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Monocular deprivation induces 
dendritic spine elimination in the 
developing mouse visual cortex
Yanmei Zhou1,2, Baoling Lai1 & Wen-Biao Gan1,2

It is well established that visual deprivation has a profound impact on the responsiveness of neurons 
in the developing visual cortex. The effect of visual deprivation on synaptic connectivity remains 
unclear. Using transcranial two-photon microscopy, we examined the effect of visual deprivation and 
subsequent recovery on dendritic spine remodeling of layer 5 pyramidal neurons in the mouse primary 
visual cortex. We found that monocular deprivation (MD), but not binocular deprivation (BD), increased 
dendritic spine elimination over 3 days in the binocular region of 4-week-old adolescent mice. This 
MD-induced dendritic spine elimination persisted during subsequent 2–4 days of binocular recovery. 
Furthermore, we found that average dendritic spine sizes were decreased and increased following 3-day 
MD and BD, respectively. These spine size changes induced by MD or BD tended to be reversed during 
subsequent binocular recovery. Taken together, these findings reveal differential effects of MD and BD 
on synaptic connectivity of layer 5 pyramidal neurons and underscore the persistent impact of MD on 
synapse loss in the developing visual cortex.

Sensory experiences play an important role in the development and plasticity of the mammalian cortex1–6. Ocular 
dominance plasticity (ODP) in the visual cortex has been one of the best models for studying sensory-experience 
dependent plasticity7. During the critical period of visual cortex development, closing one eye (monocular depri-
vation: MD) for a few days causes rapid weakening of the responses to the deprived eye and subsequent strength-
ening of the responses to the non-deprived eye8–10. Binocular visual deprivation (BD) over days, however, has no 
substantial impact on neuronal responses11, 12. These studies suggest that competitive interactions between the 
inputs from the two eyes have a robust effect on functional responsiveness of neurons in the developing visual 
cortex13.

In addition to functional alterations, visual deprivation also induces structural changes of thalamocortical 
axon arbors14–16, intracortical horizontal connections17, 18 and postsynaptic dendritic spines19–22. It has been 
reported that BD for two weeks starting before the time of eye-opening has no effect on the density of protrusions 
of layer 5 pyramidal neurons, but increases spine motility at postnatal day 2823. During the critical period of the 
mouse visual cortex development (~postnatal day 25), MD for four days reduces the density of dendritic protru-
sions of layer 2/3 pyramidal neurons24. Furthermore, MD over days increases the formation of dendritic spines on 
apical tuft dendrites of layer 5 but not layer 2/3 pyramidal neurons in adult mouse visual cortex25. In addition, in 
the binocular region of the visual cortex of 3-week old rat, postsynaptic strength onto layer 2/3 pyramidal neurons 
decreases after 2 days of MD and increases after 6 days, but not 2 days, of BD26. Together, these studies indicate 
that MD or BD over days has significant effects on synaptic connectivity in the developing rodent visual cortex.

While studies so far have shown the effects of visual deprivation on the density of dendritic protrusions and 
synaptic strengths in the developing visual cortex, the precise roles of MD and BD in dendritic spine remodeling 
remain unclear. Specifically, it remains unknown whether and how MD and BD affect the processes of dendritic 
spine formation or elimination or both during the critical period of visual cortex development. Furthermore, 
although MD and BD have differential effects on neuronal responsiveness to visual stimuli during development, 
it is unclear whether the impacts of MD and BD on dendritic spine dynamics are similar or different. Moreover, 
when the initially closed eye is allowed to regain vision after MD, normal binocular response is restored in the 
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developing visual cortex27, 28. Whether visual deprivation-induced synaptic changes could be reversed after sub-
sequent binocular recovery remains unknown.

To better understand the impact of visual deprivation on synapse development and plasticity, we used tran-
scranial two-photon microscopy to study the effects of MD and BD on postsynaptic dendritic spines of layer 
5 pyramidal neurons in the visual cortex in transgenic mice expressing yellow fluorescent protein (YFP). Our 
studies reveal differential effects of MD and BD on synaptic connections and highlight long-lasting impact of 
MD on synapse elimination of layer 5 pyramidal neurons during the critical period of visual cortex development.

Results
Identify binocular and monocular regions of the mouse visual cortex. To study how visual depri-
vation affects synaptic structural plasticity, we first used two-photon Ca2+ imaging to confirm the monocular and 
binocular regions of the mouse primary visual cortex based on the stereotaxic coordinates of the mouse brain29, 30. 
In this experiment, awake head-retrained mice were exposed to visual stimuli with the contralateral eye covered 
under a two-photon microscope (Fig. 1A). We then imaged the activities of somata of layer 2/3 pyramidal neu-
rons expressing the genetically encoded calcium indicator GCaMP6s. Previous studies have shown that neurons 
in the monocular region receive inputs only from the contralateral eye, whereas neurons in binocular region 
receive inputs from both eyes11, 29. Consistent with these studies, when visual stimuli were presented to the ipsilat-
eral eye, we found that neurons in the monocular region did not exhibit significant increases in somatic activities 
when compared to the non-stimulated condition (P = 0.11, Fig. 1A and B). On the other hand, somatic activities 
of neurons in the binocular region were significantly increased upon visual stimulation to the ipsilateral eye 
(P < 0.001, Fig. 1A and B). These results confirm that the areas we imaged based on the stereotaxic coordinates of 
the mouse brain corresponded to the monocular and binocular regions of the primary visual cortex.

