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SUMMARY
Cortical plasticity improves behaviors and helps recover lost functions after injury. However, the underlying
synaptic mechanisms remain unclear. In mice, we show that trimming all but one whisker enhances sensory
responses from the sparedwhisker in the barrel cortex and occludeswhisker-mediated synaptic potentiation
(w-Pot) in vivo. In addition, whisker-dependent behaviors that are initially impaired by single-whisker expe-
rience (SWE) rapidly recover when associated cortical regions remap. Cross-linking the surface GluA2 sub-
unit of AMPA receptors (AMPARs) suppresses the expression of w-Pot, presumably by blocking AMPAR sur-
face diffusion, in mice with all whiskers intact, indicating that synaptic potentiation in vivo requires AMPAR
trafficking. We use this approach to demonstrate that w-Pot is required for SWE-mediated strengthening
of synaptic inputs and initiates the recovery of previously learned skills during the early phases of SWE. Taken
together, our data reveal that w-Pot mediates cortical remapping and behavioral improvement upon partial
sensory deafferentation.
INTRODUCTION

Functional sensory maps in the cerebral cortex reorganize in

response to brain trauma or peripheral injury, with active modal-

ities gaining cortical space at the expense of less active ones

(Merzenich et al., 1983). Map expansion has been proposed to

adapt behaviors by optimizing neuronal circuits. Most of the ev-

idence that map expansion is required for skills adaptation

comes from studies that correlated behavioral changes with

use-dependent map reorganization (Bieszczad and Weinberger,

2010; Molina-Luna et al., 2008; Reed et al., 2011). Despite these

worthwhile contributions, the underlying circuit and synaptic

mechanisms remain poorly understood. Here, we exploited the

mouse whisker-to-barrel cortex system to explore the relation-

ship between the synaptic mechanisms of sensory map plas-

ticity and correlated adaptive behaviors.

Rodents use their whiskers to explore their immediate tactile

environment. Under normal conditions, neurons in each barrel

column have receptive fields in the primary somatosensory cor-

tex (S1) that are strongly tuned toward one principal whisker

(PW). Nevertheless, trimming all but one whisker (SWE; single-

whisker experience) causes layer (L)2/3 pyramidal neurons

located in the deprived and spared-related columns to respond

stronger to the spared-whiskers stimulation (Feldman, 2009;

Fox, 2002; Glazewski and Fox, 1996; Glazewski et al., 1996;
Ce
This is an open access article under the CC BY-N
Margolis et al., 2014), thereby resulting in the strengthening

and expansion of the spared-whisker representations within

the map (Feldman, 2009; Fox, 2002; Margolis et al., 2014). Syn-

aptic plasticity—notably, long-term synaptic potentiation

(LTP)—has been postulated as a synaptic mechanism for such

response strengthening during learning and deprivation-induced

plasticity (Clem et al., 2008; Feldman, 2009; Finnerty et al., 1999;

Fox, 2002; Glazewski and Fox, 1996; Glazewski et al., 1996;

Margolis et al., 2014). In support of this hypothesis, initial studies

reported that activation of N-methyl-D-aspartate receptors

(NMDARs) (Clem et al., 2008; Rema et al., 1998), a-amino-3-hy-

droxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)

(Clem and Barth, 2006; Dachtler et al., 2011), a/d CREB, a-CaM-

KII (Ca2+/calmodulin-dependent protein kinase-II), and a-CaM-

KII autophosphorylation (Glazewski et al., 1996, 2000) are all

involved in neuronal response potentiation in L2/3 neurons.

SWE increases the synaptic strength of vertical and horizontal

connections within and across cortical columns and occludes

electrically induced, NMDAR-dependent LTP in acute brain sli-

ces obtained from young rodents (Clem and Barth, 2006; Clem

et al., 2008; Finnerty et al., 1999), thereby providing indirect ev-

idence for a requirement of LTP during whisker map plasticity.

