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Lamina-specific AMPA receptor dynamics
following visual deprivation in vivo
Han L Tan1, Richard H Roth1, Austin R Graves1, Robert H Cudmore2,
Richard L Huganir1*

1Solomon H Snyder Department of Neuroscience and Kavli Neuroscience Discovery
Institute, Johns Hopkins University School of Medicine, Baltimore, United States;
2Department of Physiology and Membrane Biology, University of California School
of Medicine, Davis, United States

Abstract Regulation of AMPA receptor (AMPAR) expression is central to synaptic plasticity and

brain function, but how these changes occur in vivo remains elusive. Here, we developed a method

to longitudinally monitor the expression of synaptic AMPARs across multiple cortical layers in

awake mice using two-photon imaging. We observed that baseline AMPAR expression in individual

spines is highly dynamic with more dynamics in primary visual cortex (V1) layer 2/3 (L2/3) neurons

than V1 L5 neurons. Visual deprivation through binocular enucleation induces a synapse-specific

and depth-dependent change of synaptic AMPARs in V1 L2/3 neurons, wherein deep synapses are

potentiated more than superficial synapses. The increase is specific to L2/3 neurons and absent on

apical dendrites of L5 neurons, and is dependent on expression of the AMPAR-binding protein

GRIP1. Our study demonstrates that specific neuronal connections, across cortical layers and even

within individual neurons, respond uniquely to changes in sensory experience.

Introduction
Neuronal circuits in the brain are subject to synaptic plasticity mechanisms induced by sensory expe-

rience (Ko et al., 2013) and learning (Chen et al., 2015; Peters et al., 2017) while exhibiting a criti-

cal ability to maintain network activity within a normal operating range during perturbations such as

sensory deprivation (Hengen et al., 2016; Turrigiano, 2012). The homeostatic regulation of neuro-

nal activity has been demonstrated in vivo, where chronic visual deprivation through monocular eye-

lid suture induces an initial decline in activity of pyramidal neurons in the visual cortex that is

eventually restored to baseline (Hengen et al., 2013; Hengen et al., 2016). Other studies using

enucleation to deprive the vision show that the recovery of neuronal activity is accompanied by an

increase in spine size (Barnes et al., 2015; Keck et al., 2013). However, the molecular mechanisms

underlying this homeostatic regulation of neuronal activity in vivo have not been much investigated.

Further, whether these homeostatic mechanisms occur homogenously across the individual neuron

or are specific to individual dendritic compartments remains elusive.

AMPA receptors (AMPARs) are the principle postsynaptic glutamate receptors mediating fast

excitatory synaptic transmission, and regulation of AMPAR trafficking is critical for synaptic plasticity

and brain function (Diering and Huganir, 2018; Volk et al., 2015). One of the major forms of

homeostatic regulation of neuronal activity involves the modulation of AMPAR expression at synap-

ses and this has been extensively characterized in vitro and ex vivo (Desai et al., 2002; Goel et al.,

2006; Goel and Lee, 2007; O’Brien et al., 1998; Turrigiano, 2012; Turrigiano et al., 1998), where

chronic visual deprivation induces up-regulation of synaptic AMPARs in the primary visual cortex

(V1). However, whether sensory-deprivation-induced homeostatic regulation of AMPAR trafficking

occurs in vivo is unknown.
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Here, by using longitudinal in vivo two-photon imaging of fluorescently labeled synaptic AMPAR

expression, which is a good proxy for postsynaptic strength, we sought to investigate the underlying

molecular mechanisms of homeostatic plasticity in vivo and examine how sensory deprivation affects

real-time AMPAR dynamics with single-synapse resolution in awake, unanesthetized animals. We

observed that AMPAR expression within individual spines in V1 is highly dynamic under normal con-

ditions and that this dynamic is cell type-specific and visual experience-dependent. Visual depriva-

tion by binocular enucleation initially decreased synaptic AMPARs on apical dendrites of V1 layer 2/

3 (L2/3) neurons, but the expression then recovered and subsequently underwent further increase

with prolonged deprivation. The later increase of AMPARs induced by deprivation is absent on api-

cal dendrites of L5 neurons, indicating that the homeostatic regulation of AMPARs is cell type-spe-

cific. Further, within L2/3 neurons, the increases of synaptic AMPARs on basal dendrites following

visual deprivation are earlier and larger than on apical dendrites, suggesting a depth-dependent

mechanism. Finally, we show that the up-regulation of synaptic AMPARs induced by deprivation is

dependent on expression of the AMPAR-binding protein GRIP1. Collectively, our study reveals

detailed spatiotemporal dynamics of AMPARs within live animals in response to visual deprivation.

Results

Long-term detection of spine SEP-GluA1 in V1 L2/3 neurons in vivo
To track AMPAR and spine dynamics in L2/3 neurons of V1 in awake mice, we employed in utero

electroporation to transfect L2/3 pyramidal neurons with the GluA1 AMPAR subunit tagged with

Super Ecliptic pHluorin (SEP), a pH-sensitive form of green fluorescent protein, myc-GluA2 AMPAR

subunit, and dsRed2 as previously described (Makino and Malinow, 2011; Suresh and Dunaevsky,

2017; Zhang et al., 2015; Figure 1; Figure 1—figure supplement 1). First, we found a high correla-

tion between spine intensity of SEP-GluA1 and glutamate uncaging-evoked excitatory postsynaptic

current (uEPSC) amplitude (Figure 1C,D), suggesting that spine enrichment of SEP-GluA1 largely

reflects postsynaptic strength. Next, we repeatedly imaged the same dendritic spines in adult mice

(P70 - P85) over 10 days (Figure 1A, B, E). To control for day-to-day variability in imaging conditions

such as laser intensity and window quality, we normalized SEP-GluA1 spine and dendrite intensity

and spine dsRed intensity to dendritic shaft dsRed2 intensity which would not be expected to

change (Zhang et al., 2015). We found that the majority of spines in V1 L2/3 neurons (68%) per-

sisted throughout all 10 imaging days (Figure 1F), comparable to previous reports (Holtmaat et al.,

2005), suggesting that the modest overexpression of AMPARs does not affect spine dynamics. Total

spine surface GluA1 (sGluA1) levels on a dendrite, average spine sGluA1 expression and spine size

in persistent spines were all stable (Figure 1G–I). These results show that in adult animals, overall

expression of spine sGluA1 expression remains constant throughout daily imaging sessions.

Dynamic baseline expression of sGluA1 within individual spines
Since we were able to monitor individual synapse dynamics over time with two-photon imaging, we

next examined expression of sGluA1 within individual spines. We observed that sGluA1 intensity

within individual persistent spines was highly dynamic and varied over days (Figure 2A). Despite the

dynamic expression across days, the relative sGluA1 level in individual spines at day 1 remained

strongly correlated with their level at day 10 (Figure 2B), indicating that the difference in sGluA1

level between persistent spines doesn’t change over time with strong spines remaining strong and

weak spines staying weak.

Next we measured the dynamics of spine sGluA1 expression across days by calculating the coeffi-

cient of variance (CV) of sGluA1 signal from spines and investigated the underlying mechanisms.

Intriguingly, we did not observe any correlations between CV of spine sGluA1 signal and their initial

spine sGluA1 level (Figure 2C), suggesting that all spines show similar extent of dynamics despite

their variances in sGluA1 levels. Structural spine dynamics including spine formation and elimination

have been reported and it has been shown that the structural dynamics are dependent on sensory

input (Holtmaat and Svoboda, 2009; Majewska and Sur, 2003). To assess whether the functional

dynamic of AMPAR expression observed here is also dependent on experience or sensory input, we

visually deprived mice using binocular enucleation and measured the ensuing dynamics. We found
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Figure 1. Long-term detection of spine SEP-GluA1 in V1 L2/3 neurons in vivo. (A) Experimental timeline. (B) (Left) 3D reconstruction of L2/3 neurons of

visual cortex transfected with SEP-GluA1 (green) and dsRed2 (magenta), merged in white. (Right) Z projection of imaging volume in white box. (C)

Example of a whole-cell recording and glutamate uncaging at a spine with high sGluA1 enrichment. (D) Correlation between spine sGluA1 intensity and

uEPSC amplitude (n = 146 spines; Pearson). (E) Representative time-lapse images of V1 L2/3 apical dendrites. Scale bar: 5 �m. (F) Percentage of spines

that persist across 10 imaging days. (G) Total spine sGluA1 level on the dendrite did not change significantly with time. Total spine sGluA1 level on a

dendrite was calculated by summing all spines on the same dendrite (n = 19 dendrites from five mice; one-way ANOVA). (H) Stable expression of

average spine sGluA1 in persistent spines over 10 days (n = 23 dendrites from six mice; one-way ANOVA). (I) Average spine size in persistent spines

had no significant change over days (n = 23 dendrites from six mice; one-way ANOVA).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Expression of SEP-GluA1 in L2/3 neurons.
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that the CV of V1 L2/3 neurons became significantly smaller after deprivation (Figure 2D). This dem-

onstrates that AMPAR dynamics in individual spines is partially driven by sensory input.