MD increases dendritic spine elimination in the binocular region during the critical period. To 
investigate how visual deprivation affects synaptic remodeling in the developing visual cortex, we used transcra-
nial two-photon microscopy to image postsynaptic dendritic spines on the apical dendrites of layer 5 pyrami-
dal neurons over time in the binocular region of 4-week-old transgenic mice expressing YFP (Fig. 1C and D). 
Monocular deprivation via eyelid closure of the contralateral eye at the peak of the critical period (postnatal day 
28) for three days significantly increased dendritic spine elimination in the binocular region, as compared to that 
in non-deprived control mice (19.1 ± 0.4% versus control 11.0 ± 0.8%, P < 0.001). In contrast, spine formation 
rate was not significantly altered by MD during the same period (8.7 ± 0.5% versus control 8.2 ± 1.2%, P = 0.45) 
(Fig. 1E). Furthermore, when the ipsilateral eye was deprived for three days, a significant increase in spine elim-
ination, but not formation, was also observed when compared to that in non-deprived controls (elimination: 
14.2 ± 0.9%, P < 0.05; formation: 8.6 ± 1.0%, P = 0.75) (Fig. 1E). Spine elimination induced by ipsilateral-eye MD 
was significantly lower than that caused by contralateral-eye MD (P < 0.001) (Fig. 1E). Together, these results 
reveal the impact of MD on the pruning of synaptic connections of layer 5 pyramidal neurons in the binocular 
region during the critical period of development.

In the developing cortex, dendrites contain dendritic spines as well as filopodia, which are long and thin pro-
trusions without a bulbous head31–33 (Fig. 1D). Consistent with previous study31, we found that ~10–13% of den-
dritic protrusions were filopodia in the visual cortex of 4-week-old mice (control 12.0% ± 1.2% versus MD3 mice 
10.7% ± 1.2% and IPMD3 mice 13.4% ± 0.8%, P = 0.16) (Fig. 1F). MD for three days had no significant effect on 
filopodia elimination (control 87.9% ± 2.1% versus MD3 89.6% ± 2.5% and IPMD3 91.4% ± 2.4%, P = 0.74) or 
formation (control 64.4% ± 9.0% versus MD3 57.2% ± 6.8% and IPMD3 68.1% ± 9.4%, P = 0.50) (Fig. 1G). These 
results indicate that unlike dendritic spines, monocular deprivation over 3 days has no significant effect on the 
dynamics of dendritic filopodia.

MD-induced spine elimination depends on the competitive interactions between the deprived 
and non-deprived eye. To better understand the effect of MD, dendritic spine turnover was examined 
after MD for 3 days in the monocular region of the primary visual cortex (V1M) in 4-week-old mice (Fig. 2A). 
We found that 3-day monocular deprivation of the contralateral eye did not cause significant changes in spine 
elimination or formation in the monocular region (elimination: 10.4 ± 0.8% versus control 9.3 ± 0.6%, P = 0.25; 
formation: 8.6 ± 1.0% versus control 9.7 ± 1.0%, P = 0.39) (Fig. 2B). Thus, the effect of MD on spine elimination 
is limited to the binocular zone of the primary visual cortex, suggesting that MD-induced spine elimination is not 
simply due to the lack of visual inputs from the deprived eye, but instead depends on the competitive interactions 
between the inputs from the deprived and non-deprived eye.

To further investigate the effect of the competitive interactions between the two eyes’ inputs, we examined 
the effect of BD on dendritic spine dynamics in the binocular region of 4-week old mice (Fig. 2C). Unlike MD 
for 3 days, BD for 3 days had no significant effect on the degree of spine elimination or formation as compared 
to non-deprived controls (elimination: 10.4 ± 0.7% versus control 11.0 ± 0.8%, P = 0.47; formation: 6.9 ± 0.4% 
versus control 8.2 ± 1.2%, P = 0.63) (Fig. 2D). This lack of BD effect on spine elimination further suggests that 
the competition between the deprived and non-deprived eye inputs is critical for synaptic structural plasticity.

MD-induced spine elimination persists during subsequent binocular recovery. In the devel-
oping visual cortex, restoring binocular vision after monocular deprivation leads to the recovery of neuronal 
responses22, 34. To examine whether MD-induced spine elimination might be reversed upon binocular recovery, 
we reopened the deprived eye and imaged the same apical dendrites of layer 5 pyramidal neurons over a 2-day 
period of binocular recovery (Fig. 3A). We found that after the contralateral deprived eye was reopened for two 
days (OP2), the rate of spine elimination was comparable to that in mice with continued MD (MD2) (13.0 ± 0.7% 
versus MD2 mice 10.7 ± 1.0%, P = 0.08), and was significantly higher than that in age-matched non-deprived 
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Figure 1. MD increases dendritic spine elimination in the binocular region during the critical period. (A) Two-
photon calcium imaging of layer 2/3 pyramidal neurons in the monocular (V1m) and binocular (V1b) regions 
of the visual cortex in mice with the contralateral eye covered. Scale bar: 10 μm. Black traces represent activities 
without visual stimulation. Red traces represent activities when visual stimulus was presented to the ipsilateral 
eye. Calcium fluorescence traces of four neurons over 50 s are shown. (B) Somatic calcium activities in V1m 
were comparable between no stimulation and stimulation conditions (n = 4 mice, 205 cells). Somatic calcium 
activities in V1b were significantly increased when visual stimulus was presented to the ipsilateral eye (n = 3 
mice, 179 cells). (C) Schematic of experimental paradigm. MD represents deprivation of the contralateral eye 
relative to the imaged hemisphere. IPMD represents deprivation of the ipsilateral eye. (D) Images of dendritic 
spines on apical tuft dendrites of layer 5 pyramidal neurons in control and MD mice over 3 days during the 
critical period. Red arrowheads indicate eliminated dendritic spines and white arrowhead indicates newly 
formed spines. White arrows indicate dendritic filopodia. Scale bar: 2 μm. (E) Percentage of dendritic spines 
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control mice (9.0 ± 0.9%, P < 0.01) or mice regaining binocular vision from BD (BV2) (7.6 ± 0.5%, P < 0.01) 
(Fig. 3B). There was no significant difference in the rate of spine formation among the four groups (OP2 mice 
9.7 ± 1.1% versus controls 8.7 ± 1.1%, P = 0.56; MD2 mice 11.7 ± 1.7%, P = 0.39; BV2 mice 8.6 ± 1.0%, P = 0.55) 
(Fig. 3B). Over five days, a net spine loss in mice with binocular recovery from MD was comparable to that in 
continuously deprived mice (12.3 ± 1.2% versus MD2 mice 11.3 ± 1.2%, P = 0.49), but was significantly higher 
than that in non-deprived control mice (3.1 ± 1.5%, P < 0.01) and mice regaining binocular vision from BD 
(2.8 ± 1.0%, P < 0.01) (Fig. 3C). These results suggest that the spine loss caused by 3-day MD does not return to 
the pre-MD level during subsequent two-day visual recovery.