However, other homeostatic mechanisms, such as disinhibition,

synaptic scaling, or regulation of intrinsic excitability might also

be engaged upon sensory deprivation (Gainey and Feldman,
ll Reports 32, 108097, September 1, 2020 ª 2020 The Author(s). 1
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2017). It thus remained unclear whether and when synaptic plas-

ticity is causally inducing the potentiation of spared whisker-

evoked response upon whisker trimming and more particularly

in adult living animals.

Therefore, although several paradigms to induce sensory-

mediated LTP have been characterized in vivo (Gambino and

Holtmaat, 2012; Gambino et al., 2014; Zhang et al., 2015), a

direct demonstration that synaptic plasticity is required for

cortical remapping and the adaptation of sensorimotor skills is

still lacking in adult animals. This likely results from (1) the tech-

nical difficulty to induce and monitor synaptic plasticity in living

animals with behaviorally relevant stimuli; (2) the relatively limited

knowledge of the molecular mechanisms underlying this form of

plasticity in vivo; and (3) the lack of specific tools to block synap-

tic plasticity and spare the basal circuit functions while cortical

regions remap. Recently, manipulating the mobility of AMPAR

has provided a specific tool to block synaptic plasticity during

behavior without altering basal synaptic transmission and circuit

functions (Humeau and Choquet, 2019; Penn et al., 2017). Here,

we show that cross-linking the GluA2 subunit in vivo inhibits syn-

aptic potentiation of sensory inputs induced by physiological

and behaviorally relevant stimuli (whisker-mediated synaptic

potentiation; w-Pot), presumably by blocking GluA2 surface

diffusion and preventing the increase in synaptic AMPAR con-

tent. This demonstrates a direct link between AMPAR trafficking

and physiologically induced synaptic plasticity in vivo and reaf-

firms decades of in vitro work. Using this strategy, we demon-

strate that w-Pot is causally inducing the potentiation of

whisker-evoked responses and initiates behavioral recovery in

the early phase of cortical remapping following whisker

trimming.

RESULTS

SWE Reshapes Cortical Sensory Map and Rapidly
SaturatesWhisker-EvokedResponses in L2/3Pyramidal
Neurons
Previous studies have suggested that spared whiskers gain

cortical space through LTP-mediated changes in the efficacy

of existing synapses (Barth et al., 2000; Clem and Barth, 2006;

Clem et al., 2008; Feldman, 2009; Feldman and Brecht, 2005;

Glazewski and Fox, 1996; Glazewski et al., 1996). To explore

this question in vivo, we first investigated the impact of the

SWE on whisker-evoked neuronal and synaptic responses. We

exposed mice to a brief period of SWE (2–3 days) by clipping

all but one C2 whisker and quantified the spatial representation

of the spared whisker in contralateral S1 during anesthesia using

intrinsic optical signal imaging (Figures 1A–1C). For eachmouse,

intrinsic optical signals were acquired before, during, and after a

1-s long train (8 Hz) of C2 whisker deflection, for 3 consecutive

days, in full-whisker-experience (FWE; n = 6) and SWE (n = 7) an-

imals. For SWEmice, whiskers were trimmed after the first imag-

ing session (SWE0; Figure 1B). The whisker deflection-evoked

response area was determined as previously described (Schu-

bert et al., 2013). In contrast to FWE mice in which signals re-

mained stable across sessions (p = 0.3; Figure 1C), the intrinsic

optical signals evoked by the deflection of the spared whisker

increased gradually within the spared-whisker barrel column of
2 Cell Reports 32, 108097, September 1, 2020
SWE mice and became significantly different 48 h after clipping

(SWE1 versus SWE0, p = 0.246; SWE2 versus SWE0, p = 0.004;

Figure 1C). Importantly, it occurred at a time at which no alter-

ations in the activity of L4 granular neurons have been observed

in L2/3 (Benedetti et al., 2009; Glazewski and Fox, 1996; Glazew-

ski et al., 1996), suggesting that SWE-induced map plasticity is

fast and originates primarily from changes in neural activity

within L2/3.