We also characterized sGluA1 expression in non-persistent (transient) spines that were newly

formed or eliminated, and observed that both groups of spines had significantly lower sGluA1

expression compared with persistent spines on the same dendrite (Figure 2E,F). Nevertheless, newly

formed spines gradually increased sGluA1 levels after formation, while eliminated spines significantly
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Figure 2. Dynamic baseline expression of sGluA1 within individual spines. (A) Heat map of sGluA1 expression

within individual spines. Spines on the same dendrites were grouped together. (B) Correlation of spine sGluA1

level between day 1 and day 10 in V1 L2/3 neurons (n = 279 spines; Pearson). (C) Correlation between spine

sGluA1 level at day 1 and its CV in V1 L2/3 neurons (n = 280 spines; Pearson). (D) The CV of spine sGluA1 signal in

V1 L2/3 neurons before and after visual deprivation (VD) (n = 280/520 (Sham/VD) spines in V1 L2/3 neurons;

Student’s t-test). (E) Representative images of newly-formed spines (bottom) and eliminated spines (upper). Scale

bars: 2 mm. (F) sGluA1 levels in newly-formed spines and eliminated spines (n = 29 spines; Student’s t-test). (G) The

CV of spine sGluA1 expression in persistent and transient spines in V1 L2/3 neurons (n = 327 persistent spines;

n = 34 transient spines). (H) Correlation between spine size and spine sGluA1 intensity on imaging day 1 (n = 280

spines; Pearson). (I) Correlation between daily change in spine size and daily change in spine sGluA1 level

(n = 1384 spines; Pearson). Data are presented as mean ± SEM. n.s., not significant; *p<0.05; **p<0.01;

****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Dynamic sGluA1 expression within individual spines.
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decreased sGluA1 content prior to elimination (Figure 2—figure supplement 1A,B). The CV of

spine sGluA1 expression in transient spines was much higher than that in persistent spines

(Figure 2G), suggesting that GluA1 levels on transient spines are more dynamic than on persistent

spines. These results indicate that sGluA1 level largely reflects spine stability.

It is widely believed that the number of AMPARs in spines is strongly correlated with spine size

(Nusser et al., 1998; Takumi et al., 1999). To test this, we quantified AMPAR expression relative to

spine size as indicated by dsRed2 soluble-cell fill intensity. Similar to spine sGluA1 expression, persis-

tent spines did not significantly vary in their average size across all time points (Figure 1I), although

individual spines did display size fluctuation over the measured time course (Figure 2—figure sup-

plement 1C). Similar to spine sGluA1 level, the relative spine size in individual spines at day 1 was

strongly correlated with their size at day 10 (Figure 2—figure supplement 1D). Consistent with pre-

vious in vitro studies, we found a strong positive correlation between spine size and spine sGluA1

intensity in vivo (Figure 2H). Moreover, there was a highly positive correlation between the daily

change of spine size and sGluA1 change (Figure 2I), indicating that spine size and GluA1 expression

increase or decrease concurrently. However, we identified a small fraction of spines (~18%) that

show an inverse correlation between daily spine size change and sGluA1 change (Figure 2—figure

supplement 1E,F). We further examined the sGluA1 level distribution of those spines and found

that there was a significant leftward shift of sGluA1 level distribution in those subsets of spines com-

pared to all spines (Figure 2—figure supplement 1G), suggesting that they tend to be spines with

lower sGluA1 level.

V1-specific spine sGluA1 increases following binocular deprivation
Visual deprivation via dark exposure has been shown to induce homeostatic plasticity in V1 L2/3 neu-

rons using ex-vivo measurements, wherein AMPARs in synaptosome preparations are increased fol-

lowing deprivation (Goel et al., 2006; Goel and Lee, 2007). To examine in vivo changes in the same

V1 neurons, we repeatedly imaged apical dendrites from L2/3 neurons of awake mice before and

after visual deprivation (VD) by binocular enucleation. Enucleation did not affect dendritic dsRed2

signal nor spine survival rate (Figure 3—figure supplement 1A,B). However, the average synaptic

sGluA1 level in persistent spines of V1 neurons decreased 1 day after enucleation, recovered at day

2, and significantly increased by day 7 (Figure 3A,B; Figure 3—figure supplement 1C). The changes

of spine size showed similar trends but with smaller changes (Figure 3C). We also imaged spines in

visual cortical regions outside of V1 (non-V1) and found that there were no significant increases of

sGluA1 expression, as well as spine size, in non-V1 visual cortex following 7 days of enucleation

(Figure 3D–F). Indeed, we observed a systematic decrease in sGluA1 level after VD in those regions

(Figure 3D,E). These data demonstrate that visual deprivation-induced spine enrichment of sGluA1

is specific to V1.

Heterogeneous responses of individual spines to visual deprivation
As our imaging approach enables us to track changes of individual spines over time, we next exam-

ined how individual dendrites or spines of V1 L2/3 neurons responded to visual deprivation. We

found that the responses of individual dendrites and spines were highly heterogeneous (Figure 4A;

Figure 4—figure supplement 1A). Despite the overall increase in spine sGluA1 expression after 7

days of deprivation, some dendrites or spines did reduce sGluA1 expression (Figure 4A; Figure 4—

figure supplement 1A), indicating that only a subset of spines undergo potentiation. However, com-

pared to control mice with sham-surgery (SH), a greater proportion of dendrites or spines underwent

increases (Figure 4A, B; Figure 4—figure supplement 1B). In the heatmap, we noticed that den-

drites that showed decreases at day 7 tended to decrease sGluA1 level at day 1 following depriva-

tion while the dendrites exhibiting increases of sGluA1 expression at day 7 did not show obvious

decreases (Figure 4A). Therefore, we examined the relationship between spine sGluA1 changes of

individual dendrites at day 1 and at day 7 after enucleation. A very strong positive correlation was

detected (Figure 4C), indicating that dendrites that display a rapid decrease at day 1 would remain

decreased at day 7 or show a reduced increase by day 7. We then separately plotted the dendrites

that did or did not display a decrease after 1 day of enucleation and examined the relative sGluA1

levels of each group at day 7 (for details, see Methods). We observed two populations of dendrites:

one population showed decrease of sGluA1 at day 1 but recovered to baseline level by day 7; The
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other population of dendrites did not change at day 1 but showed significant up-regulations of

sGluA1 at day 7 (Figure 4D). The percentage of decrease dendrites was about 51% (Figure 4E, for

details, see Methods). These two distinct populations of dendrites did not result from different pop-

ulations of neurons, as we found that dendrites from the same neuron still responded differentially

to deprivation (Figure 4F). Similarly, we observed two populations of spines with distinct responses

to the enucleation (Figure 4—figure supplement 1C). Together, these results show that the

responses of individual spines or dendrites to visual deprivation are highly heterogeneous.

Depth-dependent changes in spine sGluA1 expression after visual
deprivation
Previous studies using electrophysiological recordings in acute brain slices have reported that 2 days

of visual deprivation is sufficient to increase AMPAR-mediated mEPSC amplitude in V1 L2/3 neurons

(Bridi et al., 2018; Goel and Lee, 2007), however, we didn’t observe any changes in synaptic

AMPAR expression at that time point in vivo. To address this, we performed biochemical experi-

ments by dissecting V1 and isolating synaptosomes to examine synaptic AMPAR levels from mice 2

days after binocular enucleation or sham-surgery. In agreement with previous studies (Bridi et al.,

2018; Goel and Lee, 2007), we observed a significant increase in synaptic GluA1 but not GluN1 in

enucleated mice (Figure 5A,B). We next asked if the discrepancy in the imaging and biochemical

results could result from analyzing distinct dendritic compartments, as in vivo imaging biases exami-

nation of more dorsal L1 synapses whereas in vitro biochemical experiments sample L1-L6 (Fig-

ure 5—figure supplement 1A). We isolated L1 and L2-6 by micro-dissecting V1 cortical tissue and

then examined synaptic AMPAR expression separately (Figure 5—figure supplement 1A). The

experiment revealed that synaptic GluA1 in L1 was decreased 2 days after enucleation but subse-

quently recovered to baseline by day 7, whereas synaptic GluA1 expression in L2-6 significantly

increased following 2 days of enucleation and remained enhanced at day 7 (Figure 5C,D). These
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Figure 3. V1-specific spine sGluA1 increases following binocular deprivation. (A–C) Changes in spine sGluA1 expression and spine size before

(baseline, BL) and after visual deprivation (VD) in V1 L2/3 neurons (n = 49 dendrites from eight mice; one-way ANOVA). Scale bar: 5 mm. (D–F) Changes

in spine sGluA1 expression and spine size following VD in non-V1 visual cortex (n = 33 dendrites from six mice; one-way ANOVA). Scale bar: 5 mm. Data

are presented as mean ± SEM. n.s., not significant; *p<0.05; ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. V1-specific spine sGluA1 increases following binocular deprivation.
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data suggest that visual deprivation has distinct effects on AMPAR expression in spines located in

different layers. To verify this in vivo, we repeatedly imaged basal dendrites from L2/3 neurons (150–

300 mm deep) before and after enucleation. The amount of spine sGluA1 on basal dendrites was sig-

nificantly increased 1 day following enucleation and remained elevated afterwards (Figure 5E,F; Fig-

ure 5—figure supplement 1B,C). To confirm that the difference in time course between basal

dendrites and apical dendrites in response to deprivation is dependent on locations rather than

resulting from different populations of neurons being examined, we imaged both apical dendrites

and basal dendrites from the same neurons. We found that spine sGluA1 increases were consistently

and significantly larger on basal dendrites than on apical dendrites (Figure 5G). The ratios of relative

change in spine sGluA1 from basal dendrites over apical dendrites were significantly larger than one

following deprivation (Figure 5H). Taken together, these data reveal that spines on basal dendrites

of L2/3 neurons increase GluA1 content faster and more robustly than spines on apical dendrites in

response to visual deprivation.

To further investigate depth-dependent mechanisms of sGluA1 expression, we examined the rela-

tionship between the depth of dendrites from the pia mater and changes of sGluA1 in dendrites.

