.275 ± 0.152 to the contralateral eye and
0.168 ± 0.132 and 0.190 ± 0.119 to the ipsilateral eye, respectively
(Fig. 4g, h). Taken together, these results indicate that visual stimulation
training reactivates ocular dominance plasticity and promotes vision
recovery in adult amblyopic mice.

Fig. 1 | Amblyopicmice show an ocular dominance shift and reduced orientation
selectivity of V1 excitatory neurons. a Experimental timeline. Mice underwent
30 days of MD via lid suturing of the left eye from P28 to P58. Cranial window
surgery and/or virus injection surgery were performed two to three weeks before
reopening the deprived eye. BothMDmice and age-matchedNCmice without prior
manipulation of vision were recorded at P58. Visual acuity thresholds were assessed
by measuring the optomotor response (OMR), and visual cortical responses were
recorded by in vivo two-photon (2-P) calcium imaging. Tissue sections of the visual
cortex were prepared for immunofluorescence (IF) staining. b Schematic of the
OMR arena used for the visual acuity measurement, and the visual acuity thresholds
of the left (t = 4.471, p < 0.001) or right (t = 0.343, p = 0.737) eyes of the mice in the
NC andMDgroups (n = 8mice/group). c Illustration of in vivo two-photon calcium
imaging performed in the right V1b of awake, head-fixed mice. The stimuli were
presented to either the left (contralateral) or right (ipsilateral) eyes. d A maximum-
intensity image of V1 excitatory neurons expressing GCaMP6s and visual responses
of individual neurons to stimulation of the contralateral or ipsilateral eye when

drifting gratings of various orientations were presented. e Comparisons of the ODIs
of V1 excitatory neurons. The solid line within each box represents the median. The
box represents the interquartile range (IQR) of the data (25th percentile to 75th
percentile). NC: n = 983 neurons; MD: n = 1150 neurons. t = 12.30, p < 0.001.
f Distributions of the ODI and the percentage of excitatory neurons whose ODI is
above (contralateral bias) or below (ipsilateral bias) zero. gViolin plots and overlaid
box plots of the response amplitude (ΔF/F0) of V1 excitatory neurons. Contra:
t = 1.895, p = 0.058; Ipsi: t = 6.071, p < 0.001. h Representative polar plots of the
responses to drifting gratings of the contralateral or ipsilateral eye from an excitatory
neuron of each group. iPopulation distributions of theOSI ofV1 excitatory neurons.
j Comparisons of the OSI of V1 excitatory neurons. The dashed lines in the violin
plots represent the 25% quartiles, median, and 75% quartile. Contra: t = 7.437,
p < 0.001; Ipsi: t = 5.270, p < 0.001. For all figures: two-tailed independent samples
t-tests were used to compare theNC andMDgroups; **p < 0.01; ***p < 0.001; ns no
significant difference. The error bars indicate the SEMs. Contra contralateral, Ipsi
ipsilateral.
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Visual stimulation training decreases the response of PV+ inter-
neuronsand thedensityofPNNssurroundingPV+ interneurons in
adult amblyopic mice
We also observed the visual response of V1 PV+ interneurons in adult
amblyopic mice after 7 days of visual stimulation training and found that
the ODI of PV+ interneurons in the VS+ group (0.096 ± 0.500) was not

significantly different from that in the VS− group (0.062 ± 0.451;
Fig. 5a, b). The OSIs of both contralateral and ipsilateral eyes in the two
groups were not different (Fig. 5d, e). However, the responses of PV+

interneurons to stimulation of the contralateral and ipsilateral eyes
decreased after 7 days of visual stimulation training in the VS+ group
compared with those in the VS− group (Fig. 5c), suggesting that visual
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stimulation training decreased the response of PV+ interneurons in adult
amblyopic mice.

The results from immunofluorescence staining of V1 sections revealed
no significant change in the absolute number of PV+ interneurons (Fig. 5g).
However, the number of PV+ interneurons surrounded by PNNs decreased
after 7 days of visual stimulation training (Fig. 5h). In the VS+ group, the
percentage of PV+ interneurons surrounded by PNNs was 41.99 ± 2.13%,
which was significantly lower than that in the VS− group (58.46 ± 2.16%;
Fig. 5i). The percentage of area covered by PNNs in the V1 region and the
mean intensity of the fluorescence of WFA staining for PNNs also showed
similar decreases after visual stimulation training (Fig. 5j, k). Therefore, we
speculate that visual stimulation training induces a significant reduction in
the densities of PNNs and PV+ interneurons surrounded by PNNs but not
in the absolute number of PV+ interneurons.

Activation of PV+ interneurons offsets the vision-promoting
effects of visual stimulation training in adult amblyopic mice
Considering that visual stimulation training decreased the response of PV+

interneurons in adult amblyopic mice, we tested whether long-term acti-
vation of PV+ interneurons could interfere with the beneficial effects of
visual stimulation training on synaptic plasticity and vision recovery. We
selectively activated PV+ interneurons in Thy1-GCaMP6s; PVCre mice by
microinjecting AAV expressing Cre-dependent hM3D(Gq) in the right V1.
AAV-hSyn-DIO-mCherry was injected as the control vector. Seven days of
visual stimulation training were conducted after the eyes were reopened.
The activity of V1 PV+ interneurons was selectively activated daily via i.p.
injections of clozapine N-oxide (CNO, 0.3mg/kg) 30minutes before daily
visual stimulation training in both the hM3Dq- and mCherry- injected
groups (Fig. 6a, b). The measurements (OMR and 2-P imaging) were
conducted on the second day after the end of visual stimulation training to
ensure that CNO was completely washed out.