Thus, we next performed whole-cell recordings of L2/3 pyra-

midal neurons in vivo in the C2 barrel while deflecting the PW,

in FWE mice and after 2 and 3 days of SWE (SWE2 and SWE3,

respectively; Figures 1A and 1D–1F). In agreement with the

aforementioned results, the fraction of spiking neurons in L2/

3 and the number of spikes per PW deflection (i.e., the spiking

probability) were increased in SWE2 mice as compared to FWE

mice (spiking probability: FWE, 0; SWE2, 0.37 ± 0.18; p < 0.01)

(Figure 1D). To understand the mechanisms that alter the

output of L2/3 neurons during SWE, we next examined

whisker-evoked neuronal responses that did not generate

spikes (Figure 1E). As compared to FWE, the mean PW-evoked

postsynaptic potential (PSP) peak amplitudes were significantly

increased at SWE2 (FWE: 9.88 ± 0.86 mV; SWE2: 17.48 ±

2.9 mV; p < 0.01) (Figures 1E and 1F). Although we cannot

exclude an effect of SWE-mediated disinhibition on PSP peak

amplitude (but see Figure S1), the concurrent increase in

spiking probability and strengthening of synaptic transmission

suggests that, despite a moderate increase in intrinsic excit-

ability (Figure S1F), the change of L2/3 neuronal spiking after

SWE likely resulted from an increase in peak amplitude of

whisker-evoked subthreshold PSP (Figure S1G). Importantly,

the spiking probability (SWE2: 0.37 ± 0.18; SWE3: 0.54 ± 0.1;

p = 0.186) and the mean evoked PSP peak amplitudes

(SWE2: 17.48 ± 2.9 mV; SWE3: 18.41 ± 2.1 mV; p = 0.75)

were similar at SWE2 and SWE3, indicating that the spared-

whisker-evoked neuronal responses no longer increased after

SWE2 (Figures 1D–1F).

Our data are consistent with the increase of sensory-driven

spikes in vivo (Barth et al., 2000; Clem and Barth, 2006; Clem

et al., 2008; Glazewski and Fox, 1996; Glazewski et al., 1996).

They further suggest that plasticity in L2/3 occurs rapidly and

saturates both the sub- and supra-threshold neuronal responses

evoked by the spared whisker between trimming and SWE2.

w-Pot In Vivo Is Occluded after 2 Days of SWE
In vitro slice recordings suggested that LTP-like mechanisms are

prime candidates for enhancing synaptic transmission during

SWE in young animals (Clem and Barth, 2006; Clem et al.,

2008), but in vivo evidence remains rare in older mice. Thus,

given that spared-whisker neuronal responses no longer

increased after SWE2, we next compared in vivo the potentiation

of sensory synaptic inputs induced by whisker stimulation

(w-Pot) in FWE mice and after SWE2 (Figure 2A). Indeed, LTP

can be induced in vivo by rhythmic whisker stimulation (RWS)

(Gambino et al., 2014; Mégevand et al., 2009; Williams and Holt-

maat, 2019; Zhang et al., 2015). This form of postsynaptic LTP

does not depend on back-propagating action potentials but re-

lies instead on dendritic NMDAR-dependent plateau potentials

driven by the coordinated activation of segregated leminiscal
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Figure 1. SWE Increases Whisker-Evoked Supra- and Sub-threshold Synaptic Responses in L2/3 Pyramidal Neurons

(A) Schematic of intrinsic optical signals and whole-cell recordings of L2/3 pyramidal neurons in full-whisker-experience (FWE) and single-whisker-experience

(SWE) mice. ns, not significant.

(B) Statistical t-maps over 3 successive days. Scale bar, 500 mm.

(C) Averaged (± SEM) PW-evoked response area (normalized to the first session at day 0). Light/dark blue lines indicate individual FWE (n = 7)/SWE (n = 6) mice,

respectively. Circle indicates mean. For SWE mice, whiskers are clipped after the first imaging session (dotted arrow).

(D) Left: single-cell examples of whisker-evoked responses (gray, single trials; dark and light blue, averaged traces from SWE and FWE mice, respectively).