The change of average spine sGluA1 expression level on dendrites after 7 days of enucleation was
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Figure 4. Heterogeneous responses of individual spines to visual deprivation. (A) Heat map of change in sGluA1 level within individual dendrites in VD

and sham-surgery (SH) groups. (B) Histogram of spine sGluA1 changes in dendrites 7 days after VD or sham-surgery (n = 23 dendrites in sham group;

n = 49 dendrites in VD group; Kolmogorov-Smirnov test, p=0.079). (C) Correlation between spine sGluA1 changes of individual dendrites at day 1 and

day 7 after VD (n = 49 dendrites; Pearson). (D) Changes of spine sGluA1 expression in dendrites that show decrease or no decrease at day 1 following

VD in V1 L2/3 neurons. (n = 25 decrease dendrites and n = 24 no decrease dendrites from eight mice; one-way ANOVA). (E) Percentage of dendrites

that decrease spine sGluA1 after 1 day of VD (51.02%). (F) Changes in spine sGluA1 of individual dendritic segments from the same V1 L2/3 neuron

following binocular enucleation. Each line indicates individual dendritic segment. Data are presented as mean ± SEM. ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Heterogeneous responses of individual spines to visual deprivation.

Tan et al. eLife 2020;9:e52420. DOI: https://doi.org/10.7554/eLife.52420 7 of 22

Research article Neuroscience

https://doi.org/10.7554/eLife.52420


positively correlated with the depth of dendrites (Figure 5—figure supplement 1D,E), indicating

that deep dendrites have greater increases than superficial dendrites. Next, we tested whether

spines along the same dendrite had similar depth-dependent changes. To distinguish between the

depth of spines and the distance from dendrite branch point, we separately analyzed ascending den-

drites and descending dendrites. In both ascending dendrites and descending dendrites, there was

a positive correlation between spine depth and deprivation-induced sGluA1 expression (Figure 5—

figure supplement 1F), such that deep spines increase sGluA1 more than superficial spines follow-

ing deprivation. Significantly, the correlation of spine sGluA1 change with the distance from dendrite

branch point showed opposite directions in ascending and descending dendrites (Figure 5—figure

supplement 1G), suggesting that changes in sGluA1 expression are correlated with spine depth

instead of distance from dendrite branch point. This depth-dependent change in spine sGluA1 was

not caused from imaging artifacts. First, such correlation was not observed in sham-surgery mice

(Figure 5—figure supplement 1H). Second, when we focused on baseline expression of spine

sGluA1, we found it was positively correlated with the distance from branch point but not with the

depth of spines (Figure 5—figure supplement 1I,J). Because these correlations were weak but sta-

tistically significant, we further analyzed synaptic sGluA1 signal intensity in apical and basal dendritic

compartments within each imaging session to determine if we would observe similar depth-depen-

dent effects on sGluA1 expression following enucleation. We categorized spines by dendritic com-

partment and then compared the sGluA1 intensity in the deepest 15% of spines with the most

superficial 15% of spines along the same dendritic segment. In both apical and basal dendrites we
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Figure 5. Depth-dependent changes in spine sGluA1 expression after visual deprivation. (A and B) Synaptic GluA1 and GluN1 levels in V1 from 2 days’

enucleated or sham-surgery mice (n = 5; Student’s t-test). (C and D) Synaptic GluA1 levels from superficial (L1) and deep (L2-6) layers of V1 (n = 6–9;

Student’s t-test). (E and F) Changes in spine sGluA1 on basal dendrites of V1 L2/3 neurons following VD (n = 40 dendrites from six mice; one-way

ANOVA). Scale bar: 5 mm. (G) Changes in spine sGluA1 on basal and apical dendrites from the same neurons following VD (n = 16 neurons from seven

mice; repeated measure two-way ANOVA). (H) Change ratios of basal dendrites to apical dendrites of the same neurons following VD were significantly

larger than 1 (n = 16 neurons from seven mice. one sample t-test). Data are presented as mean ± SEM. n.s., not significant; *p<0.05; **p<0.01;

***p<0.001; ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Depth-dependent increase of spine sGluA1 in V1-L2/3 neurons.
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found that spines positioned more deeply from the pia exhibited greater deprivation-induced

changes in synaptic sGluA1 expression than spines more superficially poised along the same den-

drite (Figure 5—figure supplement 1K). Collectively, these data demonstrate that visual deprivation

induces depth-dependent changes in spine sGluA1.

Lamina-specific increases of spine sGluA1 level after deprivation
Laminar differences have been reported for ex vivo measurements of homeostatic synaptic scaling

induced by visual deprivation, where L4 scaling occurs only before P21, and L2/3 scaling is observed

only after this age (Desai et al., 2002; Petrus et al., 2011). However, whether L5 neurons are

involved in scaling remains largely unknown. Additionally, 7 days of enucleation did not induce a

change of synaptic GluA1 expression in L1 in our in vitro biochemical experiments but caused a sig-

nificant increase in spine sGluA1 level on apical dendrites of L2/3 neurons in vivo. As L5 neurons also

have dendrites in L1, we asked if L5 neurons responded to visual deprivation. We similarly used in

utero electroporation to transfect V1 L5 neurons and longitudinally imaged apical dendrites exclu-

sively from these neurons (Figure 6A,B). Under baseline conditions we found that average spine

sGluA1 expression and spine size on apical dendrites of L5 neurons were very stable with 66% spines

persisting across 10 imaging days (Figure 6—figure supplement 1A–D). Similar to L2/3 neurons,

sGluA1 intensity within individual spines on apical dendrites of L5 neurons was very dynamic as well.

However, the average CV of spine sGluA1 signal on apical dendrites of L5 neurons was significantly

smaller than that on apical dendrites of L2/3 neurons (Figure 6C), indicating that L5 neurons are less

dynamic than L2/3 neurons. Following visual deprivation, the spine survival rate of L5 neurons

remained unchanged (Figure 6—figure supplement 1D), but the CV of spine sGluA1 level was

increased (Figure 6D), further suggesting that this dynamic is dependent on sensory input. Regard-

ing synaptic AMPAR expression, we observed that spine sGluA1 expression was reduced after 1 day

and then recovered to baseline levels (Figure 6E,F; Figure 6—figure supplement 1E). Nevertheless,

in contrast to L2/3 neurons, we didn’t observe any significant increase after 7 days of deprivation in

L5 neurons (Figure 6E,F; Figure 6—figure supplement 1E,F). We therefore conclude that visual

deprivation specifically enhances AMPAR expression on apical dendrites of V1 L2/3 neurons but not

on apical dendrites of L5 neurons, intriguingly suggesting exclusive mechanisms that regulate these

distinct cortical circuits.

We next examined how individual dendrites or spines in L5 responded to visual deprivation.

Again, we found that the responses were very heterogeneous, with some dendrites increasing

sGluA1 and some decreasing sGluA1 (Figure 6—figure supplement 1G). We also observed a similar

positive correlation of spine sGluA1 changes between day 1 and day 7 following visual deprivation

in L5 neurons (Figure 6G). We then categorized cells based on whether their apical dendrites did or

did not display a decrease after 1 day of enucleation, and we found that there were two populations

of cells with distinct responses to binocular deprivations: one group showed decrease at day 1 and

day 2 after enucleation and then recovered to baseline later while the other group did not decrease

at day 1 but exhibited a gradual increase following enucleation despite that increases were not sig-

nificant at any time points compared to the baseline level (Figure 6H). Previous studies in the barrel

cortex indicate that specific subtypes of L5 neurons respond differentially to changes in sensory

experiences (Greenhill et al., 2015; Holtmaat et al., 2006). The two populations of cells in V1 L5

with distinct responses to visual deprivation observed here might be due to their different cell types.

We also investigated whether visual deprivation induced a similar depth-dependent change of

spine sGluA1 in L5 neurons as in L2/3 neurons despite the observation that there is no net increase.

To accomplish this, we analyzed only ascending L5 dendrites since there are few descending apical

L5 dendrites in L1. The change of synaptic sGluA1 expression on dendrites did not correlate with

the depth (Figure 6—figure supplement 1H). For individual spines, in both sham-surgery and VD

groups, we did not see any correlations between the change in spine sGluA1 and spine depth (Fig-

ure 6—figure supplement 1I). Nevertheless, there was a strong positive correlation between base-

line spine sGluA1 level and the distance to dendrite branch point in L5 neurons (Figure 6—figure

supplement 1J). These results indicate that the depth-dependent changes of spine sGluA1 induced

by deprivation are specific to L2/3 neurons as well. However, the distance-dependent baseline

expression of spine sGluA1 occurs in both L2/3 and L5 neurons, suggesting that this is a more gen-

eral phenomenon.
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GRIP1-dependent increases of sGluA1 following deprivation
Finally, we sought to determine the mechanisms underlying the increase of synaptic AMPARs follow-

ing visual deprivation in vivo. Glutamate receptor interacting protein 1 (GRIP1) is a multi-PDZ

domain containing protein that binds directly with AMPAR subunits (Dong et al., 1997). We have

previously shown that GRIP1 plays a key role in regulating AMPAR trafficking, synaptic targeting and

homeostatic plasticity (Gainey et al., 2015; Mao et al., 2010; Pfennig et al., 2017; Tan et al.,

2015). To test whether GRIP1 mediates the increase in synaptic GluA1 induced by visual deprivation,

we generated Grip1 conditional knockout mice (neuron-specific deletion via Nestin-Cre expression)

(Mejias et al., 2011). In wild type (WT) mice, using biochemical experiments we identified a signifi-

cant increase in synaptic GluA1 as well as GRIP1 in V1 after 2 days of enucleation as described above

(Figure 7A,B). However, no increase in synaptic GluA1 was observed in Grip1 knockout mice
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Figure 6. Lamina-specific increases of spine sGluA1 following visual deprivation. (A) Experimental timeline. (B) 3D

reconstruction of L5 neurons of visual cortex transfected with sGluA1 (green) and dsRed2 (magenta), merged in

white. (C) Average CV of spine sGluA1 expression in V1 L2/3 and L5 neurons under baseline conditions. (n = 280

spines, L2/3 neurons; n = 256 spines, L5 neurons; Student’s t-test). (D) The CV of spine sGluA1 in L5 neurons

before and after visual deprivation. (n = 256/277 (Sham/VD) spines in L5 neurons; Student’s t-test). (E)