We found that chemogenetic activation of PV+ interneurons accom-
panied by visual stimulation training (hM3Dq-VS group) significantly
impaired the vision-promoting effects of visual stimulation training, with a
lower visual acuity threshold (0.272 ± 0.031 cyc/°) than that of the training
group injected with the mCherry virus (mCherry-VS group, 0.305 ± 0.026
cyc/°; Fig. 6c, Supplementary Fig. 3) after 7 days of visual stimulation
training. Compared with the mCherry-VS group, the activation of PV+

interneurons in the hM3Dq-VS group prevented the reversal of the ocular
dominance shift and caused a sustained ipsilateral bias in the ODI of V1b
excitatory neurons (0.055 ± 0.312 and −0.013 ± 0.296, respectively;
Fig. 6d, e), with significantly decreased contralateral eye responses and
increased ipsilateral eye responses (Fig. 6f) of the excitatory neurons in the
hM3Dq-VS group. In addition, the hM3Dq-VS group presented sig-
nificantly lower OSIs to both the contralateral and ipsilateral eyes of V1b
excitatory neurons than those of the mCherry-VS group (Fig. 6h, i).

In terms of the densities of PV+ interneurons and PNNs in the con-
tralateral V1 region, no significant difference in the absolute number of PV+

interneurons or the number of PV+ interneurons surrounded by PNNswas
observed between the mCherry-VS and hM3Dq-VS groups (Fig. 6k–m).
However, the percentage of area covered byPNNs and themean intensity of
the fluorescence ofWFA staining for PNNs were greater in the hM3Dq-VS
groups than in the mCherry-VS groups (Fig. 6n, o).

Overall, we propose that visual stimulation treatment decreases the
response of PV+ interneurons, which may result in an attenuation of
inhibition onto excitatory neurons and restore the E/I balance to enhance
cortical plasticity in the primary visual cortex, ultimately promoting vision
recovery in adult amblyopic mice.

Discussion
There were two major findings from this study. First, using long-term
monocular visual deprivation in juvenile mice to model amblyopia, we find
that amblyopic mice exhibit a significant E/I imbalance with an obvious
ocular dominance shift, decreased orientation selectivity of excitatory
neurons, an enhanced response of PV+ interneurons and increased density
of PNNs surrounding PV+ interneurons. The inhibition of PV+ inter-
neurons reverses the effects of long-term MD and reactivates the ocular
dominance plasticity in amblyopic mice to achieve better vision recovery.
Given that amblyopia is the result of functional maldevelopment of the
visual cortex, it is important to understand the neuronal basis and cellular
mechanisms of amblyopia to make progress in its treatment54,55. Second,
based on the above findings, we further investigated the beneficial effects of
visual stimulation on vision recovery from amblyopia and found that visual
stimulation training reactivates visual cortical plasticity and promotes
functional recovery in adult amblyopic mice. Reopening visual cortical
plasticity after the critical period depends on a reduction in the PV+

interneuron response, which may result in attenuated inhibition to excita-
tory neurons and sustained cortical disinhibition to enhance cortical plas-
ticity. Together, our findings reveal a dynamic E/I balance between
excitatory neurons and PV+ interneurons during the occurrence and
recovery of amblyopia, providing theoretical support and an objective basis
for clinical visual training treatment of amblyopia even after the critical
period and adding new insights into the effect of visual experience on
sensory plasticity.

The neural basis of amblyopia is complex and has been a matter of
interest and speculation for years. Although its exact cause is unclear,
researchers have attributed amblyopia to enhanced interocular
suppression56,57, increased neural noise58,59, abnormal topographic repre-
sentationof receptivefields andundersampling of visual space60–63, andpoor
synchronization of neuronal responses and disorganization of neural
connections64–68. In this study, we focused on neuronal responses and
explored the interaction between excitatory neurons and PV+ interneurons
in V1 of amblyopic mice using two-photon calcium imaging and chemo-
genetic techniques. Our results show that the balance of excitation and
inhibition regulated by the interaction of excitatory neurons and PV+

interneurons in V1 underlies the neural deficits of amblyopia, which is
consistent with previous literature suggesting that the excitation/inhibition
balance plays an important regulatory role in the beginning and end of the
critical period of visual development24,28. We speculate that these neuronal
deficits are probably the initial manifestation of visual loss and are subse-
quently involved in the onset and development of amblyopia.

For primates, functional recovery from amblyopia induced by visual
deprivation early in life seems slow and far from complete in adulthood due
to the limited plasticity of the mature cortex19,22. Previous studies have
proposed environmental enrichment (EE) as a highly effective strategy for
restoring plasticity in adult animals, eliciting visual acuity and ocular

Fig. 2 | Amblyopic mice show an enhanced response of PV+ interneurons and an
increased density of PNNs surrounding PV+ interneurons. a Illustration of the
specific infection of V1 PV+ interneurons withGCaMP6f and an in vivo two-photon
calcium image of V1 PV+ interneurons expressing GCaMP6f. b Comparisons of the
ODI of V1 PV+ interneurons. NC: n = 158 neurons; MD: n = 198 neurons. t = 0.417,
p = 0.677. cDistributions of the ODI and the percentage of PV+ interneurons whose
ODI is above (contralateral bias) or below (ipsilateral bias) zero. d Violin plots and
overlaid box plots of the response amplitude of V1 PV+ interneurons. Contra:
t = 4.043, p < 0.001; Ipsi: t = 2.079, p = 0.038. e Population distributions of the OSI of
V1 PV+ interneurons. f Comparisons of the OSI of V1 PV+ interneurons. Contra:

t = 1.827, p = 0.068; Ipsi: t = 1.611, p = 0.108. g Representative fluorescence photo-
micrographs of coronal V1 sections from one animal in each group (n = 5 mice/
group). Scale bar, 50 μm. h Density of PV+ interneurons. t = 0.607, p = 0.561.
i Density of PV+ interneurons surrounded by PNNs. t = 5.226, p < 0.001.
j Percentages of PV+ interneurons surrounded by PNNs. t = 4.630, p < 0.001.
k PNNs-stained area. t = 7.831, p < 0.001. l The mean intensity of PNNs fluores-
cence. t = 7.553, p < 0.001. For all figures: two-tailed independent samples t-tests
were used to compare the NC and MD groups; *p < 0.05; ***p < 0.001; ns no sig-
nificant difference. The error bars indicate the SEMs.
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dominance recovery from amblyopia through a reduction in intracortical
inhibition51,69,70. In this study, using optomotor responses to assess func-
tional changes and in vivo two-photon calcium imaging to record the visual
response of individual excitatory neurons in V1 after early-onset, long-term
MD, we found that visual stimulation training also dramatically boosts
ocular dominance plasticity and increases the visual acuity of adult

amblyopic mice. We believe that visual stimulation, a component of
environmental enrichment, has similar effects on enhancing ocular dom-
inance plasticity and promoting recovery of vision function as environ-
mental enrichment, both ofwhich are due to reducedGABAergic inhibition
in the visual cortex. Matthies et al.21 reported that 2 days of temporally
coherent visual stimuli are sufficient to induce a saturated shift in ocular

Fig. 3 | Inhibition of PV+ interneurons reverses
the MD-induced ocular dominance shift and
promotes vision recovery in amblyopic mice.
a Schematic of the experimental design.
b Illustration of the specific infection of V1 PV+

interneurons with hM4Di-mCherry or mCherry
and an in vivo two-photon calcium image of V1
from a Thy1-GCaMP6s; PVCre mouse expressing
GCaMP6s in excitatory neurons (green) and
expressing mCherry in PV+ interneurons (red).
c Comparisons of the visual acuity thresholds after
7 days of CNO injection (n = 8 mice/group)
t = 3.388, p = 0.004.dComparisons of theODI ofV1
excitatory neurons after 7 days of CNO injection.
mCherry: n = 379 neurons; hM4Di: n = 568 neu-
rons. t = 4.786, p < 0.001. e Distribution of the ODI
of V1 excitatory neurons and the percentage of
excitatory neurons whose ODI is above (con-
tralateral bias) or below (ipsilateral bias) zero.
fViolin plots and overlaid box plots of the responses
of V1 excitatory neurons. Contra: t = 3.185,
p = 0.002; Ipsi: t = 2.199, p = 0.028. g Representative
polar plots of responses to drifting gratings of the
contralateral or ipsilateral eye from an excitatory
neuron of each group. h Population distributions of
the OSIs of V1 excitatory neurons. iComparisons of
the OSI of V1 excitatory neurons. Contra: t = 4.758,
p < 0.001; Ipsi: t = 2.291, p = 0.022. j Representative
fluorescence photomicrographs of coronal
V1 sections from one animal in each group (n = 5
mice/group). Scale bar, 50 μm. k Density of PV+

interneurons. t = 0.038, p = 0.971. l Density of PV+

interneurons surrounded by PNNs. t = 0.492,
p = 0.636. m Percentages of PV+ interneurons sur-
rounded by PNNs. t = 0.515, p = 0.621. n PNNs-
stained area. t = 4.648, p = 0.002. o The mean
intensity of PNNs fluorescence. t = 5.041, p < 0.001.
For all figures: two-tailed independent samples
t-tests were used to compare the mCherry and
hM4Di groups; *p < 0.05; **p < 0.01; ***p < 0.001;
ns no significant difference. The error bars indicate
the SEMs.
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dominance plasticity in mice. Hosang et al.20 reported that long-term
training using a visual water task increases the visual acuity of MD-treated
mice. Although opinions differ concerning whether the recovery of neu-
ronal response and visual functions are specific to the particular visual
stimuli presented during locomotion or visual stimulation alone52, the
improved visual function of the amblyopic eye following visual perceptual
learning has also been observed in amblyopic patients14,71, indicating
homeostatic plasticity mechanisms that operating in the amblyopic visual
system and opening up a new way to therapeutic approaches for the
treatment of adult amblyopia. However, in the present study, even after
visual stimulation treatment, neither the visual acuity threshold nor theODI
or OSI of excitatory neurons in V1 recovered to the levels in normal mice.
We speculate that our mice were still in the critical period of visual devel-
opment when MD was conducted, and long-term MD caused irreversible
damage to their visual development, especially additional deficits in higher
visual areas that may not be uniformly inherited from V146,72.