Square pulse lines, C2 whisker deflection (100 ms). Right: fraction of spiking neurons (top: SWE2 and SWE3 pooled together) and number of spikes per whisker

deflection (bottom: spiking probability; median ± interquartile range).

(E) PW-evoked PSP grand average (all recorded cells averaged) ± SEM. Cells are recorded from FWE mice and SWE mice 48 h (SWE2) and 72 h (SWE3) after

trimming. Square pulse lines, C2 whisker deflection (100 ms).

(F) Median (± interquartile range) resting membrane potential (Vrest), PSP peak amplitude, and integral. FWE, n = 20 cells; SWE2, n = 4 cells; SWE3, n = 9 cells.
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and paralemniscal thalamo-cortical circuits (Gambino et al.,

2014; Williams and Holtmaat, 2019) (Figure 2B).

In FWE animals, a significant potentiation of whisker-evoked

PSP was elicited by stimulating the PW for 1 min at a frequency

of 8 Hz (RWS) (baseline: 8.18 ± 1.17 mV; RWS: 9.77 ± 1.11 mV;

n = 7; p = 0.002) (Figures 2C–2E, light blue traces; see also Fig-

ure 4A). In stark contrast, RWS failed to strengthen whisker-

evoked PSP after SWE2 (baseline: 20.45 ± 2.26 mV; RWS: 19.9

± 2.12 mV; n = 7; p = 0.264) (Figures 2C–2E, dark blue traces).
To investigate the possibility that the absence of w-Pot after

SWEwas the consequence of the alteration of its inductionmech-

anism, we extracted and compared NMDAR-dependent plateau

potentials, as previously described (Gambino et al., 2014), in

both FWE and SWE2 conditions. Indeed, suppressing these

plateau potentials prevents RWS-LTP in vivo (Gambino et al.,

2014). Compared to the control FWE condition, plateau potentials

evoked by single-whisker stimulation were not significantly

changed in SWE (plateau strength: FWE, 0.99 ± 0.03 mV*s,
Cell Reports 32, 108097, September 1, 2020 3
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Figure 2. SWE Occludes w-Pot

(A) Schematic of whisker deprivation.

(B) Schematic of thalamo-cortical circuits. L2/3 pyramidal neurons are recorded in the principal barrel-related column upon deflection of the PW. Depth of re-

corded cells is indicated.

(C) Time course of averaged PSP peak amplitude before and after RWS in FEW (n = 7 cells) and SWE (n = 7 cells) mice.

(D) Time course of averaged PSP amplitude normalized to baseline.

(E) Left: mean (± SEM) amplitude before (baseline) and after RWS. Error bars, sem; black lines between bars, pairs. Right: mean (± SEM) amplitude normalized to

baseline. Triangles, individual cells. ns, not significant.

(F) Median (± interquartile range) of plateau strength (FWE, n = 20 cells; SWE, n = 13 cells).

(G) Correlation between normalized plateau strength and the level of RWS-induced PSP peak potentiation in FWE (light blue) and SWE (dark blue) mice.
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n = 20; SWE, 1.35 ± 0.08, n = 13; p = 0.3) (Figure 2F). The strength

of plateau potentials (i.e., the product of the probability for a

whisker deflection to elicit a plateau potential and the average in-

tegrated depolarization) correlated with the magnitude of RWS-

induced LTP in FWE mice (Figure 2G). However, L2/3 neurons of

SWE2 mice bearing high plateau potentials could not be potenti-

ated, indicating that SWE has altered the positive correlation be-

tween plateau strength and the level of w-Pot observed in FWE

mice (Figure 2G; see also Figures S3A–S3C). This demonstrates

that a key component of theNMDAR-dependent inductionmech-

anism of w-Pot was not suppressed during SWE and could, thus,

not account for the lower success rate of w-Pot. Instead, our re-

sults indicate that SWE rapidly enhances synaptic response to

the spared whisker and occludes w-Pot (FWE: 123.5% ± 5.9%,

n = 7; SWE: 97.6% ± 2.1%, n = 7; p = 0.001) (Figures 2D–2F), sug-

gesting that LTP-likemechanismshave takenplace in L2/3 before

SWE2 and validating RWS as a tool for addressing in vivo the

potentiation state of synapses activated by the spared whisker.