Representative time-lapse images of L5 apical dendrites. Scale bar: 5 mm. (F) Changes in spine sGluA1 expression

on apical dendrites of V1 L5 neurons following VD (n = 35 dendrites from four mice; one-way ANOVA). (G)

Correlation between spine sGluA1 changes of individual dendrites in L5 neurons at day 1 and day 7 after VD

(n = 35 dendrites; Pearson). (H) Changes of spine sGluA1 expression in cells that show decrease or no decrease at

day 1 following VD in L5 neurons. (n = 6 decrease cells and n = 6 no decrease cells from four mice; one-way

ANOVA). Data are presented as mean ± SEM. **p<0.01; ***p<0.001; ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Lamina-specific increases of spine sGluA1 following visual deprivation.
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(Figure 7A,C). Moreover, we observed no increases of spine sGluA1 on apical dendrites of V1 L2/3

neurons in Grip1 knockout mice in vivo following enucleation. In fact, we observed a small decrease

in spine sGluA1 level that recovered between day 3 and day 7 after deprivation (Figure 7D,E; Fig-

ure 7—figure supplement 1A,B). The initial decrease of sGluA1 after enucleation phenocopies our

results from WT mice (Figure 3B) and might be extended in Grip1 knockout mice due to reduced

AMPAR exocytosis. The later recovery could be some compensatory regulations by other AMPAR-

binding proteins, like GRIP2 (Anggono and Huganir, 2012). Nevertheless, these data demonstrate

that GRIP1 is essential for the deprivation-induced up-regulation of synaptic AMPARs.

Discussion
In the present study, we chronically monitored AMPAR expression in individual synapses within live

animals with or without binocular enucleation in order to investigate how experience shapes neural

circuits in the adult brain. We found that under baseline conditions in mice with normal experience,

sGluA1 expression levels in individual spines are very dynamic. Upon visual deprivation, basal den-

drites of V1 L2/3 neurons enhance sGluA1 earlier than apical dendrites and deep spines increase

more than superficial spines. The changes induced by deprivation are specific to V1 L2/3 neurons

but not L5 neurons and the increase in spine sGluA1 is dependent on GRIP1 expression (Figure 7F).

To our knowledge, this work is the first to longitudinally examine synapse strength in different layers

of cortical neurons in unanesthetized awake mice. Our in vivo imaging data with single-synapse reso-

lution provide unprecedented levels of spatiotemporal information regarding synaptic AMPAR

dynamics and reveal that neurons exhibit a tremendous heterogeneity of synaptic changes under

both normal and sensory deprivation conditions.
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Figure 7. GRIP1-dependent increases of sGluA1 following deprivation. (A–C) Synaptic GluA1 and GRIP1 levels in V1 from WT and Grip1 knockout (KO)

mice with 2 days of sham-surgery or VD (n = 5; Student’s t-test and two-way ANOVA). (D–E) Changes in spine sGluA1 expression on apical dendrites of

V1 L2/3 neurons from Grip1 KO mice following VD (n = 32 dendrites from five mice; one-way ANOVA). Scale bar: 5 mm. (F) Model of spine GluA1

dynamics in mice with normal experience or visual deprivation. Data are presented as mean ± SEM. n.s., not significant; *p<0.05; ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. GRIP1-dependent changes in V1 L2/3 neurons following visual deprivation.
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AMPAR trafficking is critical for synaptic plasticity and brain function (Anggono and Huganir,

2012; Huganir and Nicoll, 2013; Volk et al., 2015). We show that synaptic expression of AMPARs

is highly dynamic in mice with normal experience despite the relatively stable overall expression,

suggesting that strength of individual synapses is continuously being modified. Intriguingly, the

degree of variation of spine sGluA1 expression in L2/3 neurons is larger than that in L5 neurons, indi-

cating that spines in L2/3 neurons are more dynamic than those in L5 neurons. Since L2/3 neurons

receive more feedforward inputs from L4 than L5 neurons, the higher dynamic observed in L2/3 neu-

rons suggests that sensory input is a drive for synaptic AMPAR dynamic. Moreover, depriving the

visual input greatly changes the dynamics of V1, shifting from L2/3 to L5, which further supports that

this dynamic is driven by sensory inputs.

Synaptic strength and spine size are well correlated, and synaptic potentiation or depression is

usually accompanied with an increase or decrease in spine size, respectively (Bosch et al., 2014;

Makino and Malinow, 2009). In agreement with previous studies, overall we observed a strong cor-

relation between spine sGluA1 level and spine size in live animals. Further, we found that the change

of spine sGluA1 and change in spine size change were also highly correlated. Nevertheless, we do

find a small population of spines that exhibit a divergence of spine form and function. Moreover,

synaptic sGluA1 shows greater changes than spine size following visual deprivation. These suggest

that differences in synaptic strength may be underestimated or even not correctly determined when

using spine size as a measurement. Indeed, the dissociation of spine size and synaptic strength has

been reported many times (Lee et al., 2012). Spine number or volume is not changed at all at cere-

bellar Purkinje cell synapses during LTD (Sdrulla and Linden, 2007). Insulin-induced endocytosis of

AMPARs is not accompanied by spine shrinkage (Wang et al., 2007). Spine size and AMPAR func-

tion are coupled through some common signaling mechanisms, but there is a divergence in the

downstream signaling pathways that regulate these two processes. For instance, it has been shown

that spine shrinkage is mediated by cofilin while LTD is dependent on protein phosphatase one

although both require calcium influx through NMDA receptors and enhanced calcineurin activity

(Zhou et al., 2004). Thus, spine size, in certain conditions, is not a good indication of synaptic

strength, and our imaging of synaptic AMPAR expression provides a direct and accurate way to

monitor functional changes at synapses.

Neurons receive and process information from thousands of inputs at synapses that are distrib-

uted throughout the extensively branching dendrites. To overcome the filtering and attenuation

caused by the cable properties of dendrites (Rall, 1962a; Rall, 1962b), synapses express a varying

number of AMPARs that increases with distance from the soma, a phenomenon known as distance-

dependent scaling (Andrasfalvy and Magee, 2001). While this phenomenon has been extensively

studied in hippocampal CA1 pyramidal neurons (Menon et al., 2013; Nicholson et al., 2006;

Shipman et al., 2013), it is unknown whether this scaling occurs in cortical pyramidal neurons. Here,

we find that both L2/3 and L5 cortical pyramidal neurons display a distance-dependent baseline

expression of sGluA1, wherein distal spines have higher levels of sGluA1 than proximal spines. These

results suggest that the distance-dependent scaling of AMPARs might be a general phenomenon

across brain regions. The molecular mechanisms of this phenomenon and whether the underlying

mechanisms are same or different between hippocampal and cortical pyramidal neurons require fur-

ther investigations.

Many studies using ex vivo acute slices have shown that chronic visual deprivation leads to synap-

tic enrichment of AMPARs in V1 L2/3 neurons through synaptic scaling mechanisms (Goel and Lee,

2007; He et al., 2012). These reports used whole-cell recordings to determine AMPAR-mediated

miniature excitatory postsynaptic current (mEPSC) amplitude or biochemistry methods to measure

synaptic AMPAR expression (Goel et al., 2006; Goel and Lee, 2007), which both reflect average

AMPAR level of all synapses from a cell or a large number of cells in V1, and thus lacks crucial spatial

information describing the dynamic behavior of individual synapses. Using in vivo imaging of fluores-

cently labeled AMPARs, we were able to track individual spine changes before and after visual depri-

vation, thus providing unprecedented levels of spatiotemporal information regarding synaptic

AMPAR dynamics. We determined that changes in spine sGluA1 expression induced by visual depri-

vation are highly heterogeneous in live animals and only a subset of spines undergoes potentiation.

These potentiated synapses are spatially organized and tend to be located deep within L2/3 neu-

rons, predominately on basal rather than apical dendrites, and this depth-dependent mechanism

even applies to spines along the same dendrite, indicating that deprivation-induced changes are
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compartment- and input-specific, as apical dendrites and basal dendrites of L2/3 neurons receive dif-

ferent inputs (Ko et al., 2011; Makino and Komiyama, 2015; Petrus et al., 2015; Zhang et al.,

2014). In addition, it has been shown that the expression pattern of neurotransmitter receptors

varies in different layers, and thus other extracellular factors like neuromodulators could also contrib-

ute to this depth-dependent plasticity (Brombas et al., 2014; Ji et al., 2015). Although homeostatic

plasticity is generally thought to occur globally throughout the neuron, it can also occur locally

(Béı̈que et al., 2011; Turrigiano, 2012). Our results reveal that the visual deprivation-induced

homeostatic up-regulation of synaptic AMPARs is synapse-specific.

The increase in spine sGluA1 on the apical dendrites of L2/3 neurons occurred after 7 days of

visual deprivation while in V1 region from the acute brain slice we saw a significant elevation of syn-

aptic GluA1 after 2 days of deprivation. That discrepancy led us to investigate the changes happen-

ing on the basal dendrites of L2/3 neurons. Indeed, we observed that the amount of synaptic

sGluA1 on the basal dendrites of L2/3 neurons was significantly increased after one day of depriva-

tion and remained elevated afterwards. Therefore, the increase observed after 2 days ex vivo is pri-

marily caused by the increase of synaptic sGluA1 on basal dendrites of L2/3 neurons. As far as we

know, our study is the first report to show that synaptic sGluA1 on the apical dendrites of L2/3 neu-

rons decreases first following visual deprivation. The dendrites that show the initial decrease are

located in the superficial region and they probably receive top-down inputs from regions like retro-

splenial cortex and cingulate (Makino and Komiyama, 2015; Roth et al., 2016; Zhang et al.,

2014). Visual deprivation may induce LTD that results in reduced synaptic AMPAR level in those con-

nections. Extracellular factors like neuromodulators could also contribute to this (Brombas et al.,

2014; Ji et al., 2015).