Our results show that under the influence of long-termMD and visual
stimulation training, the ocular dominance shift in amblyopic mice is
achieved by a change in the nondeprived-eye input (see Figs. 1g and 4e).
This finding concurs with an earlier study in which adult (more than P120)
mice were monocularly deprived for 7 days; in these animals, the observed
ocular dominance shift was mediated by an increase in nondeprived-eye
responses73. Indeed, the varying eye-specific effects of ocular dominance
plasticity differ between the critical period and adulthood. During the cri-
tical period, a weakening of deprived-eye input is characteristic of the
juvenile form of ocular dominance plasticity39,74, whereas in adult animals,
strengthening of the nondeprived-eye response becomes dominant74,75,
although some studies also find evidence for additional deprived-eye
depression20,76,77. In our study, the ocular dominance shiftwas attained by an
increase in the response from the nondeprived eye after 30 days of MD and
by adecrease in response from the same eye after 7days of visual stimulation
training, thus resembling adulthood plasticity. In addition, our results

Fig. 4 | Visual stimulation training reactivates ocular dominance plasticity and
promotes vision recovery in adult amblyopic mice. a Left panel: Experimental
timeline. Mice underwent 30 days of MD via lid suturing of the left eye from P28 to
P58. Cranial window surgery and/or virus injection surgery were performed two to
three weeks before reopening the deprived eye. Two recovery groups with either
grating visual stimulation training (VS+, 1 h/day, 7 days) from P58-P65 or without
visual stimulation (VS−) were recorded at P65. Right panel: Sinusoidal black and
white gratings used for visual stimulation training, with a spatial frequency of 0.05
cycles/degree and a drift speed of 1 Hz, moving in 12 different directions. b Visual
acuity thresholds of the left (t = 3.267, p = 0.006) and right (t = 0.208, p = 0.838) eyes
of the mice in the VS− and VS+ groups (n = 8 mice/group). c Comparisons of the

ODIs of V1 excitatory neurons. VS−: n = 740 neurons; VS+: n = 881 neurons.
t = 5268, p < 0.001. d Distributions of the ODI and the percentage of excitatory
neurons whose ODI is above (contralateral bias) or below (ipsilateral bias) zero.
e Violin plots and overlaid box plots of the response amplitude of V1 excitatory
neurons. Contra: t = 1.537, p = 0.125; Ipsi: t = 2.706, p = 0.007. fRepresentative polar
plots of the responses to drifting gratings of the contralateral or ipsilateral eye from
an excitatory neuron in each group. g Population distributions of the OSI of V1
excitatory neurons. h Comparisons of the OSI of V1 excitatory neurons. Contra:
t = 4.853, p < 0.001; Ipsi: t = 4.309, p < 0.001. For all figures: two-tailed independent
samples t-tests were used to compare the VS− and VS+ groups; **p < 0.01;
***p < 0.001; ns no significant difference. The error bars indicate the SEMs.
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Fig. 5 | Visual stimulation training decreases the response of PV+ interneurons
and the density of PNNs surroundingPV+ interneurons in adult amblyopicmice.
a Comparisons of the ODI of V1 PV+ interneurons. VS-: n = 193 neurons; VS+:
n = 213 neurons. t = 0.707, p = 0.480. bDistributions of the ODI and the percentage
of PV+ interneurons whose ODI is above (contralateral bias) or below (ipsilateral
bias) zero. cViolin plots and overlaid box plots of the response amplitude of V1 PV+

interneurons. Contra: t = 4.789, p < 0.001; Ipsi: t = 3.387, p < 0.001. d Population
distributions of the OSI of V1 PV+ interneurons. e Comparisons of the OSIs of V1
PV+ interneurons. Contra: t = 0.340, p = 0.734; Ipsi: t = 0.318, p = 0.350.

f Representative fluorescence photomicrographs of coronal V1 sections from one
animal in each group (n = 5 mice/group). Scale bar, 50 μm. g Density of PV+

interneurons. t = 0.301, p = 0.764. h Density of PV+ interneurons surrounded by
PNNs. t = 5.604, p < 0.001. i Percentages of PV+ interneurons surrounded by PNNs.

t = 7.016, p < 0.001. jPNNs-stained area. t = 5.455, p < 0.001. kThemean intensity of
PNNs fluorescence. t = 5.734, p < 0.001. For all figures: two-tailed independent
samples t-tests were used to compare the VS− and VS+ groups; ***p < 0.001; ns no
significant difference. The error bars indicate the SEMs.
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showed a significant reduction in orientation selectivity of both the
responses of the deprived-eye and nondeprived-eye following long-term
MD and a significant increase following visual training. This finding is
partially consistent with the conclusion reported by Craddock et al.46, who
documented that the OSI for the contralateral eye in V1b of young adult
mice (2-3months) decreased after2weeksofMD.Thedifference is that they

also observed an increase in the OSI of responses through the ipsilateral eye
(although it failed to reach significance), which we think may be due to
differences in the age groups anddurations ofMD inmice. In fact, given that
amblyopia harms the development of the binocular visual system and the
interactions between signals from two eyes, many studies have indicated
visual function deficits (contrast sensitivity, spatial integration, global

Fig. 6 | Activation of PV+ interneurons offsets the
vision-promoting effects of visual stimulation
training in adult amblyopic mice. a Schematic of
the experimental design. VS visual stimulation.
b Illustration of the specific infection of V1 PV+

interneurons with hM3Dq-mCherry or mCherry.
c Comparisons of visual acuity thresholds after
7 days of CNO injection accompanied by visual
stimulation training (n = 8 mice/group). t = 2.509,
p = 0.025. d Comparisons of the ODI of V1 excita-
tory neurons. mCherry-VS: n = 732 neurons;
hM3Dq-VS: n = 670 neurons. t = 4.201, p < 0.001.
eDistributions of the ODI of V1 excitatory neurons
and the percentage of excitatory neuronswhoseODI
is above (contralateral bias) or below (ipsilateral
bias) zero. fViolin plots and overlaid box plots of the
responses of V1 excitatory neurons. Contra:
t = 2.548, p = 0.011; Ipsi: t = 2.121, p = 0.034.
g Representative polar plots of the responses to
drifting gratings of the contralateral or ipsilateral eye
from an excitatory neuron of each group.
h Population distributions of the OSI of V1 excita-
tory neurons. i Comparisons of the OSI of V1
excitatory neurons. Contra: t = 3.696, p < 0.001; Ipsi:
t = 1.989, p = 0.047. j Representative fluorescence
photomicrographs of coronal V1 sections from one
animal in each group (n = 5 mice/group). Scale bar,
50 μm. k Density of PV+ interneurons. t = 0.687,