To determine whether MD-induced spine elimination could be reversed after longer period of binocular 
recovery, we reopened the deprived eye for 4 days (Fig. 3D). We found that during the 4-day binocular recov-
ery period, the degree of spine elimination was still significantly higher than that in age-matched non-deprived 
mice (13.8 ± 0.8% versus control 9.6 ± 0.6%, P < 0.05) (Fig. 3E). In contrast, the degree of spine formation was 
comparable to that in control mice (11.2 ± 1.5% versus control 9.9 ± 1.1%, P = 0.46) (Fig. 3E). Over seven days, 
a net spine loss in mice with binocular recovery from MD was also significantly higher than that in control mice 
(13.0 ± 1.1% versus control 3.7 ± 0.9%, P < 0.01) (Fig. 3F). Together, these results indicate that during the critical 
period of visual cortex development, the effect of MD on spine elimination of dendritic spines of layer 5 pyram-
idal neurons is persistent.

MD or BD-induced spine size changes tend to be reversed after binocular recovery. In addition 
to investigating the effect of visual deprivation on synaptic remodeling, we also examined the size of individual 
spines over the periods of MD or BD and subsequent binocular recovery (Fig. 4A). No significant changes in 
spine size were observed in the binocular region of non-deprived control mice over 3 days or 5 days (P = 0.67 over 
the first three-day period, P = 0.55 over 5 days) (Fig. 4B and C). Notably, we found that average dendritic spine 
size underwent a significant decrease after 3d of MD (P < 0.05) and returned to the pre-deprivation level after a 
two-day period of binocular recovery (P < 0.01) (Fig. 4D and E). In contrast, mice with continued MD did not 
show significant changes in average spine size over the next two days (P = 0.64) and exhibited a significant drop 
in spine size over a total deprivation period of 5 days (P < 0.05) (Fig. 4F and G). In addition, we found that 3d of 
BD resulted in a significant increase in spine size in the binocular region (P < 0.01) (Fig. 4H and I). Following 
two days of binocular vision, the average spine size tended to be reduced and was comparable to that before BD 
(P = 0.07) (Fig. 4H and I). Because the dendritic spine size is strongly correlated with synapse strength25, 35, these 
findings suggest that 3-day MD reduces synaptic strength, while 3-day BD increases synaptic strength of layer 
5 pyramidal neurons in the developing visual cortex. Unlike persistent spine elimination induced by MD, the 
changes in synaptic strength occurring during MD or BD tend to be reversed following a brief period of binocular 
recovery.

Discussion
In this study, we show that during the critical period of the mouse visual cortex development, 3d of MD increases 
dendritic spine elimination and decreases spine size of layer 5 pyramidal neurons in the binocular region. In con-
trast, 3d of BD has no significant effect on spine elimination or formation, but significantly increases spine size. 
Restoring binocular vision tends to reverse spine size changes induced by MD or BD, whereas MD-induced spine 
elimination persists. These findings reveal differential effects of MD and BD on synaptic connectivity of layer 5 
pyramidal neurons and underscore long-lasting impact of MD on synaptic connections during the visual cortex 
development.

Despite the potent effect of MD on neuronal responsiveness during the critical period of visual cortex devel-
opment, the effect of MD on synaptic connections of pyramidal neurons remains poorly understood. Previous 
study has shown that MD from postnatal day 25–26 reduces the density of dendritic protrusions (spines and 
filopodia) of layer 2/3 pyramidal neurons in the mouse visual cortex24. But it is unclear whether such a reduction 
in dendritic protrusion density is due to increased dendritic protrusion elimination or reduced formation or both. 
Our studies show that MD over 3 days significantly increases dendritic spine elimination without affecting spine 
formation of layer 5 pyramidal neurons in the binocular region of 4-week-old mice, resulting in a net synapse 
loss of pyramidal neurons during the critical period of development. Furthermore, MD for three days has no 
significant effect on the turnover of dendritic filopodia, indicating that filopodia and spines of layer 5 pyramidal 
neurons have different susceptibilities to manipulations of visual experience during development. In addition to 
spine elimination, we also find that MD causes a significant reduction of dendritic spine size of layer 5 pyramidal 
neurons in the binocular region. Because 2–3 days of MD primarily causes a large reduction of the response to 
the deprived eye, resulting in a shift in ocular dominance of layer 5 pyramidal neurons11, our studies suggest that 

eliminated and formed over 3 days in the binocular region. 3d of MD significantly increased spine elimination 
as compared to the non-deprived control and ipsilateral eye deprived mice, respectively (n = 1096 spines, 42 
dendrites from 6 control mice, n = 4019 spines, 145 dendrites from 21 MD3 mice, n = 966 spines, 43 dendrites 
from 6 IPMD3 mice). In mice with the ipsilateral eye deprived for three days, significant spine elimination was 
observed as compared to the controls. No significant difference in spine formation among the three groups. (F) 
Percentage of filopodia over total dendritic protrusions (spines and filopodia) in the binocular region (n = 150 
filopodia, 42 dendrites from 6 control mice; n = 384 filopodia, 106 dendrites from 16 MD3 mice; n = 149 
filopodia, 42 dendrites from 6 IPMD3 mice). (G) Percentage of filopodia eliminated and formed over 3 days in 
the binocular region. Data are presented as mean ± SEM. *P < 0.05, ***P < 0.001, n.s. = not significant.
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MD-induced spine elimination and size reduction may be functionally related to the deprived eye and likely con-
tribute to the reduction of deprived eye responses.