Cross-linking AMPAR Blocks the Expression of w-Pot in
FWE Mice but Preserves Basal Synaptic Transmission
Blocking the induction of LTPwith NMDAR antagonists provided

the most direct evidence that synaptic plasticity at appropriate

synapses is required for both potentiation of spared-whisker re-

sponses and learning (Clem et al., 2008; Rema et al., 1998; Take-

uchi et al., 2013). However, NMDAR antagonists might obstruct
4 Cell Reports 32, 108097, September 1, 2020
normal sensory cortical transmission in vivo, which also relies on

NMDAR conductances (Armstrong-James et al., 1993; Salt,

1986). Instead, we used an antibody cross-linking approach

that has been shown to limit the surface diffusion of postsynaptic

GluA2 (Constals et al., 2015; Giannone et al., 2010; Haas et al.,

2018; Nair et al., 2013; Penn et al., 2017) and, thus, block the

expression of synaptic plasticity while sparing NMDAR conduc-

tances (Humeau and Choquet, 2019; Penn et al., 2017). We tar-

geted this subunit of AMPAR, as it is predominantly expressed in

the neocortex (Schwenk et al., 2014), its expression in S1 is

dynamically regulated upon partial sensory deafferentation

(Gierdalski et al., 1999; He et al., 2004), and its immobilization

has been shown to block LTP in acute slices and in vivo (Penn

et al., 2017).

To investigate the role of AMPAR surface diffusion in vivo dur-

ing w-Pot, we identified the C2 barrel by using intrinsic optical

imaging, injected the immunoglobulins G (IgGs) against GluA2

(or anti-GFP for control) in L2/3 of the right C2 cortical column,

and performed whole-cell recordings in FWE mice (Figures 3A

and 3B; Figure S2). We used the non-pathogenic and highly spe-

cific 15F1 clone of anti-GluA2 IgG that does not modify the bio-

physical properties of GluA2-containing AMPAR GluA2 in vitro

and in vivo (Constals et al., 2015; Giannone et al., 2010; Haas

et al., 2018; Nair et al., 2013; Penn et al., 2017; Zhao et al.,

2019). The injections, which were performed blind to the exper-

imental conditions, resulted in diffusion of IgG across multiple
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Figure 3. Cross-linking GluA2 Does Not Affect Short- and Long-Latency Whisker Subthreshold Responses

(A) Left: IgG is stereotaxically injected in FWE mice, in the superficial layers of the PW column identified by intrinsic optical imaging. Right: DAB immunostaining.

White line, maximum spread of IgG. Scale bars, 100 mm.

(B) Schematic of the excitatory/inhibitory feed-forward circuit in a barrel-related column. L2/3 pyramidal neurons are recorded in the PW barrel-related column

after IgG injection. Depth of recorded cells is indicated.

(C) Average (± SEM) number of action potentials (APs) triggered by incremental current injections. Insert: example of spiking pattern in anti-GFP- and anti-GluA2-

injected mice upon 400-pA current injection.

(D) Single-cell example of PW-evoked PSP. Individual trials are represented with gray lines. Square pulse line, whisker deflections (100 ms).

(E) Median (± interquartile range) PSP peak amplitude, integral, onset, and onset jitter (anti-GFP, n = 34 cells; anti-GluA2, n = 31 cells).

(F) Example of NMDAR plateau strength extraction.

(G) Top: grand average of PW-evoked extracted plateau potential (all recorded cells averaged ± SEM). Black square pulse line, C2 whisker deflection (100 ms).

Bottom: median (± interquartile range) onset of plateau potentials.