p = 0.511. lDensity of PV+ interneurons surrounded
by PNNs. t = 2.247, p = 0.055.m Percentages of PV+

interneurons surrounded by PNNs. t = 2.142,
p = 0.065. n PNNs-stained area. t = 3.214, p = 0.012.
o The mean intensity of PNNs fluorescence.
t = 2.430, p = 0.041. For all figures: two-tailed inde-
pendent samples t-tests were used to compare the
mCherry-VS and hM3Dq-VS groups; *p < 0.05;
***p < 0.001; ns no significant difference. The error
bars indicate the SEMs.
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motion, etc.) in the fellow eye even though it exhibits normal visual acuity78.
Therefore, we speculate that amblyopia caused by early-onset, long-term
MD may exhibit a reduction of the OSI of responses through both the
deprived and nondeprived eyes.

Our findings focus on PV+ interneurons as the initial locus underlying
the neuronal changes in amblyopia and the effects of visual stimulation
training, which adjusts synaptic inhibition to excitatory neurons and con-
trols cortical plasticity28. This E/I balancemechanism identified in our work
unifies the findings of previous studies in which PV+ interneurons are
believed to be the primary source of inhibition in V1 and inhibitory and
excitatory inputs to individual neurons in V1 are normally balanced;
however, MD causes their relative strengths to diverge28,31,79,80. A reduction
in PV+ interneuron activities and disinhibition of upper-layer excitatory
neurons are involved in the initial stages of cortical plasticity in adolescence
through a loss of the excitatory drive to PV+ interneurons28,32,81. In the
present study, the chemogenetic reduction in PV+ interneuron responses
enhanced ocular dominance plasticity, reduced the density of PNNs and
promoted vision recovery from amblyopia. Conversely, the chemogenetic
activation of PV+ interneurons during visual stimulation training prevented
the recovery of ocular dominance plasticity, increased the density of PNNs
and blocked the vision-promoting effects of visual stimulation training.
Furthermore, it is worth determining the role of PV-mediatedmechanisms
and/or PNNs in V1 plasticity of amblyopic mice, for example, a targeted
reduction in the contribution of fast-spiking inhibitory interneurons
through disruption of theGAD65 gene inmice, attenuation of the release of
GABA neurotransmitter25 or enzymatic removal of PNNs through intra-
cortical administration of proteases to observe the capacity for plasticity in
the visual system82, during amblyopia treatment with physiological or
behavioral effects. In a word, these findings define the microcircuit changes
initiating competitive plasticity in the primary visual cortex and imply that
the restoration of inputs to excitatory neurons by PV+ interneuron-specific
disinhibition is a key step in the progression of adult cortical plasticity.

PNNs are molecular aggregations that primarily surround PV+

interneurons and exhibit properties congruent with those of plasticity
inhibitors for experience-dependent plasticity in the visual cortex33. We
observed that visual stimulation training significantly reduces the density of
PNNs and the proportion of PV+ interneurons surrounded by PNNs but
does not alter the number of PV+ interneurons in V1. These results are
consistent with those of previous studies revealing a dark rearing-induced
reduction in PNNs39,49, suggesting that the maturity of PNNs is inhibitory
for experience-dependent plasticity and that the degradation of PNNs
reactivates cortical plasticity. Although this study focused mainly on PV+

interneurons and PNNs, amblyopia may have an impact on non-PV+

interneurons. For example, PV+ interneurons can be inhibited by SST
interneurons and VIP interneurons preferentially inhibit SST
interneurons83–85. Further studies are required to determine how amblyopia
and visual stimulation treatment affect the responses and interactions of
excitatory neurons and specific classes of interneurons.

In summary, using monocular deprivation in juvenile mice to model
amblyopia, we demonstrated an E/I imbalance between excitatory neurons
and PV+ interneurons in the primary visual cortex of amblyopic mice, that
could be reversed by visual stimulation treatment to achieve better vision
recovery.Our results reveal the neuronal interactions underlying amblyopia
and the neural plasticity-basedmechanism for visual stimulation-mediated
functional recovery from adult amblyopia, providing evidence for ther-
apeutic applications that rely on reactivating adult cortical plasticity.

Materials and methods
Ethics statement
All experiments were carried out strictly according to the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines 2.086, the Guide for
the Care and Use of Laboratory Animals, and the Association for Research
in Vision and Ophthalmology (ARVO) statement on animal use. All
experimental protocolswere approved by the InstitutionalAnimalCare and
Use Committee of the Laboratory Animal Center, Zhongshan School of

Medicine, Sun Yat-sen University (approval no. 2019-1210; approval date:
March 28, 2019).We have complied with all relevant ethical regulations for
animal use. Mice were bred in-house with constant temperature, humidity,
and a 12-h light/dark cycle. Food andwaterwere provided ad libitumduring
the entire experimental period.