In contrast to the effect of MD, our studies show that BD for three days has no significant effect on spine elimi-
nation or formation, but causes a significant increase in spine size of layer 5 pyramidal neurons during the critical 
period of visual cortex development. These findings are consistent with previous studies on the differential effects 
of MD and BD over days on neuronal responses11, 12. Because the dendritic spine size strongly correlates with syn-
apse strength36, 37, our finding indicates that BD over 3 days leads to potentiation of synaptic connections of layer 
5 pyramidal neurons. Previous study has shown that BD between 3–6 days results in a modest increase in synaptic 
strength of layer 2/3 pyramidal neurons in the binocular region of developing rat visual cortex26. Furthermore, 
BD over 5 days leads to increased cell responsiveness of layer 2/3 pyramidal neurons to both eyes in the binocular 
region of developing mouse visual cortex30. Thus, BD over 3 days or longer appears to cause a general increase in 
synaptic strength of pyramidal neurons in the developing visual cortex.

Our results show that MD increases dendritic spine elimination of layer 5 pyramidal neurons in the binocular 
region of the visual cortex during the critical period of development. Recent study has shown that MD over 4 
days has no effect on spine gain or loss but increases the loss of inhibitory spine synapses of layer 2/3 pyramidal 
neurons in the binocular region of the adult visual cortex21. These findings raise the possibility that MD or BD 
may have differential impacts on the dynamics of inhibitory and excitatory synapses on layer 5 pyramidal neurons 
during development and/or adulthood. Further studies are needed to address this issue to better understand the 
role of sensory deprivation in modulating neuronal connectivity and function in the visual cortex.

In the developing visual cortex, restoring binocular vision by reopening the initially closed eye induces func-
tional recovery from an ocular dominance shift27, 38. We find that following binocular recovery, the reduction 

Figure 2. MD-induced spine elimination depends on the competitive interactions between the deprived 
and non-deprived eye. (A) Schematic of experimental design to examine the effect of MD in the monocular 
region of the primary visual cortex. (B) No significant difference in spine elimination or formation over 3 days 
between MD mice and non-deprived control mice (n = 713 spines, 30 dendrites from 4 MD mice, n = 653 
spines, 30 dendrites from 4 control mice). (C) Schematic of experimental design to examine the effect of BD 
in the binocular region of the primary visual cortex. BD represents binocular deprivation. (D) No significant 
difference in spine elimination or formation over 3 days between BD and non-deprived control mice (n = 1023 
spines, 47 dendrites from 6 BD mice, n = 1096 spines, 42 dendrites from 6 control mice). Data are presented as 
mean ± SEM. n.s. = not significant.
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of spine size caused by MD is reversed and returns to the pre-MD level. Furthermore, after regaining binocular 
vision from BD, the increased spine size induced by BD tends to return to the pre-deprivation level. This reversal 
of synapse strength may contribute to the functional recovery of deprived eye after MD and BD. Notably, our 
observations show that the reduction in dendritic spine number of layer 5 pyramidal neurons induced by 3d of 
MD does not return to the pre-MD level during subsequent 2–4 days of binocular recovery. This finding suggests 
that MD for several days could cause long-lasting changes in synaptic connections on apical dendrites of layer 5 
pyramidal neurons in the developing visual cortex. The functional impact of this persistent spine elimination after 
MD remains unclear. Previous study has shown that MD during either the critical period or adulthood facilitates 
ocular dominance plasticity induced by MD later in adult life27. The persistent spine elimination induced by 
MD in our study may contribute to this prior experience-dependent enhancement of cortical plasticity induced 
by adult MD. Future studies to determine whether spines eliminated after MD are functionally related to the 
deprived eye would help to determine the long-term impact of MD-induced spine elimination on cortical circuit 
function.

Many lines of evidence suggest that the effect of MD is due to competitive interactions between inputs from 
the deprived eye and non-deprived eye, rather than overall lack of visual drive10, 24, 39. The reduced response of 
the deprived eye is thought to be caused by Hebbian-dependent weakening of the deprived eye during the first 
few days of MD6, 7, 13, 40–43. Consistent with this view, our findings show that 3d of MD, but not BD, increases spine 
elimination and reduces spine size in the binocular region, where inputs from the two eyes interact. Furthermore, 
in the monocular region that receives inputs exclusively from the deprived eye, 3d of MD has no significant 
effect on spine elimination or formation in 4-week-old mice. In contrast to the effect of MD, 3d of BD has no 
effect on spine elimination but leads to a significant increase in spine strength of layer 5 pyramidal neurons. 