(H) Median (± interquartile range) plateau probability, strength (mV*s), and full width at half maximum (FWHM, in milliseconds) in anti-GFP-injected (n = 26 cells)

and anti-GluA2-injected (n = 24 cells) mice.
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columns but remained restricted to L2/3 with no visible signal in

L4 (Figure 3A; Figures S2A and S2B).

First, to evaluate whether IgGs have an effect on basic cell and

S1 circuit electrophysiological properties, we recorded the firing

properties (Figure 3C) and whisker-evoked subthreshold re-

sponses (Figures 3D–3H). No statistical differences in these pa-

rameters were detected between anti-GluA2 and anti-GFP IgGs

in FWE mice. Specifically, we found no difference in the peak,

onset, and jitter of short-latency PSP (Figures 3D and 3E), indi-
cating that cortico-cortical (L4-to-L2/3 and L2/3-to-L2/3)

basal synaptic transmission was not affected by anti-GluA2

IgG. Likewise, anti-GluA2 IgG did not significantly change

long-latency plateau potentials evoked by single-whisker stimu-

lation as compared to control IgG (plateau probability: anti-GFP,

0.70 ± 0.04, n = 26; anti-GluA2, 0.68 ± 0.05, n = 24; p = 0.770;

plateau strength: anti-GFP, 0.71 ± 0.09 mV*s, n = 26; anti-

GluA2, 0.77 ± 0.11 mV*s, n = 24; p = 0.828) (Figures 3F–3H).

These delayed plateau potentials, which were extracted as
Cell Reports 32, 108097, September 1, 2020 5
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Figure 4. Cross-linking GluA2 Subunit Suppresses the Expression of w-Pot in FWE Mice

(A) Time course of averaged PSP peak amplitude upon RWS (RWS, left) and when RWS is not induced (no RWS, right) in anti-GFP-injected mice.

(B) Mean (± SEM) peak amplitude before (baseline) and after RWS (n = 9 cells) or no RWS (n = 8 cells). Black lines between bars indicate pairs. ns, not significant.

(C and D) Same as in (A) and (B) but for anti-GluA2-IgG-injected mice (RWS, n = 8 cells; no RWS, n = 8 cells).

(E) Mean (± SEM) peak amplitude normalized to baseline (percentage of LTP). Triangles, individual cells.

(F) Correlation between normalized plateau strength and the level of RWS-induced w-Pot in anti-GFP- (turquoise) and anti-GluA2 (khaki) IgG-injected mice.
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previously described (Gambino et al., 2014), are generated

through the cooperativity of lemniscal and paralemniscal circuits

(see Figure 2B), suggesting that neither direct thalamo-cortical

synaptic transmission nor recurrent activity was affected by

the cortical infusion of IgG. Taken together, our results confirm

previous studies performed in different systems (Constals

et al., 2015; Giannone et al., 2010; Haas et al., 2018; Nair et al.,

2013; Penn et al., 2017) and demonstrate that the cortical injec-

tion of anti-GluA2 IgG in S1 does not affect intrinsic neuronal

excitability or AMPAR- and NMDAR-mediated whisker-evoked

synaptic transmission in basal conditions. In addition, IgG did

not modify spontaneous slow oscillations (i.e., the up and

down states) of membrane potential (Figure S2C) or the

whisker-evoked responses recorded at different holding mem-

brane potentials (Figures S2D–S2F), suggesting that the net

inhibitory drive onto L2/3 pyramidal neurons was also likely not

affected (Haider et al., 2006; Sanchez-Vives and McCormick,

2000; Steriade et al., 1993).