Experimental animals
C57BL/6miceof both sexeswereused in the visual function test (n = 39) and
immunohistochemistry (n = 35). Thy1-GCaMP6s transgenicmice (C57BL/
6J-Tg (Thy1-GCaMP6s) GP4.3Dkim/J, JAX 024275, The Jackson Labora-
tory), which express the green fluorescent calcium indicator GCaMP6s in
subsets of excitatory neurons in the brain (n = 16), and PVCre mice
(B6.129P2-Pvalbtm1(cre)Arbr/J, JAX 017320, The Jackson Laboratory), which
express Cre recombinase in parvalbumin-expressing neurons in the brain
(n = 16), were used for in vivo two-photon calcium imaging (2-P imaging).
Offspring of Thy1-GCaMP6s transgenic mice crossed with PVCre mice
(Thy1-GCaMP6s; PVCremice)were used for the visual function test (n = 40)
and 2-P imaging (n = 24) with chemogenetics (CNO-hM4Di/hM3Dq/
mCherry). Both male and female offspring were used. Litter mates were
randomly allocated to different experimental groups.

Generation and phenotyping of the mouse line
For Thy1-GCaMP6s, 5ʹ-CAT CAG TGC AGC AGA GCT TC-3ʹ and 5ʹ-
CAG CGT ATC CAC ATA GCG TA-3ʹ were designed as forward and
reverse primers, respectively, for themutant.Thepredictedbandwas 248 bp
for the mutant GCaMP6s mouse. For PVCre mouse, the following pairs of
primers were used to detect the presence of Cre recombinase: 5ʹ-AAATGC
TTCTGTCCGTTTGC-3ʹ and5ʹ-ATGTTTAGCTGGCCCAAATG-3ʹ.
A 163-bq band was predicted for the mutant Cre mouse. Thy1-GCaMP6s;
PVCre mice were generated by crossing the two mouse lines mentioned
above. Offspring were genotyped for the expression of Cre and GCaMP6s.

A0.5 cmpiece of the tailwas removed fromeachmouseusing sterilized
scissors. The tail pieces were processed using a mouse tail rapid genotype
identification kit (Beyotime, Shanghai, China). The PCR amplifier (Bio-
Rad, Hercules, CA, USA) settings were as follows: 94 °C for 3min, 94 °C for
30 s, 55 °C for 30 s, 72 °C for 30 s, and 72 °C for 10min. The cycle was
repeated 25 times and then sampleswere stored at 4 °C. Electrophoresis was
run in a 2% agarose gel.

Monocular deprivation
The mice were subjected to MD via lid suturing at P28 under deep anes-
thesia with an intraperitoneal injection of Avertin (250mg/kg). MD was
performed on the left eye according to published protocols18,64. The lid
margins of the left eye were trimmed, and the upper and lower eyelids were
sutured closed using twomattress sutures (6–0 silk,Alcon). Tobramycin eye
ointment was applied to prevent infection. Mice were returned to their
homecages afterwakingup.Allmiceweremonocularlydeprived for30days
and checked daily to ensure that the eye remained closed. An ophthalmo-
scopewasused to verify the clarity of the opticmedia after reopening the eye.
Mice with early eyelid dehiscence and opaque optic media were not used in
subsequent experiments.

Implantationof thecranialwindowand intracranial virus injection
Two to three weeks before reopening the deprived eye, cranial window
surgery and/or virus injection surgery were performed. Based on previous
studies, a modified surgery was performed87. Mice were given dex-
amethasone (5mg/kg i.p.) to prevent cerebral edema six hours before the
surgery and placed on a heating pad tomaintain body temperature at 37 °C
with the eyes covered by protective ophthalmic cream during the surgery.
The surgical area was disinfected three times with 70% ethanol. During
surgery, mice were deeply anesthetized with an intraperitoneal injection of
Avertin (250mg/kg). The skin was removed with a midline scalp incision
and the edges of the incision were attached to the skull with tissue adhesive
(Vetbond, 3M). The periosteum tissue over the skull surface was removed
with toothed forceps. The right-side V1 region was identified based on
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stereotactic coordinates (2.7 mmlateral to themidline and3.5 mmposterior
to the bregma) and was marked. A head holder consisting of a metal ring
with twobarswas attached to themouse skullwithglue (Loctite 495,Henkel,
Dusseldorf, Germany), and the center of the head holder was placed on the
marked area to restrain the head. When the glue dried, a dental drill was
applied to thin themarked skull, and the round skull areaof approximately 3
× 3mm was then peeled off with microforceps. The dura over the exposed
cortex was partially removed to avoid bleeding and the formation of neo-
vascular membranes, allowing the observation area to be more clearly
visualized.

To perform the intracranial virus injection, the mice were placed in a
stereotaxic instrument, and the injection was performed via a micropipette
connected to a Nanoliter Injector (Nanoject III) at a slow flow rate of 30 nl/
min to avoid potential damage to local brain tissue. Then, 300 nl of virus
(virus titer of 1012 genomes/ml) was injected into the V1b area of the right
hemisphere at a depth of 200–300 μm. The V1b was defined using stereo-
taxic coordinates 3.2–3.5 mm lateral from lambda and 2.5–3.0 mm behind
the bregma. After the injection, a small 3 × 3mm round glass glued to a
5 × 5mmround cover-glass using biological glue (Kwik-Sil Adhesive,WPI)
wasplacedon the exposedcortexand the edges of the glasswere sealed to the
skull with glue. The mouse was then placed in a heated recovery chamber
before being returned to the home cage. A subcutaneous injection com-
prising Tolfedine (4mg/kg), Butomidor (2mg/kg), and Baytril (5mg/kg)
was administered every 3 days to prevent inflammation, pain, and infection.
Cre-dependent rAAV-Ef1α-DIO-Gcamp6f (BrainVTA,China)was used to
drive Gcamp6f expression in the PV+ interneurons of PVCre mice. Cre-
dependent AAV9-hSyn-DIO-hM3D(Gq)-mCherry and AAV9-hSyn-
DIO-hM4D(Gi)-mCherry (BrainVTA, China) were used to drive hM3Dq
and hM4Di expression, respectively, in PV+ interneurons of Thy1-
GCaMP6s; PVCre mice, with AAV9-hSyn-DIO-mCherry also used as a
control vector. The specificity and efficiency of the DREADD system were
tested and are shown in Supplementary Fig. 4.