Figure 3. MD-induced spine elimination persists during subsequent binocular recovery. (A) Schematic of 
experimental paradigm. OP2 represents the condition in which the contralateral deprived eye was reopened 
for two days. MD2 represents continuous deprivation of the contralateral eye for two days and BV2 represents 
regaining binocular vision from BD for two days. (B) Percentage of dendritic spines eliminated and formed 
between days 3 and 5. The rate of spine elimination in OP2 mice (n = 1539 spines, 58 dendrites from 9 mice) 
was comparable to that in MD2 mice (n = 1349 spines, 58 dendrites from 8 mice), but significantly higher than 
that in non-deprived control mice (n = 1067 spines, 42 dendrites from 6 mice) and BV2 mice (n = 839 spines, 
38 dendrites from 5 mice). No significant difference in the rate of spine formation was observed among the 
four groups. (C) Changes in spine number over five days under various conditions. The degree of net spine 
loss in OP2 mice (n = 9) was comparable to that in MD2 mice (n = 7), but significantly higher than that in 
non-deprived mice (n = 6) and BV2 mice (n = 5). (D) Schematic of experimental design. OP4 represents the 
condition in which the contralateral deprived eye was reopened for four days. (E) Percentage of dendritic spines 
eliminated and formed between days 3 and 7. The rate of spine elimination in OP4 mice (n = 871 spines, 34 
dendrites from 5 mice) was significantly higher than that in non-deprived control mice (n = 964 spines, 58 
dendrites from 6 mice). There was no significant difference in spine formation between OP4 and control mice. 
(F) The degree of net spine loss in OP4 mice (n = 5) was significantly higher than that in non-deprived mice 
(n = 6). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, n.s. = not significant.
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Figure 4. MD or BD-induced spine size changes tend to be reversed after binocular recovery. (A) Schematic of 
experimental design to evaluate the effect of visual deprivation and subsequent recovery on the size of dendritic 
spines in the binocular region of the primary visual cortex. (B) Images of dendritic spine size changes from day 
0 to 5 in non-deprived control mice. Scale bar: 2 μm. (C) Average spine size (measured by spine fluorescence 
relative to shaft fluorescence) exhibited no significant difference over 5 days in control mice (n = 116 spines 
from 6 mice). (D) Images of dendritic spine size changes from day 0 to 5 in OP2 mice. Yellow arrowheads 
indicate spines with size decrease after MD and size increase after subsequent binocular recovery. (E) Average 
spine size decreased during 3 days of MD and increased after 2 days of binocular recovery in OP2 mice (n = 145 
spines from 5 mice). (F) Images of dendritic spine size changes from day 0 to 5 in MD2 mice. White arrowheads 
indicate spines with size decrease after MD and subsequent binocular recovery. (G) Average spine size showed 
no increase in mice with continued MD for additional 2 days (n = 125 spines from 5 mice). (H) Images of 
dendritic spine size changes from day 0 to 5 in BV2 mice. Open arrowheads indicate spines with size increase 
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This BD-induced increase in synaptic strength is thought to be due to homeostatic mechanisms that facilitates 
synapse strengthening to compensate for the loss of visual drive26, 30, 44. Further mechanistic studies are needed 
to determine how MD and BD lead to dendritic spine elimination, weakening or strengthening in order to better 
understand the fundamental role of sensory experience in the visual cortex development.

Materials and Methods
Experimental animals. Three-week-old C57BL/6 mice for calcium imaging were purchased from 
Guangdong medical laboratory animal center. Transgenic mice expressing Yellow Fluorescent Protein in layer 5 
pyramidal neurons (YFP-H-line) were purchased from the Jackson Laboratory and housed in the animal facility 
of Peking University Shenzhen Graduate School (PKUSZ). Young (postnatal day 27–28) YFP-H-line mice were 
used in this study. All experiments were approved by and performed in accordance with the guidelines of the 
Animal Care and Use Committee at Peking University Shenzhen Graduate School.

Two-photon calcium imaging. Two-photon calcium imaging of layer 2/3 somata in the primary visual 
cortex was carried out in awake, head-restrained mice. Genetically-encoded calcium indicator GCaMP6s was 
used to identify the binocular and monocular regions of the mouse visual cortex. A total amount of 0.1–0.2 μl of 
AAV-synapsin-GCaMP6s (AAV 2/1; >2 × 1013 (GC/ml) titer; from the University of Pennsylvania Gene Therapy 
Program Vector Core) was diluted two times in ACSF and slowly injected (Picospritzer III; 20 p.s.i., 20 ms, 0.3 Hz) 
over 10–15 min into layer 2/3 (depth of 200–300 μm) of visual cortex (2.6–3.5 mm posterior from bregma and 
2.6–3.5 mm lateral from midline) using a glass microelectrode. 17 days after virus injection, mice were prepared 
for calcium imaging.

Surgical preparations for imaging were performed according to previously published studies45–47. Briefly, mice 
were anesthetized with pentobarbital sodium (80 mg/kg, i.p.). The mouse head was shaved and the skull surface 
was exposed, cleaned, glued and attached with two light metal bar head holder. Except the region near the iden-
tified visual cortex, the rest of skull and holder were sealed with dental acrylic cement. The exposed visual cortex 
skull was protected with 1% agarose when the dental acrylic cement was dry. Calcium imaging was performed 
24 hours after surgery recovery.

To image somata at the depth of ~250 μm below the pial surface, the skull overlying the visual cortex of inter-
est (2 mm × 2 mm) was removed and replaced with a glass window right before two-photon imaging (Olympus 
Fluoview 1000 two-photon system equipped with MaiTai DeepSee Ti:Sapphire laser from Spectra Physics). 
Round-shaped and square-wave black/white drifting gratings (0.08 cycles per degree, 4 cycles per second, cover-
ing 32° × 32° screen area as seen by the mouse) of changing orientations (8 directions) were used as visual stimuli. 
The stimuli were only presented to the ipsilateral eye in front of the central visual field of the mouse with the con-
tralateral eye covered by a shade cloth (75 Hz refresh rate of the monitor, 18 cm away from the mouse’s ipsilateral 
eye). Mice were subjected to non-stimulation and visual stimulation environment two times (1 min/time), while 
calcium imaging was performed simultaneously. For GCaMP6 imaging, the laser was tuned to the wavelength 
of 920 nm with laser power of ~20 mW on the tissue sample. Calcium signals were recorded at 2 Hz using a 25× 
objective (N.A. 1.05, 2X digital zoom).