Visual-deprivation-induced homeostatic plasticity has been reported to be lamina-specific and

age-dependent in V1. For instance, L4 neurons have an early critical period from P16 to P21 during

which visual loss homeostatically up-regulates excitatory synaptic transmission (Desai et al., 2002).

In L2/3, homeostatic plasticity is expressed after P21 and persists into adulthood (Goel and Lee,

2007). In L6, dark exposure initiated before but not after P21 increases average amplitude of

mEPSC (Petrus et al., 2011). Regarding L5 neurons, visual deprivation induces an increase in spine

size and mEPSC amplitude of L5 neurons in adult mice (Barnes et al., 2017; Keck et al., 2013).

However, in the same study they also found that such deprivation did not cause a homeostatic

response of L2/3 neurons, which is contrary to other ex vivo studies (Barnes et al., 2015; Goel and

Lee, 2007). These discrepancies could result from different deprivation paradigms being used, such

as monocular or binocular enucleation, dark exposure, eyelid suture (Whitt et al., 2014). Notably, a

study has carefully and systematically investigated how varying visual deprivation paradigms affect

plasticity in V1 and demonstrates that a complete loss of visually driven cortical activity is required

to elicit homeostatic plasticity in V1 L2/3 pyramidal neurons (He et al., 2012). Here, we used binocu-

lar enucleation to completely deprive visual inputs and showed that this paradigm successfully indu-

ces up-regulation of synaptic sGluA1 in V1 L2/3 neurons, which is consistent with previous ex vivo

studies. However, we did not see any increase of synaptic sGluA1 on apical dendrites of L5 neurons

following the same deprivation in adult animals. The increase in mEPSC amplitude of L5 neurons

induced by visual deprivation could be contributed by the basal dendrites, as here we only imaged

the apical dendrites of L5 neurons. Due to their deep locations, we are not able to image the basal

dendrites of L5 neurons with our two-photon system. In addition, it has been shown that in the barrel

cortex there is distinct plasticity triggered by sensory changes in specific subtypes of L5 neurons

(Greenhill et al., 2015; Holtmaat et al., 2006). In the primary visual cortex, we also observed two

populations of L5 cells showing different responses to visual deprivation, with one increasing sGluA1

and the other one not. Future studies are necessary to examine whether these two different

responses result from distinct subtypes of the cells. Also, it will be interesting to know whether the

homeostatic plasticity in L5 neurons is development-dependent or not.

Emerging evidence has shown that loss of a sensory input leads to widespread changes across

brain areas, including the deprived sensory cortex and spared sensory cortices (Ibrahim et al., 2016;

Lee and Whitt, 2015; Petrus et al., 2015). For example, visual deprivation not only induces homeo-

static plasticity in primary visual cortex, but also produces compensatory changes in other spared

sensory cortices, such as somatosensory cortex and auditory cortex, with decreases of mEPSC ampli-

tude in L2/3 pyramidal neurons (Lee and Whitt, 2015; Petrus et al., 2015). However, how visual

deprivation alters non-V1 visual cortex remains unknown. In the study, we showed that loss of vision
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caused a reduction in synaptic sGluA1 of L2/3 neurons within non-V1 visual cortex. Notably, unlike

somatosensory and auditory cortices, non-V1 visual cortex exhibited a much earlier decrease. There-

fore, the adaptation of brain circuits within visual cortex is different from those in spared sensory

cortices.

Overall, by tracking the strength of individual synapses with longitudinal imaging of AMPAR

dynamics in living animals during visual deprivation, we reveal that synaptic inputs to distinct cortical

layers are differentially modulated in response to sensory experience. Our study supports the notion

that the adult brain remains remarkably malleable and is continuously reshaped by experience.

Materials and methods
All experimental protocols were conducted according to the National Institutes of Health guidelines

for animal research and were approved by the Animal Care and Use Committee at Johns Hopkins

University School of Medicine.

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers

Additional
information

Antibody Anti-dsRed2
(rabbit polyclonal)

Clontech Cat# 632496,
RRID:AB_10013483

1:1000

Antibody Anti-GFP
(chicken polyclonal)

Abcam Cat# ab13970,
RRID:AB_300798

1:1000

Antibody Alexa Fluor 568
goat anti-rabbit

Thermo Fisher
Scientific

Cat# A-11011,
RRID:AB_143157

1:500

Antibody Alexa Fluor 488
goat anti-chicken

Thermo Fisher
Scientific

Cat# A-11039,
RRID:AB_2534096

1:500

Antibody Anti-GluA1 (JH4294) (Oku and Huganir, 2013) N/A

Antibody Anti-GluN1 (JH2590) (Liao et al., 1999) N/A

Chemical
compound, drug

MNI-caged-L-
glutamate

Tocris Cat#0218, N/A

Strain, strain
background

Mouse: WT C57BL/6N Charles River Strain #027,
RRID:IMSR_CRL:027

Strain, strain
background

Nestin-Grip1 fl/fl

mouse
(Takamiya et al., 2008) N/A

Recombinant
DNA reagent

SEP-GluA1 (Zhang et al., 2015) N/A

Recombinant
DNA reagent

Myc-GluA2 (Zhang et al., 2015) N/A

Recombinant
DNA reagent

DsRed2 Clontech Cat# 632405

Software,
algorithms

MATLAB Mathworks https://www.mathworks.com,
RRID:SCR_001622

Software,
algorithms

ScanImage (Pologruto et al., 2003) https://www.vidrio
technologies.com,
RRID:SCR_014307

Software,
algorithms

IGOR Pro WaveMetrics https://www.wavemetrics.com
/products/igorpro,
RRID:SCR_000325

Software,
algorithms

MapManager (Zhang et al., 2015) https://mapmanager.net/

Software,
algorithms

ImageJ (Schneider et al., 2012) https://imageJ.net/,
RRID:SCR_003070

In utero electroporation
Progenitor cells in the visual cortex were transfected with SEP-GluA1, myc-GluA2, and dsRed2 (4:2:1

ratio, respectively) by in utero electroporation of E15 and E14 embryos to label L2/3 and L5
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pyramidal neurons, respectively as previously described (Saito and Nakatsuji, 2001; Zhang et al.,

2015). Timed pregnant C57BL/6N mice (Charles River) or Grip1 conditional knockout mice were

anesthetized with Avertin (0.02 ml/mg). Approximately 0.5–1 ml of DNA solution containing fast

green was pressure injected into the left lateral ventricle of each embryo through a pulled-glass

pipette. The head of each embryo was placed between two forceps-type electrodes. The anode con-

tacted the prefrontal side of left hemisphere and the cathode faced the occipital side of the injected

ventricle to target the visual cortex. Five pulses of 35 V for L2/3 or 30 V for L5 (50 ms duration, 1 Hz)

were delivered through a square wave electroporator (CUY21, BEX Co, LTD., Japan).

Craniotomy
Electroporated animals were subsequently implanted with a 3 � 3 mm cranial window over the visual

cortex region at the age of two months. Mice were anesthetized with Avertin and the skull was

sealed using dental cement. A metal head bar was attached to the skull during the surgery to allow

head fixation for future two-photon imaging. Carprofen (4–5 mg/kg) and Dexamethasone (4–5 mg/

kg) were injected to reduce pain and inflammation during the surgery. The antibiotics sulfamethoxa-

zole (1 mg/ml) and trimethoprim (0.2 mg/ml) were chronically administered in the drinking water,

and the animals were housed individually after surgery.

Optical intrinsic imaging
One week after the cranial window surgery, optical intrinsic imaging was performed as previously

described (Kalatsky and Stryker, 2003; Nauhaus and Ringach, 2007). Mice were anesthetized and

maintained on 0.75% isoflurane supplemented by xylazine (13 mg/kg). Drifting bar stimuli (vertically

or horizontally) were displayed on a gamma-corrected LCD screen, which was placed 20 cm away

from the right eye, covering the majority of unilateral visual space. The bar stimulus drifted 10 times

along each cardinal axis. Spherical correction was applied to the stimulus to define eccentricity in

spherical coordinates. Optical images of the visual cortex were acquired at 30 Hz using a CMOS

(Complementary Metal-Oxide-Semiconductor) camera (FLIR GS3-U3-23S6M-C) under red LED light

(630 nm) with a 2.5�/0.075 numerical aperture (NA) Zeiss objective. Multiframe image stacks were

averaged across 30 trials. Next the images were Gaussian filtered (s = 2 pixels) and baseline was

subtracted. V1 was delineated by a strong visual response with orthogonal retinotopy contours and

the appropriate visual field sign (Garrett et al., 2014). Non-V1 is the region outside of V1 but still

responding to visual stimulation.

Two-photon imaging
In vivo images were acquired of awake mice with a custom-built, two-photon laser-scanning micro-

scope controlled by ScanImage (Vidrio, Ashburn, VA) written in MATLAB (Pologruto et al., 2003).