Measurement of optomotor response (OMR) and visual stimu-
lation training
The OMR is a reflex used to assess visual functions88,89. Stimulus-correlated
headmovements arequantified todeterminevisual acuity thresholds. In this
study, the OMRs of awake, behaving mice to visual stimuli in the form of a
moving grating were measured using the PhenoSys qOMR (quantitative
OMR), a unique system that automatically measures OMRs with a virtual
stimulation sphere that continuously aligns with the animal’s head position
based on real-time head tracking45,90. Briefly, mice were positioned on a
platform and presented with sinusoidal gratings at different spatial fre-
quencies of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 cycles/degreewith a stimulus speed
of 12 degrees/second on 4 LCD screens that surrounded the test animal.
Sinusoidal gratings were presented for 2min per spatial frequency, and
there was a gray-out pause for 10 s between sinusoidal gratings of different
spatial frequencies to help the animal relax and increase attention to the next
stimulus. Stimuli presentation was controlled using OmrStudio software to
produce a virtual cylinder that maintained a constant distance between the
grating and the horizontal visual field of the tested animal located at the
centerof the apparatus (seeFig. 1b). Tomeasure the elicitedOMRs, the head
movements of theunrestrained testedmicewere video recordedbya camera
placed above and analyzed by an algorithm that tracks the position of each
mouse’s head. These data were used to automatically readjust the pre-
sentation of the stimuli to changing head positions to keep the size of the
grating constant. OMR measurements were obtained objectively using an
automated approach during offline analysis and did not involve subjective
grading or input from a human observer. OMR tracking behavior was
quantified as the ratio of the total amount of time that the animal’s head
moved in the stimulus direction to the amount of time that the headmoved
against the stimulus direction (Tcorrect/Tincorrect). Each animalwasmeasured
under each spatial frequency 3 to 5 times. The absolute values of the Tcorrect/
Tincorrect of different trials and different spatial frequencies for each mouse

were collected, resulting in a curve that peaked somewhere in the rangeof 0.2
cycles/degree. Separate analysis of the twodifferent rotating directions of the
stimuluswas set to differentiate between the left and right eye reactions,with
the result for the clockwise motion of the stimulus attributed to the left eye
and the result for the counterclockwise motion attributed to the right eye.
The visual acuity threshold was defined as the spatial frequency corre-
sponding to 50% of the maximum optomotor response.

Visual stimulation training was also carried out in the OMR arena
binocularly.After 30daysofMDandreopeningof the left eye, eachamblyopic
mouse was placed into the OMR arena for one hour of binocular visual
stimulation training during daylight for seven consecutive days. The mouse
was positioned on the central platform and the surrounding four display
screens showed sinusoidal black andwhite gratingswith a spatial frequencyof
0.05 cycles/degree and a drift speed of 1Hz,moving in 12 different directions,
which matched the spatiotemporal frequency response of the mouse. Before
the visual stimulation training officially began, each mouse was given 10min
to adapt. The one-hour trainingwas evenly divided into four blocks. Between
blocks, each mouse could take a short break to avoid fatigue.

Two-photon calcium imaging and analysis
Procedures for two-photon calcium imaging were based on the previous
literature66,91. Calcium imaging was obtained using a two-photon micro-
scopy (FVMPE-RS multiphoton laser scanning microscope; Olympus,
Tokyo, Japan) with the laser tuned to 920 nm and the power maintained in
the range of 25–35MW (25 × objective and numerical aperture of 1.05,
immersed in artificial cerebrospinal fluid). A custom-built light protective
cone was fitted around the objective to prevent extraneous illumination.
Imageswere acquired over afield of viewof 509×509 μmlocated in theV1b
area at 15 fps (resonant scan).Wepositioned thefield of view 1mmanterior
to the rear of the cranial window aligned horizontally to the midline of the
cranialwindow.All imagingwasperformedat a depth of 200–300 μmbelow
the pia asmeasured from the center of the field of view in awake, head-fixed
mice held stationary in an aluminum plate. Visual stimuli generated by the
MATLAB (MathWorks) toolbox, Psychtoolbox92 were presented on an
LCD monitor on the left or right side 25 cm from the mouse’s eye. Visual
stimuli consisting of drifting, sinusoidal gratings with a spatial frequency of
0.05 cycles/degree and moving 1 cycle/second were presented in 12 direc-
tions ofmotion in 30° steps to elicit calcium responses. The stimulus in each
direction was repeated 5 times in a pseudorandom order. Visual stimuli
were presented for 4 s each, with a gray screen of 4 s presented between
visual stimuli. Mice were anesthetized with 1% isoflurane, placed below the
objective, and allowed to habituate for 30min before imaging. During
imaging,mice were presentedwith visual stimuli shown to one eye at a time
by placing an opaque eye block in front of the opposing eye to temporarily
occlude vision. The eye stimulated first (left or right) was randomized
between animals and recordings. After each imaging session, mice were
placed in a heated chamber until they fully recovered and then returned to
their home cage.