Surgery for two-photon imaging of dendritic spines and visual deprivation. The surgical proce-
dures for two-photon imaging of dendritic spines were performed according to previous published studies45–47. 
Before imaging, mice were deeply anesthetized with an intraperitoneal injection of pentobarbital sodium (80 mg/
kg). The mouse head was shaved and the skull surface was exposed with a midline scalp incision. The periosteum 
tissue over the skull surface was removed without damaging the temporal and occipital muscles. The imaged 
binocular region (3.0 mm posterior to bregma, 3.0 mm lateral from midline) and monocular region (3.1 mm 
posterior to bregma, 2.6 mm lateral from midline) were identified based on stereotactic coordinates and marked 
with a fine marker. A thin layer of cyanoacrylate-based glue was first applied around the center of a head holder. 
The head holder was then immediately mounted to the top of the marked skull with the marked region exposed. 
After surgery, a high-speed micro-drill and microsurgical blade were used to thin a circular area over the marked 
region to a thickness of approximately 20 micrometers. The thinning procedure generally took less than 2 min-
utes. The skull was immersed in artificial cerebrospinal fluid (ACSF) and the head-restrained animal was then 
placed on the stage of a two-photon laser scanning microscopy.

For MD or BD, the right eyelid (contralateral to the imaged hemisphere) or both eyelids was sutured shut 
immediately after the first imaging session. Suture was checked each day and if not intact, animals were discarded. 
The eye was reopened three days later, immediately following the second imaging session. Mice were kept warm 
with a heating pad until recovered from anesthesia and then released to its original cage.

Two-photon spine imaging. Apical tuft dendrites of layer 5 pyramidal neurons were reimaged over a 
period of 3–5 days. Image stacks of dendritic segments located in the superficial cortical layer were obtained using 
an Olympus two-photon microscope (FV1000MPE) with the laser tuned to 920 nm and with a 25X objective 
(N.A. 1.05) immersed in ACSF. A 3X digital zoom was used to yield high-magnification images (169 μm × 169 μm; 
1024 pixel × 1024 pixel, 0.75 μm Z-step size) suitable for quantification of dendritic spines. For multiple imaging, 
the above procedure was repeated and the localization of the same region was facilitated by low-magnification 

after BD over 3 days and decrease after subsequent binocular recovery. (I) Average spine size increased after 3 
days of BD and showed a tendency to decrease after 2 days of binocular recovery in BV2 mice. Average spine 
size was not significantly different between day 0 and day 5 in BV2 mice. (n = 107 spines from 4 mice). Data are 
presented as mean ± SEM. *P < 0.05, **P < 0.01, n.s. = not significant.
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images stacks at 1X digital zoom (508.43 μm × 508.43 μm; 1024 pixel × 1024 pixel, 2 μm Z-step size) and with 
reference to vascular landmarks under the thinned skull area. The animal was head restrained during image 
acquisition, which lasted ~30 minutes. The scalp incision was immediately sutured after imaging session.

Data analysis. Calcium imaging. Neuronal calcium activity, indicated by GCaMP6 fluorescence changes, 
was analyzed post hoc using ImageJ software (NIH). The GCaMP6 fluorescence (F) during no stimulation and 
visual stimulation conditions was measured by averaging pixels within each visually identifiable soma (Regions of 
interests, ROIs). Changes of fluorescence ∆F/F0 was calculated as ∆F/F0 = (F − F0)/F0, in which ∆F was F − F0 (all 
F values were subtracted from a background fluorescence) and F0 was the average of 10% minimum F values over 
1 min period, representing baseline fluorescence. ∆F/F0 above three times the standard deviation (SD) of baseline 
fluorescence was summed to measure somatic calcium activity of layer 2/3 neurons.

Spine structural plasticity. The procedure for quantifying spine dynamics has been described in the earlier  
studies31, 45, 46. Briefly, image stacks were analyzed using NIH Image J software. For each dendritic segment ana-
lyzed, filopodia were identified as long, thin protrusions with ratio of head diameter to neck diameter <1.2:1 and 
ratio of length to neck diameter >3:1. The remaining protrusions were classified as spines. Spines were considered 
the same between views if their positions remained the same distance from relative adjacent landmarks. Spines 
were considered different if they were more than 0.7 μm away from their expected positions based on the first 
view. More than 150 spines were analyzed from each animal. The minimum length of dendritic branches included 
in the analysis was over 30 μm. The degree of spine formation or elimination was calculated as the number of 
spines added or eliminated divided by the number of pre-existing spines.

Spine head size was measured according to previous studies25, 48–50. To correct for varying imaging conditions, 
the ratio of spine head diameter to adjacent dendritic shaft diameter was used to measure spine head diameter in 
tuft dendrites expressing YFP. After background subtraction, the fluorescence intensity of the spine (the intensity 
of all pixels covering the spine in the best focal plane) was divided by the fluorescence intensity of the adjacent 
dendritic shaft. Specifically, fluorescence intensity of a spine was measured as follows, where Area was the number 
of pixels in an oval surrounding the head of the spine and mean optical density (Mean OD) was the mean bright-
ness of pixels in that area:

The ratio of spine head diameter to adjacent dendritic shaft diameter = (Area (of spine) × Mean OD (of 
spine) − Area (of spine) × Mean OD (of background))/(Area (of spine) × Mean OD (of dendrite) − Area (of 
spine) × Mean OD (of background)). The Mean OD of both the background and the dendrite was calculated 
from measurements taken next to each spine, averaged for each dendrite segment.

Spine size change was calculated by comparing spine size measurement between imaging sessions.

Statistics. All imaging data were presented as mean ± s.e.m. Tests for differences between groups were per-
formed using non-parametric tests (two-tailed). Wilcoxon–Mann–Whitney test was used in Fig. 1B and E and 
Fig. 2B and D and Fig. 3B,C,E and F. In Fig. 1F and G, Kruskal-Wallis H test was used. In Fig. 4C,E,G and I, 
Wilcoxon test (2 related samples) was used. Significant levels were set at P ≤ 0.05. All statistical analysis was per-
formed using the SPSS.