RWS induced a significant potentiation of PW-evoked PSP in

the presence of anti-GFP IgG, similar to that observed in control

non-injected FWE mice (baseline: 8 ± 1.9 mV; RWS: 9.7 ± 2 mV;

n = 9; p = 0.002) (Figures 4A and 4B; Figure S3). On average, the

change in PSP amplitude when RWSwas applied (RWS: 123.9%

± 1.7%; n = 9) was significantly higher than when RWS was not

(no RWS: 101.6% ± 0.71%; n = 8; p < 0.001) (Figure 4B) and posi-

tively correlated with the strength of plateau potentials (Fig-

ure 4F). In contrast, GluA2 cross-linking prevented w-Pot (base-

line: 10.6 ± 1.2 mV; RWS: 11.3 ± 1.3 mV; n = 8; p = 0.102; RWS+

versus RWS�: 107.1% ± 3.6% versus 97.5% ± 3.1%; p > 0.05)

(Figures 4C–4E). Compared to control IgG, NMDAR-dependent

plateau potentials (see Figures 3F–3H) and short-term dynamics

of membrane potential during RWS (Figure S4) were not affected
6 Cell Reports 32, 108097, September 1, 2020
by anti-GluA2 IgG. On the contrary, S1 pyramidal neurons

bearing high plateau strength could not be potentiated in the

presence of anti-GluA2 IgG (plateau strength > 0.5; anti-GFP:

138.6% ± 5%, n = 4; anti-GluA2: 108% ± 4%; n = 7; p < 0.001)

(Figure 4F; Figures S3A–S3C). This indicates that cross-linking

surface GluA2 in vivo prevents the expression of w-Pot but not

the NMDAR-dependent plateau potentials responsible for the in-

duction of w-Pot.

w-Pot Mediates Neuronal Enhancement during SWE-
Induced Cortical Remapping
Our data indicate that, as opposed to the pharmacological

blockade of NMDAR that affects cortical transmission in vivo

(Armstrong-James et al., 1993; Salt, 1986), cross-linking GluA2

subunits might represent a more specific way to prevent the

expression of synaptic potentiation in vivo without modifying

its induction mechanisms or basal synaptic transmission (Hu-

meau and Choquet, 2019). Thus, we used this approach to ques-

tion whether w-Pot was causally inducing the potentiation of

whisker-evoked response during SWE by performing a ‘‘de-oc-

clusion’’ experiment (Figure 5). Indeed, we reasoned that, if w-

Pot increases synaptic responses between trimming and

SWE2, then the chronic cross-linking of GluA2 subunits during

this period would block this mechanism, thereby allowing RWS

to potentiate whisker-evoked PSP in SWE mice when GluA2

mobility is restored.

To test these predictions, anti-GluA2 IgG (or anti-GFP for con-

trols) was injected in S1 twice a day for 2 consecutive days dur-

ing SWE when LTP-like mechanisms are supposed to occur to

saturate whisker-evoked neuronal responses. L2/3 pyramidal

neurons were then recorded, and the potentiation state of their

whisker-activated synapses was tested after a 12-h clearance
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Figure 5. w-Pot Mediates Neuronal Responses Potentiation during SWE-Induced Cortical Remapping

(A) Schematic of experimental strategy. IgG is injected during SWE, followed by washout before recordings.

(B) Left: single-cell examples of whisker-evoked responses (gray, single traces; green and purple, averaged traces from anti-GFP- and anti-GluA2-injectedmice,

respectively). Square pulse line, C2 whisker deflection (100 ms). Right: fraction of spiking neurons triggered by whisker deflection.

(C) PW-evoked PSP grand average (all recorded cells averaged ± SEM). Square pulse line, C2 whisker deflection (100 ms).

(D) Left: number of spikes per whisker deflection (spiking probability; median ± interquartile range). Right: median (± interquartile range) PSP peak amplitude.

FWE, n = 20 cells; SWE, n = 13 cells; GFP, n = 8 cells; GluA2, n = 9 cells. ns, not significant.

(E) Time course of averaged PSP peak amplitude upon RWS in anti-GFP-injected (green) and anti-GluA2-injected (purple) mice (after washout).