The two-photon calcium imaging analysis pipeline, Suite2P (https://
github.com/MouseLand/suite2p) was used to register and detect cells in the
recorded data (suite2p, version 0.8.0, RRID: SCR_016434)93. All images
collected from a single area at the same resolution and wavelength were
registered via phase correlation to correct the effects of brain movement.
Then, a set of spatial regions of interest (ROIs) were detected with positive
weights for eachpixel anddistinguishedas cell andnoncellROIs. Finally, the
single fluorescence signal for each ROI, corrected by removing the neuropil
contamination signal was extracted to represent the calcium fluorescence
time course of the ROI (Supplementary Fig. 5). For calcium fluorescence
analysis, we used custom-written MATLAB scripts (MathWorks). The
visually evoked response of each cell was computed as changes in fluores-
cence relative to the baseline, namely, ΔF/F0 = (F–F0)/F0, where F0 was the
average fluorescence when there was no stimulus presented (defined as the
last 25% of time before the stimulus presentation; 1 s in total), and Fwas the
average fluorescence when the stimulus was presented (defined as the last
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75% of time when the stimulus was presented and 25% of time after the end
of the stimulus; 4 s in total). A visually responsive neuron was identified as
one inwhich the Fof a neuronwasmore than2 times the standard deviation
of F0 in at least one orientation. The ΔF/F0 of each visually responsive
neuron was used to calculate the ODI and OSI. The ODI of each visually
responsive neuron was calculated as

ODI ¼ C � I
C þ I

where C and I represent the maximum response magnitudes of the con-
tralateral and ipsilateral eyes, respectively.

We calculated the OSI by vector averaging as OSI = 1 – circular var-
iance (CV)94, with

CV ¼
P

k RðθkÞexpð2iθkÞP
k RðθkÞ

�
�
�
�

�
�
�
�

where θk is the orientation of a visual stimulus and R θk
� �

is the response to
that stimulus.

Tissue preparation, immunofluorescence staining, microscopy
and analysis
C57BL/6 mice were anesthetized with intraperitoneal injections of pento-
barbital sodium and perfused transcardially with normal saline followed by
4% paraformaldehyde (PFA). The brains were carefully dissected, fixed in
4% PFA overnight, dehydrated, embedded in TissueTek OCT compound,
frozen in isopentane, and cut into coronal sections at 14 μm for immuno-
fluorescence staining. The brain samples were prepared for different groups
of mice (n = 5 mice for each group).

The frozen sections were air-dried for at least 30min, rehydrated with
0.1M phosphate-buffered saline (PBS) for 10min, incubated in a PBS
solution containing 0.03% Triton X-100 for half an hour, and then blocked
with 10% normal goat serum for 1 h at RT. To label PV+ interneurons and
PNNs, the primary marker, a monoclonal mouse antibody against parval-
bumin (1:2000; Sigma P3088) was applied along with Wisteria floribunda
agglutinin (WFA; 1: 100; Sigma‒Aldrich) in PBS, and then incubated
overnight at 4 °C. Sections were rinsed with PBS three times (5minutes
each) and then incubated with secondary antibodies, Alexa Fluor 555 goat
anti-mouse IgG (XYM-Bioss-0296G555 1:500; Bioss Antibodies, China)
and Alexa-647 streptavidin conjugate (1:500; Asbio, China) diluted in PBS
for 1 h at RT in the dark. After another three washes with PBS, the coverslip
slides were treated with an antifade reagent with DAPI (F6057, Sigma‒
Aldrich, USA).

Sections were viewed using a confocal microscope (LSM 780 or LSM
980, Zeiss, Germany). A 10× objective lens (FLUAR, NA = 0.5, WD= 2
mm) was used for imaging. Typically, three sections of the contralateral
(right side) V1 region were captured per animal. All images were analyzed
using Fiji/ImageJ software. We estimated the density of PV+ interneurons
and PNNs, and the ratio of PV+ interneurons surrounded by PNNs (PV+/
PNNs). A 500 × 500mm ROI was analyzed per image, positioned in layers
II-VofV1. PV+ interneurons andPNNswere counted separately per image.
Then, both images were superimposed, and cells showing colocalization
were counted manually. The percentages of PV+ interneurons surrounded
by PNNs (% colocalization) were calculated as follows:

%colocalization ¼ cells with colocalization of PVþ and PNNs
total PVþ count

� �

× 100%

The densities of cells immunoreactive for PV+ interneurons and PV+

interneurons surrounded by PNNs, as well as the percentages of colocali-
zation were determined for each group, and the means ± SEMs were cal-
culated. The mean intensity of the fluorescence of WFA staining for PNNs
and the percentage of area coveredby PNNswere calculated as follows: after
transforming the image to 8-bit depth, the background was subtracted

(rolling value = 30) to obtain the mean intensity. The percentage of area
covered by PNNs was then calculated by applying a predetermined
threshold (value = 5) and measuring the binarized area with respect to the
total area of the image.

Statistics and reproducibility
Data are reported as the means ± standard deviations (SDs) unless other-
wise noted. Statistical analyses were performed with Prism 8.0 (GraphPad,
San Diego, CA, USA) and IBM SPSS version 25 (IBM, Armonk, NY, USA).
Eachneuron recordedwas considered an independent sample for analysis of
ODI,ΔF/F0 andOSI.Mean values were calculated on a per-animal basis for
analysis of immunofluorescence staining. The normality of distributionwas
tested. Two-tailed independent sample tests were used to assess the differ-
ences between two groups. All the data were considered statistically sig-
nificant at p < 0.05. Specific statistical tests for each data set and p-values can
be found within the corresponding figure legends.

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

Data availability
The source data used to generate the main figures are provided in
the Supplementary Data. All other relevant raw data are available from the
corresponding author upon reasonable request.
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