References
 1. Hubel, D. H. & Wiesel, T. N. Binocular interaction in striate cortex of Kittens reared with artificial squint. Journal of Neurophysiology 

28, 1041–59 (1965).
 2. Crair, M. C., Gillespie, D. C. & Stryker, M. P. The role of visual experience in the development of columns in cat visual cortex. Science 

279, 566–70 (1998).
 3. Trachtenberg, J. T. et al. Long-term in vivo imaging of experience-dependent synaptic plasticity in adult cortex. Nature 420, 788–794 

(2002).
 4. Wang, B. S., Sarnaik, R. & Cang, J. H. Critical period plasticity matches binocular orientation preference in the visual cortex. Neuron 

65, 246–256 (2010).
 5. Hensch, T. K. Critical period plasticity in local cortical circuits. Nat Rev Neurosci 6, 877–88 (2005).
 6. Kirkwood, A., Rioult, M. C. & Bear, M. F. Experience-dependent modification of synaptic plasticity in visual cortex. Nature 381, 

526–8 (1996).
 7. Espinosa, J. S. & Stryker, M. P. Development and plasticity of the primary visual cortex. Neuron 75, 230–49 (2012).
 8. Wiesel, T. N. & Hubel, D. H. Single-cell rsesponses in striate cortex of Kittens deprived of vision in 1 eye. Journal of Neurophysiology 

26, 1003–17 (1963).
 9. Issa, N. P., Trachtenberg, J. T., Chapman, B., Zahs, K. R. & Stryker, M. R. The critical period for ocular dominance plasticity in the 

ferret’s visual cortex. Journal of Neuroscience 19, 6965–6978 (1999).
 10. Frenkel, M. Y. & Bear, M. F. How monocular deprivation shifts ocular dominance in visual cortex of young mice. Neuron 44, 

917–923 (2004).
 11. Gordon, J. A. & Stryker, M. P. Experience-dependent plasticity of binocular responses in the primary visual cortex of the mouse. J 

Neurosci 16, 3274–86 (1996).
 12. Wiesel, T. N. & Hubel, D. H. Comparison of Effects of Unilateral and Bilateral Eye Closure on Cortical Unit Responses in Kittens. 

Journal of Neurophysiology 28, 1029–40 (1965).
 13. Kaneko, M., Stellwagen, D., Malenka, R. C. & Stryker, M. P. Tumor necrosis factor-alpha mediates one component of competitive, 

experience-dependent plasticity in developing visual cortex. Neuron 58, 673–80 (2008).
 14. Hubel, D. H., Wiesel, T. N. & Levay, S. Plasticity of ocular dominance columns in Monkey striate cortex. Philosophical Transactions 

of the Royal Society of London Series B-Biological Sciences 278, 377–409 (1977).
 15. Antonini, A. & Stryker, M. P. Rapid remodeling of axonal arbors in the visual cortex. Science 260, 1819–1821 (1993).
 16. Shatz, C. J. & Stryker, M. P. Ocular dominance in layer IV of the cat’s visual cortex and the effects of monocular deprivation. J Physiol 

281, 267–83 (1978).
 17. Antonini, A., Fagiolini, M. & Stryker, M. P. Anatomical correlates of functional plasticity in mouse visual cortex. Journal of 

Neuroscience 19, 4388–4406 (1999).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 4977  | DOI:10.1038/s41598-017-05337-6

 18. Trachtenberg, J. T. & Stryker, M. P. Rapid anatomical plasticity of horizontal connections in the developing visual cortex. Journal of 
Neuroscience 21, 3476–3482 (2001).

 19. Wallace, W. & Bear, M. F. A morphological correlate of synaptic scaling in visual cortex. Journal of Neuroscience 24, 6928–6938 
(2004).

 20. Tropea, D., Majewska, A. K., Garcia, R. & Sur, M. Structural dynamics of synapses in vivo correlate with functional changes during 
experience-dependent plasticity in visual cortex. Journal of Neuroscience 30, 11086–11095 (2010).

 21. Chen, J. L. et al. Clustered Dynamics of Inhibitory Synapses and Dendritic Spines in the Adult Neocortex. Neuron 74, 361–373 
(2012).

 22. Yu, H., Majewska, A. K. & Sur, M. Rapid experience-dependent plasticity of synapse function and structure in ferret visual cortex in 
vivo. Proc Natl Acad Sci USA 108, 21235–40 (2011).

 23. Majewska, A. & Sur, M. Motility of dendritic spines in visual cortex in vivo: changes during the critical period and effects of visual 
deprivation. Proceedings of the National Academy of Sciences of the United States of America 100, 16024–16029 (2003).

 24. Mataga, N., Mizuguchi, Y. & Hensch, T. K. Experience-dependent pruning of dendritic spines in visual cortex by tissue plasminogen 
activator. Neuron 44, 1031–41 (2004).

 25. Hofer, S. B., Mrsic-Flogel, T. D., Bonhoeffer, T. & Hubener, M. Experience leaves a lasting structural trace in cortical circuits. Nature 
457, 313–7 (2009).

 26. Lambo, M. E. & Turrigiano, G. G. Synaptic and Intrinsic Homeostatic Mechanisms Cooperate to Increase L2/3 Pyramidal Neuron 
Excitability during a Late Phase of Critical Period Plasticity. Journal of Neuroscience 33, 8810–8819 (2013).

 27. Hofer, S. B., Mrsic-Flogel, T. D., Bonhoeffer, T. & Hubener, M. Prior experience enhances plasticity in adult visual cortex. Nat 
Neurosci 9, 127–32 (2006).

 28. Kaneko, M., Hanover, J. L., England, P. M. & Stryker, M. P. TrkB kinase is required for recovery, but not loss, of cortical responses 
following monocular deprivation. Nat Neurosci 11, 497–504 (2008).

 29. Drager, U. C. Receptive-fields of single cells and topography in mouse visual cortex. Journal of Comparative Neurology 160, 269–289 
(1975).

 30. Mrsic-Flogel, T. D. et al. Homeostatic regulation of eye-specific responses in visual cortex during ocular dominance plasticity. 
Neuron 54, 961–72 (2007).