Mice were habituated under the microscope for one hour per day starting at one week before the

beginning of imaging and subsequently imaged over a period of 10 days. Apical or basal dendrites

of L2/3 or L5 pyramidal neurons of mouse visual cortex were imaged using a 20�/1.0 NA water-

immersion objective lens (Zeiss). SEP-GluA1 and dsRed2 were excited at 910 nm with a Ti:sapphire

laser (Coherent) with 10 ~ 150 mW of power delivered to the back-aperture of the objective. Green

and red fluorescence signals were acquired simultaneously and separated by a set of dichroic mirrors

(MOM system, Sutter Instrument) and filters (ET525/50 m for green channel, ET605/70 m for red

channel, Chroma). Image stacks were acquired at 1,024 � 1024 pixels with a voxel size of 0.12 mm in

x and y and a z-step of 1 mm. Representative images shown in figures were masked based on den-

dritic dsRed2 signal, median filtered, and contrast enhanced.

Binocular enucleation
Enucleation mice were shortly anesthetized with isoflorane vapor first and then both eyes were surgi-

cally removed (Aerts et al., 2014). Antibiotic ointment was applied and carprofen was administrated

immediately after the enucleation. Control sham mice were given time-matched anesthesia, and

received antibiotic ointment treatment and carprofen administration, but were not enucleated. Mice

were then returned to their home cage and monitored daily to make sure there was no bleeding or

infection.
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Neuronal culture and transfection
Rat embryonic (E18) hippocampal neurons were plated on poly-L-lysine coated tissue culture dishes

at a density of 30,000 cells/cm2 and grown in neurobasal media (Invitrogen) supplemented with 2%

(vol/vol) B-27, 2 mM GlutaMAX, 50 U/mL PenStrep. Cultured neurons were fed once per week and

used at DIV 18–21. 2–3 days before uncaging experiments, neurons were transfected with SEP-

GluA1, myc-GluA2 and dsRed2 (4:2:1) using lipofectamine 2000 (Invitrogen) according to the manu-

facturer’s instructions.

Glutamate uncaging and voltage-clamp recordings
Cultured rat hippocampal neurons were imaged and recorded 2–3 days after transfection in a modi-

fied HEPES-based ACSF buffer (in mM): 140 NaCl, 5 KCl, 10 glucose, 10 HEPES, 2 CaCl2, 1 MgCl2,

0.001 TTX, and 2.5 MNI-caged-L-glutamate (Tocris), pH = 7.30 and 310–316 mOsm. Recordings

were made at room temperature in recirculated ACSF (3 mL/min). Recording pipettes were fabri-

cated (Flaming/Brown Micropipette Puller, Sutter Instruments) from borosilicate capillary glass (Sut-

ter, 4–6 MW open-tip resistance) and filled with (in mM): 115 CsMeSO4, 2.8 NaCl, 5 TEACl, 0.4

EGTA, 20 HEPES, 3 MgATP, 0.5 NaGTP, 10 NaPhosphocreatine, and 2.5 QX-314, pH = 7.32 and

306 mOsm. Whole-cell voltage-clamp recordings were made using a MultiClamp 700B amplifier and

Digidata 1440A digitizer (Axon Instruments). MNI-Glutamate (Tocris) was uncaged (1 ms pulse width,

0.2 Hz) with a two-photon laser (Spectra Physics, Santa Clara, CA) onto visually identified spines at a

wavelength of 730 nm and a power of 20 mW at the objective back aperture. Glutamate uncaging

position was calibrated and controlled using custom software developed in house (Scan Stim by Dr.

Ingie Hong). To minimize the effect of electrotonic filtering caused by variable numbers of branch

points between the site of dendritic uncaging and the somatic recording pipette, we uncaged exclu-

sively on spines of secondary dendrites (4–8 spines/dendritic segment and 1–3 dendritic segments/

neuron). The glutamate-uncaging-evoked excitatory postsynaptic current (uEPSC) was measured by

pClamp (Axon Instruments) and synchronized triggering of the uncaging laser with voltage-clamp

recordings. Representative images shown in figures were median filtered and contrast enhanced.

Tissue collection
Mice were anesthetized by inhalation of isoflurane followed by immediate cervical dislocation. Brains

were removed and primary visual cortices were dissected out on ice. For L1 micro-dissection, brains

were sectioned in the coronal plane into 300 mm thick slices using a Vibratome (VT1200s, Leica) in

ice-cold, oxygenated (95% O2 and 5% CO2) low-Ca
2+/high-Mg2+ dissection buffer (in mM): 2.6 KCl,

1.25 NaH2PO4, 26 NaHCO3, 211 sucrose, 11 glucose, 0.5 CaCl2 and 7 MgCl2. The slices were then

stained with trypan blue dye for 30 s and washed with cold dissection buffer. L1 and L2-6 of primary

visual cortex were dissected out on ice under a dissection microscope.

PSD fractionation and western blot
Primary visual (V1) cortices from control and enucleation mice were homogenized on ice in homoge-

nization buffer buffer (in mM): 320 sucrose, five sodium pyrophosphate, 1 EDTA, 10 HEPES pH 7.4,

0.0002 okadaic acid, protease inhibitor cocktail (Roche)] using a 26-gauge needle. Homogenate was

then centrifuged at 800 � g for 10 min at 4˚C to yield P1 (nuclear) and S1 (post-nuclear). S1 was cen-

trifuged at 17,000 � g for 20 min to yield P2 (membrane) and S2 (cytosol). P2 was then resuspended

in water adjusted to 4 mM HEPES pH 7.4 followed by 30 min’ agitation at 4˚C. Suspended P2 was

centrifuged at 25,000 � g for 20 min at 4˚C. The resulted pellet (synaptosome) was resuspended in

50 mM HEPES pH 7.4, mixed with an equal volume of 1% triton X-100, and agitated at 4˚C for 10

min. The PSD fraction was generated by centrifugation at 25,000 x g for 20 min at 4˚C. The PSD

material was then resuspended in lysis buffer (PBS containing 50 mM NaF, 5 mM sodium pyrophos-

phate, 1% Nonidet P-40, 1% sodium deoxycholate, 0.02% SDS, 200 nM okadaic acid, and protease

inhibitor cocktail). The protein concentration was determined by bicinchoninic acid assay (BCA) kit

(Thermo Fisher) and material was analyzed by Western blot. The following antibodies were used:

anti-GluA1 C-terminal polyclonal antibody (JH4294, made in house), anti-GluN1 polyclonal antibody

(JH2590, made in house), anti-GRIP1 polyclonal antibody (Millipore).
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Immunohistochemistry
Mice were anesthetized with Avertin and transcardially perfused with 4% paraformaldehyde (PFA).

The brain was removed and fixed in 4% PFA/PBS for 2 hr at room temperature. Brains were then

sectioned in the coronal plane into 100 mm thick slices using a vibratome (VT-1000, Leica). Slices

were first blocked in 1% BSA with 0.3% triton X-100 in PBS for 1 hr at room temperature and then

incubated with primary antibodies overnight at 4˚C followed by incubation with secondary antibod-

ies for 2 hr at room temperature. Slices were mounted in PermaFluor mounting medium (Thermo

Scientific) and tiled z stack images were obtained using a laser scanning confocal microscope (Zeiss

LSM510). The following primary antibodies were used: rabbit anti-dsRed2 (1:1000, Clontech) and

chicken anti-GFP (1:1000, Abcam). The following secondary antibodies were used: Alexa Fluor 568

goat anti-rabbit (1:500 Thermo Fisher Scientific) and Alexa Fluor 488 goat anti-chicken (1:500

Thermo Fisher Scientific).

Fluorescence intensity analysis
Signal intensity in spines was analyzed using a custom-written software MapManager (https://map-

manager.net) in Igor Pro as previously described (Zhang et al., 2015). Briefly, each spine was

assigned two regions of interest (ROIs) with a spineROI enclosed the spine head and a shaftROI

enclosing the dendritic shaft adjacent to that spine. A backgroundROI (same shape and number of

pixels as the spineROI and shaftROI) was translated in x/y to a nearby region of the image that was

representative of the background fluorescence. Intensity of SEP-GluA1 represents surface sGluA1

expression as SEP signal is pH-dependent, whereby acidic intracellular environments quenches the

fluorescence. To compare intensity values between imaging sessions, the background subtracted

spineROI from either the SEP-GluA1 or dsRed channel was normalized to background subtracted the

dsRed signal on the adjacent dendritic shaftROI. Further forms of normalizations were performed for

different analyses as described in the following paragraph.

In Figure 1G–I, spine surface SEP-GluA1 (sGluA1) level of each spine was normalized to its indi-

vidual day one intensity and the geometric mean of spine change per dendrite was calculated.

In Figure 2B,C,H, relative spine sGluA1 level was calculated by normalizing to the average level

of the dendrite where the spine was located. In Figure 2F, Figure 2—figure supplement 1A,B, the

intensities of newly formed spines were measured when the spines were first detected; the intensi-

ties of eliminated spines were measured when the spines were last detected. In Figure 2H, Fig-

ure 2—figure supplement 1D, relative spine size (y axis) or sGluA1 (x axis) was calculated by

normalizing to the average level of the dendrite where the spine was located. In Figure 2I, Fig-

ure 2—figure supplement 1E, spine size (y axis) or sGluA1 (x axis) daily change was calculated by

normalization to the level on the previous day.

In Figure 3B,C,E,F; Figure 4D,F; Figure 5F,G; Figure 6F, H; Figure 7E; Figure 3—figure sup-

plement 1A,C; Figure 4—figure supplement 1C; Figure 5—figure supplement 1B, C, K; Fig-

ure 6—figure supplement 1B,C,E,F; Figure 7—figure supplement 1A,B, individual spine sGluA1/

size levels were normalized to the average of three baselines (BL1-BL3) and the geometric mean of

spine change per dendrite was calculated. In Figure 5H, the change ratio on each imaging session

was calculated by normalizing changes of spine sGluA1 level on basal dendrites to the change in

spine sGluA1 expression on apical dendrites of the same neuron. In Figure 4D,E; Figure 6H, den-

drites were defined as decrease dendrites if they had a significant decrease of at least 18% (standard

deviation of the percent change in the sham group) in spine sGluA1 at VD1; Otherwise, they were

defined as ‘no decrease’ dendrites. In Figure 4—figure supplement 1C, spines were defined as

decrease spines if they had a significant decrease of at least 43.5% (standard deviation of the per-

cent change in the sham group) in spine sGluA1 at VD1; Otherwise, they were defined as ‘no

decrease’ spines. In Figure 6H, cells were defined as decrease cells if their apical dendrites had a

significant decrease of at least 9.8% (standard deviation of the percent change in sham group) in

spine sGluA1 at VD1; Otherwise, they were defined as ‘no decrease’ cells.

In Figure 5—figure supplement 1E; Figure 6—figure supplement 1H, the depth of dendrite

was calculated by averaging all spines on the dendrite. In each imaging ROI, the relative depth of

dendrites was calculated as the Z distance relative to the most superficial dendrite (depth = 0) and

the deepest dendrite (depth = 1). In Figure 5—figure supplement 1F–J, apical dendrites and basal

dendrites were combined together. In Figure 6—figure supplement 1I,J, apical dendrites were
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analyzed. As shown in Figure 5—figure supplement 1D, for depth analysis, spine depth from the

pia was calculated as the z distance relative to the most superficial spine (depth = 0) and the deep-

est spine (depth = 1) on the same dendrite. For distance analysis, on each dendrite, spine distance

was calculated relative to the most proximal spine to the branch point (defined as 0) and the most

distal spine (defined as 1). Spine sGluA1 change was calculated by normalization to the average

sGluA1 change of all persistent spines on the same dendrite. The dendrites were defined as ‘ascend-

ing’ dendrites if the dendrites were extending towards pia and DDepth / DDistance was larger than

0.1 (Scheme 1). The dendrites were defined as ‘descending’ dendrites if the dendrites were extend-

ing away from pia and DDepth / DDistance was larger than 0.1 (Scheme 1). For all imaging analysis,

the averages were calculated per dendrite.

Statistical analysis
All statistical analyses were performed in GraphPad Prism 7. Data distribution was tested for normal-

ity (Shapiro-Wilk test) and then comparisons were made using parametric or non-parametric tests, as

appropriate. Statistical significance was determined by Student’s t-test, one-sample t-test, Kolmo-

gorov-Smirnov test, one-way or two-way ANOVA with Bonferroni post hoc test, Friedman test with

Dunn’s post hoc test as indicated in the figure legends.
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Lee KF, Soares C, Béı̈que JC. 2012. Examining form and function of dendritic spines. Neural Plasticity 2012:
704103. DOI: https://doi.org/10.1155/2012/704103, PMID: 22577585

Lee HK, Whitt JL. 2015. Cross-modal synaptic plasticity in adult primary sensory cortices. Current Opinion in
Neurobiology 35:119–126. DOI: https://doi.org/10.1016/j.conb.2015.08.002, PMID: 26310109

Liao D, Zhang X, O’Brien R, Ehlers MD, Huganir RL. 1999. Regulation of morphological postsynaptic silent
synapses in developing hippocampal neurons. Nature Neuroscience 2:37–43. DOI: https://doi.org/10.1038/
4540, PMID: 10195178

Majewska A, Sur M. 2003. Motility of dendritic spines in visual cortex in vivo: changes during the critical period
and effects of visual deprivation. PNAS 100:16024–16029. DOI: https://doi.org/10.1073/pnas.2636949100,
PMID: 14663137

Makino H, Komiyama T. 2015. Learning enhances the relative impact of top-down processing in the visual cortex.
Nature Neuroscience 18:1116–1122. DOI: https://doi.org/10.1038/nn.4061, PMID: 26167904

Makino H, Malinow R. 2009. AMPA receptor incorporation into synapses during LTP: the role of lateral
movement and exocytosis. Neuron 64:381–390. DOI: https://doi.org/10.1016/j.neuron.2009.08.035, PMID: 1
9914186

Makino H, Malinow R. 2011. Compartmentalized versus global synaptic plasticity on dendrites controlled by
experience. Neuron 72:1001–1011. DOI: https://doi.org/10.1016/j.neuron.2011.09.036, PMID: 22196335

Mao L, Takamiya K, Thomas G, Lin DT, Huganir RL. 2010. GRIP1 and 2 regulate activity-dependent AMPA
receptor recycling via exocyst complex interactions. PNAS 107:19038–19043. DOI: https://doi.org/10.1073/
pnas.1013494107, PMID: 20956289

Mejias R, Adamczyk A, Anggono V, Niranjan T, Thomas GM, Sharma K, Skinner C, Schwartz CE, Stevenson RE,
Fallin MD, Kaufmann W, Pletnikov M, Valle D, Huganir RL, Wang T. 2011. Gain-of-function glutamate receptor
interacting protein 1 variants alter GluA2 recycling and surface distribution in patients with autism. PNAS 108:
4920–4925. DOI: https://doi.org/10.1073/pnas.1102233108, PMID: 21383172

Menon V, Musial TF, Liu A, Katz Y, Kath WL, Spruston N, Nicholson DA. 2013. Balanced synaptic impact via
distance-dependent synapse distribution and complementary expression of AMPARs and NMDARs in
hippocampal dendrites. Neuron 80:1451–1463. DOI: https://doi.org/10.1016/j.neuron.2013.09.027,
PMID: 24360547

Nauhaus I, Ringach DL. 2007. Precise alignment of micromachined electrode arrays with V1 functional maps.
Journal of Neurophysiology 97:3781–3789. DOI: https://doi.org/10.1152/jn.00120.2007, PMID: 17344376

Nicholson DA, Trana R, Katz Y, Kath WL, Spruston N, Geinisman Y. 2006. Distance-dependent differences in
synapse number and AMPA receptor expression in hippocampal CA1 pyramidal neurons. Neuron 50:431–442.
DOI: https://doi.org/10.1016/j.neuron.2006.03.022, PMID: 16675397

Nusser Z, Lujan R, Laube G, Roberts JD, Molnar E, Somogyi P. 1998. Cell type and pathway dependence of
synaptic AMPA receptor number and variability in the Hippocampus. Neuron 21:545–559. DOI: https://doi.org/
10.1016/S0896-6273(00)80565-6, PMID: 9768841

O’Brien RJ, Kamboj S, Ehlers MD, Rosen KR, Fischbach GD, Huganir RL. 1998. Activity-dependent modulation of
synaptic AMPA receptor accumulation. Neuron 21:1067–1078. DOI: https://doi.org/10.1016/S0896-6273(00)
80624-8, PMID: 9856462

Oku Y, Huganir RL. 2013. AGAP3 and Arf6 regulate trafficking of AMPA receptors and synaptic plasticity. Journal
of Neuroscience 33:12586–12598. DOI: https://doi.org/10.1523/JNEUROSCI.0341-13.2013, PMID: 23904596

Peters AJ, Liu H, Komiyama T. 2017. Learning in the rodent motor cortex. Annual Review of Neuroscience 40:
77–97. DOI: https://doi.org/10.1146/annurev-neuro-072116-031407, PMID: 28375768

Petrus E, Anguh TT, Pho H, Lee A, Gammon N, Lee HK. 2011. Developmental switch in the polarity of
experience-dependent synaptic changes in layer 6 of mouse visual cortex. Journal of Neurophysiology 106:
2499–2505. DOI: https://doi.org/10.1152/jn.00111.2011, PMID: 21813745

Petrus E, Rodriguez G, Patterson R, Connor B, Kanold PO, Lee HK. 2015. Vision loss shifts the balance of
feedforward and intracortical circuits in opposite directions in mouse primary auditory and visual cortices.
Journal of Neuroscience 35:8790–8801. DOI: https://doi.org/10.1523/JNEUROSCI.4975-14.2015, PMID: 26063
913

Pfennig S, Foss F, Bissen D, Harde E, Treeck JC, Segarra M, Acker-Palmer A. 2017. GRIP1 binds to ApoER2 and
EphrinB2 to induce Activity-Dependent AMPA receptor insertion at the synapse. Cell Reports 21:84–96.
DOI: https://doi.org/10.1016/j.celrep.2017.09.019, PMID: 28978486

Tan et al. eLife 2020;9:e52420. DOI: https://doi.org/10.7554/eLife.52420 21 of 22