 31. Grutzendler, J., Kasthuri, N. & Gan, W. B. Long-term dendritic spine stability in the adult cortex. Nature 420, 812–6 (2002).
 32. Ziv, N. E. & Smith, S. J. Evidence for a role of dendritic filopodia in synaptogenesis and spine formation. Neuron 17, 91–102 (1996).
 33. Zuo, Y., Yang, G., Kwon, E. & Gan, W. B. Long-term sensory deprivation prevents dendritic spine loss in primary somatosensory 

cortex. Nature 436, 261–5 (2005).
 34. Kaneko, M. et al. Constitutively active H-ras accelerates multiple forms of plasticity in developing visual cortex. Proceedings of the 

National Academy of Sciences of the United States of America 107, 19026–19031 (2010).
 35. Matsuzaki, M., Honkura, N., Ellis-Davies, G. C. R. & Kasai, H. Structural basis of long-term potentiation in single dendritic spines. 

Nature 429, 761–766 (2004).
 36. Harris, K. M. & Stevens, J. K. Dendritic spines of CA1 pyramidal cells in the rat hippocampus: serial electron microscopy with 

reference to their biophysical characteristics. Journal of Neuroscience 9, 2982–2997 (1989).
 37. Matsuzaki, M. et al. Dendritic spine geometry is critical for AMPA receptor expression in hippocampal CA1 pyramidal neurons. 

Nature Neuroscience 4, 1086–1092 (2001).
 38. Kaneko, M., Xie, Y., An, J. J., Stryker, M. P. & Xu, B. Dendritic BDNF synthesis is required for late-phase spine maturation and 

recovery of cortical responses following sensory deprivation. J Neurosci 32, 4790–802 (2012).
 39. Sato, M. & Stryker, M. P. Distinctive features of adult ocular dominance plasticity. J Neurosci 28, 10278–86 (2008).
 40. Yoon, B. J., Smith, G. B., Heynen, A. J., Neve, R. L. & Bear, M. F. Essential role for a long-term depression mechanism in ocular 

dominance plasticity. Proceedings of the National Academy of Sciences of the United States of America 106, 9860–9865 (2009).
 41. Toyoizumi, T., Kaneko, M., Stryker, M. P. & Miller, K. D. Modeling the dynamic interaction of Hebbian and homeostatic plasticity. 

Neuron 84, 497–510 (2014).
 42. Heynen, A. J. et al. Molecular mechanism for loss of visual cortical responsiveness following brief monocular deprivation. Nat 

Neurosci 6, 854–62 (2003).
 43. Huang, S. et al. Pull-push neuromodulation of LTP and LTD enables bidirectional experience-induced synaptic scaling in visual 

cortex. Neuron 73, 497–510 (2012).
 44. Turrigiano, G. G. The self-tuning neuron: synaptic scaling of excitatory synapses. Cell 135, 422–435 (2008).
 45. Yang, G., Pan, F. & Gan, W. B. Stably maintained dendritic spines are associated with lifelong memories. Nature 462, 920–4 (2009).
 46. Yang, G., Pan, F., Parkhurst, C. N., Grutzendler, J. & Gan, W. B. Thinned-skull cranial window technique for long-term imaging of 

the cortex in live mice. Nat Protoc 5, 201–8 (2010).
 47. Yang, G. et al. Sleep promotes branch-specific formation of dendritic spines after learning. Science 344, 1173–8 (2014).
 48. Pan, F., Aldridge, G. M., Greenough, W. T. & Gan, W. B. Dendritic spine instability and insensitivity to modulation by sensory 

experience in a mouse model of fragile X syndrome. Proceedings of the National Academy of Sciences of the United States of America 
107, 17768–17773 (2010).

 49. Cichon, J. & Gan, W. B. Branch-specific dendritic Ca2+ spikes cause persistent synaptic plasticity. Nature 520, 180–U80 (2015).
 50. Li, W., Ma, L., Yang, G. & Gan, W. B. REM sleep selectively prunes and maintains new synapses in development and learning. Nat 

Neurosci (2017).

Acknowledgements
We thank all the members in the Gan laboratory for comments on the manuscript. This work was 
supported by NIH 5R01NS047325 to W.-B. G. and Shenzhen Science and Technology Innovation Fund 
KQTD2015032709315529 and ZDSYS201504301539161 to W. L.

Author Contributions
Y.M.Z. and W.-B.G. designed the experiments. Y.M.Z. and B.L.L. performed the calcium imaging experiments 
and prepared Figure 1A and B together. B.L.L. analyzed the calcium imaging data. Y.M.Z. performed the structure 
imaging experiments and analyzed the data. Y.M.Z. prepared the Figures 1, 2, 3 and 4 with the help from W.-B.G. 
Y.M.Z. and W.-B.G. prepared the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 4977  | DOI:10.1038/s41598-017-05337-6

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Monocular deprivation induces dendritic spine elimination in the developing mouse visual cortex
	Results
	Identify binocular and monocular regions of the mouse visual cortex. 
	MD increases dendritic spine elimination in the binocular region during the critical period. 
	MD-induced spine elimination depends on the competitive interactions between the deprived and non-deprived eye. 
	MD-induced spine elimination persists during subsequent binocular recovery. 
	MD or BD-induced spine size changes tend to be reversed after binocular recovery. 

	Discussion
	Materials and Methods
	Experimental animals. 
	Two-photon calcium imaging. 
	Surgery for two-photon imaging of dendritic spines and visual deprivation. 
	Two-photon spine imaging. 
	Data analysis. 
	Calcium imaging. 
	Spine structural plasticity. 
	Statistics. 


	Acknowledgements
	Figure 1 MD increases dendritic spine elimination in the binocular region during the critical period.
	Figure 2 MD-induced spine elimination depends on the competitive interactions between the deprived and non-deprived eye.
	Figure 3 MD-induced spine elimination persists during subsequent binocular recovery.
	Figure 4 MD or BD-induced spine size changes tend to be reversed after binocular recovery.