Research article Neuroscience

https://doi.org/10.1016/j.neuron.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26247867
http://www.ncbi.nlm.nih.gov/pubmed/26247867
https://doi.org/10.1016/s0896-6273(03)00286-1
http://www.ncbi.nlm.nih.gov/pubmed/12765606
https://doi.org/10.1016/j.neuron.2013.08.018
https://doi.org/10.1016/j.neuron.2013.08.018
http://www.ncbi.nlm.nih.gov/pubmed/24139037
https://doi.org/10.1038/nature09880
http://www.ncbi.nlm.nih.gov/pubmed/21478872
https://doi.org/10.1038/nature12015
http://www.ncbi.nlm.nih.gov/pubmed/23552948
https://doi.org/10.1155/2012/704103
http://www.ncbi.nlm.nih.gov/pubmed/22577585
https://doi.org/10.1016/j.conb.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26310109
https://doi.org/10.1038/4540
https://doi.org/10.1038/4540
http://www.ncbi.nlm.nih.gov/pubmed/10195178
https://doi.org/10.1073/pnas.2636949100
http://www.ncbi.nlm.nih.gov/pubmed/14663137
https://doi.org/10.1038/nn.4061
http://www.ncbi.nlm.nih.gov/pubmed/26167904
https://doi.org/10.1016/j.neuron.2009.08.035
http://www.ncbi.nlm.nih.gov/pubmed/19914186
http://www.ncbi.nlm.nih.gov/pubmed/19914186
https://doi.org/10.1016/j.neuron.2011.09.036
http://www.ncbi.nlm.nih.gov/pubmed/22196335
https://doi.org/10.1073/pnas.1013494107
https://doi.org/10.1073/pnas.1013494107
http://www.ncbi.nlm.nih.gov/pubmed/20956289
https://doi.org/10.1073/pnas.1102233108
http://www.ncbi.nlm.nih.gov/pubmed/21383172
https://doi.org/10.1016/j.neuron.2013.09.027
http://www.ncbi.nlm.nih.gov/pubmed/24360547
https://doi.org/10.1152/jn.00120.2007
http://www.ncbi.nlm.nih.gov/pubmed/17344376
https://doi.org/10.1016/j.neuron.2006.03.022
http://www.ncbi.nlm.nih.gov/pubmed/16675397
https://doi.org/10.1016/S0896-6273(00)80565-6
https://doi.org/10.1016/S0896-6273(00)80565-6
http://www.ncbi.nlm.nih.gov/pubmed/9768841
https://doi.org/10.1016/S0896-6273(00)80624-8
https://doi.org/10.1016/S0896-6273(00)80624-8
http://www.ncbi.nlm.nih.gov/pubmed/9856462
https://doi.org/10.1523/JNEUROSCI.0341-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23904596
https://doi.org/10.1146/annurev-neuro-072116-031407
http://www.ncbi.nlm.nih.gov/pubmed/28375768
https://doi.org/10.1152/jn.00111.2011
http://www.ncbi.nlm.nih.gov/pubmed/21813745
https://doi.org/10.1523/JNEUROSCI.4975-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/26063913
http://www.ncbi.nlm.nih.gov/pubmed/26063913
https://doi.org/10.1016/j.celrep.2017.09.019
http://www.ncbi.nlm.nih.gov/pubmed/28978486
https://doi.org/10.7554/eLife.52420


Pologruto TA, Sabatini BL, Svoboda K. 2003. ScanImage: flexible software for operating laser scanning
microscopes. Biomedical Engineering Online 2:13. DOI: https://doi.org/10.1186/1475-925X-2-13, PMID: 12
801419

Rall W. 1962a. Electrophysiology of a dendritic neuron model. Biophysical Journal 2:145–167. DOI: https://doi.
org/10.1016/S0006-3495(62)86953-7, PMID: 14490040

Rall W. 1962b. Theory of physiological properties of dendrites. Annals of the New York Academy of Sciences 96:
1071–1092. DOI: https://doi.org/10.1111/j.1749-6632.1962.tb54120.x, PMID: 14490041

Roth MM, Dahmen JC, Muir DR, Imhof F, Martini FJ, Hofer SB. 2016. Thalamic nuclei convey diverse contextual
information to layer 1 of visual cortex. Nature Neuroscience 19:299–307. DOI: https://doi.org/10.1038/nn.4197,
PMID: 26691828

Saito T, Nakatsuji N. 2001. Efficient gene transfer into the embryonic mouse brain using in vivo electroporation.
Developmental Biology 240:237–246. DOI: https://doi.org/10.1006/dbio.2001.0439, PMID: 11784059

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH image to ImageJ: 25 years of image analysis. Nature
Methods 9:671–675. DOI: https://doi.org/10.1038/nmeth.2089, PMID: 22930834

Sdrulla AD, Linden DJ. 2007. Double dissociation between long-term depression and dendritic spine
morphology in cerebellar purkinje cells. Nature Neuroscience 10:546–548. DOI: https://doi.org/10.1038/
nn1889, PMID: 17435753

Shipman SL, Herring BE, Suh YH, Roche KW, Nicoll RA. 2013. Distance-dependent scaling of AMPARs is cell-
autonomous and GluA2 dependent. Journal of Neuroscience 33:13312–13319. DOI: https://doi.org/10.1523/
JNEUROSCI.0678-13.2013, PMID: 23946389

Suresh A, Dunaevsky A. 2017. Relationship between synaptic AMPAR and spine dynamics: impairments in the
FXS mouse. Cerebral Cortex 27:4244–4256. DOI: https://doi.org/10.1093/cercor/bhx128, PMID: 28541473

Takamiya K, Mao L, Huganir RL, Linden DJ. 2008. The glutamate receptor-interacting protein family of GluR2-
binding proteins is required for long-term synaptic depression expression in cerebellar purkinje cells. Journal of
Neuroscience 28:5752–5755. DOI: https://doi.org/10.1523/JNEUROSCI.0654-08.2008, PMID: 18509036

Takumi Y, Ramı́rez-León V, Laake P, Rinvik E, Ottersen OP. 1999. Different modes of expression of AMPA and
NMDA receptors in hippocampal synapses. Nature Neuroscience 2:618–624. DOI: https://doi.org/10.1038/
10172, PMID: 10409387

Tan HL, Queenan BN, Huganir RL. 2015. GRIP1 is required for homeostatic regulation of AMPAR trafficking.
PNAS 112:10026–10031. DOI: https://doi.org/10.1073/pnas.1512786112, PMID: 26216979

Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB. 1998. Activity-dependent scaling of quantal
amplitude in neocortical neurons. Nature 391:892–896. DOI: https://doi.org/10.1038/36103, PMID: 9495341

Turrigiano G. 2012. Homeostatic synaptic plasticity: local and global mechanisms for stabilizing neuronal
function. Cold Spring Harbor Perspectives in Biology 4:a005736. DOI: https://doi.org/10.1101/cshperspect.
a005736, PMID: 22086977

Volk L, Chiu SL, Sharma K, Huganir RL. 2015. Glutamate synapses in human cognitive disorders. Annual Review
of Neuroscience 38:127–149. DOI: https://doi.org/10.1146/annurev-neuro-071714-033821, PMID: 25897873

Wang XB, Yang Y, Zhou Q. 2007. Independent expression of synaptic and morphological plasticity associated
with long-term depression. Journal of Neuroscience 27:12419–12429. DOI: https://doi.org/10.1523/
JNEUROSCI.2015-07.2007, PMID: 17989307

Whitt JL, Petrus E, Lee HK. 2014. Experience-dependent homeostatic synaptic plasticity in neocortex.
Neuropharmacology 78:45–54. DOI: https://doi.org/10.1016/j.neuropharm.2013.02.016, PMID: 23466332

Zhang S, Xu M, Kamigaki T, Hoang Do JP, Chang WC, Jenvay S, Miyamichi K, Luo L, Dan Y. 2014. Selective
attention long-range and local circuits for top-down modulation of visual cortex processing. Science 345:660–
665. DOI: https://doi.org/10.1126/science.1254126, PMID: 25104383

Zhang Y, Cudmore RH, Lin DT, Linden DJ, Huganir RL. 2015. Visualization of NMDA receptor-dependent AMPA
receptor synaptic plasticity in vivo. Nature Neuroscience 18:402–407. DOI: https://doi.org/10.1038/nn.3936,
PMID: 25643295

Zhou Q, Homma KJ, Poo MM. 2004. Shrinkage of dendritic spines associated with long-term depression of
hippocampal synapses. Neuron 44:749–757. DOI: https://doi.org/10.1016/j.neuron.2004.11.011,
PMID: 15572107

Tan et al. eLife 2020;9:e52420. DOI: https://doi.org/10.7554/eLife.52420 22 of 22

Research article Neuroscience

https://doi.org/10.1186/1475-925X-2-13
http://www.ncbi.nlm.nih.gov/pubmed/12801419
http://www.ncbi.nlm.nih.gov/pubmed/12801419
https://doi.org/10.1016/S0006-3495(62)86953-7
https://doi.org/10.1016/S0006-3495(62)86953-7
http://www.ncbi.nlm.nih.gov/pubmed/14490040
https://doi.org/10.1111/j.1749-6632.1962.tb54120.x
http://www.ncbi.nlm.nih.gov/pubmed/14490041
https://doi.org/10.1038/nn.4197
http://www.ncbi.nlm.nih.gov/pubmed/26691828
https://doi.org/10.1006/dbio.2001.0439
http://www.ncbi.nlm.nih.gov/pubmed/11784059
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1038/nn1889
https://doi.org/10.1038/nn1889
http://www.ncbi.nlm.nih.gov/pubmed/17435753
https://doi.org/10.1523/JNEUROSCI.0678-13.2013
https://doi.org/10.1523/JNEUROSCI.0678-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23946389
https://doi.org/10.1093/cercor/bhx128
http://www.ncbi.nlm.nih.gov/pubmed/28541473
https://doi.org/10.1523/JNEUROSCI.0654-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18509036
https://doi.org/10.1038/10172
https://doi.org/10.1038/10172
http://www.ncbi.nlm.nih.gov/pubmed/10409387
https://doi.org/10.1073/pnas.1512786112
http://www.ncbi.nlm.nih.gov/pubmed/26216979
https://doi.org/10.1038/36103
http://www.ncbi.nlm.nih.gov/pubmed/9495341
https://doi.org/10.1101/cshperspect.a005736
https://doi.org/10.1101/cshperspect.a005736
http://www.ncbi.nlm.nih.gov/pubmed/22086977
https://doi.org/10.1146/annurev-neuro-071714-033821
http://www.ncbi.nlm.nih.gov/pubmed/25897873
https://doi.org/10.1523/JNEUROSCI.2015-07.2007
https://doi.org/10.1523/JNEUROSCI.2015-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17989307
https://doi.org/10.1016/j.neuropharm.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23466332
https://doi.org/10.1126/science.1254126
http://www.ncbi.nlm.nih.gov/pubmed/25104383
https://doi.org/10.1038/nn.3936
http://www.ncbi.nlm.nih.gov/pubmed/25643295
https://doi.org/10.1016/j.neuron.2004.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15572107
https://doi.org/10.7554/eLife.52420