(F) Left: mean (±SEM) PSPpeak amplitude before (baseline) and after RWS. Black lines between bars indicate pairs. Right: mean (±SEM) amplitude normalized to

baseline. Triangles, individual cells. FWE, n = 7 cells; SWE, n = 7 cells; GFP, n = 6 cells; GluA2, n = 6 cells.
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period to wash out IgG (SWE2-wash; Figure 5A). This washout

period was determined to remove most of IgG while preventing

cortical remapping from resuming. The average number of

spikes per PW deflection decreased in SWE2-wash/GluA2 as

compared to SWE2-wash/GFP (anti-GluA2: 0.08 ± 0.03, n = 9;

anti-GFP: 0.35 ± 0.14, n = 8; p = 0.026) (Figures 5B–5D), although

the fraction of spiking neurons was not modified (SWE2-wash/

GluA2: 6/9; SWE: 11/13; p > 0.05) (Figure 5B). The average

PW-evoked PSP peak amplitude after the washout of anti-

GluA2 IgG (7 ± 1.3 mV, n = 9, p < 0.001), but not anti-GFP IgG

(14.2 ± 1.6 mV, n = 8, p = 0.126), was significantly decreased

as compared to SWE (17.9 ± 2.3 mV, n = 13) and were now

similar to those observed in naive FWE mice (Figures 5C and

5D). RWS potentiated PW-evoked PSP only when anti-GluA2

IgG, but not anti-GFP IgG, was washed out (SWE2-wash/

GluA2: baseline, 7.6 ± 1.7 mV; RWS, 10.4 ± 2.6 mV; n = 6;

p = 0.04; SWE2-wash/GFP: baseline, 12.6 ± 1.6 mV; RWS,

12.2 ± 1.9 mV; n = 6; p = 0.436) (Figures 5E and 5F). Thus,

SWE2-wash with anti-GluA2 IgG preserved the expression of

w-Pot in SWE mice (SWE2-wash/GluA2: 129.8% ± 7.8%, n =

6; versus SWE: 97.6% ± 2.1%, n = 7; p = 0.001) to levels similar

to those in FWE mice (123.5% ± 5.9%, n = 7; p = 0.4) (Figure 5F;

Figure S3). This indicates that chronically blocking AMPAR

trafficking until SWE2 prevents sensory-evoked synaptic poten-

tiation from occurring during this period.
Importantly, intrinsic excitability (Figure S3D), whisker-evoked

short-latency PSP onset and jitter (Figure S3F), whisker-evoked

long-latency NMDAR-plateau potentials (Figure S3B), and RWS-

mediated depolarization (Figure S4) were not altered in any of our

experimental conditions, suggesting that the rules governing

w-Pot were likely not modified. In addition, there were no

differences in basal synaptic transmission between SWE and

SWE2-wash in the presence of the control anti-GFP IgG (Fig-

ure 5D; Figure S3). Taken together, our data suggest that the

chronic presence of the 15F1 anti-GluA2 IgG did not alter

AMPAR function as previously reported with human-disease-

related anti-GluA2 auto-antibodies (Haselmann et al., 2018;

Peng et al., 2015).

To exclude the possibility that chronic exposure to AMPAR

cross-linking antibodies caused excessive inflammation that

could have affected cell and circuit properties, we performed

immunohistochemical detection of astrocyte and microglia cell

markers (Figure S5). We injected anti-GluA2 and anti-GFP IgGs

in the right and left hemispheres, respectively, twice a day for 2

consecutive days and assessed the number of astrocytes andmi-

croglia using anti-GFAP (glial fibrillary acidic protein) and anti-Iba1

immunostaining as previously described (Holtmaat et al., 2009)

(Figure S5). While cortical injections produced inflammation in

the superficial layers of the injected area as compared to the

non-injected area (Figure S5), we found no quantitative
Cell Reports 32, 108097, September 1, 2020 7
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Figure 6. Cross-linking AMPAR during SWE Alters the Recovery of Gap-Crossing Skills

(A) Overview of the gap-crossing task.

(B) Schematic of the experimental strategy. Mice learn the task before SWE is induced, during which IgG is injected. The supposed effects of SWE on whisker-

evoked PSP in the presence of IgG are indicated below.

(C) Top: averaged (± SEM) fraction of gap-crossing success for different gap distances in non-injected mice. Bottom: tests in sessions 5 to 7 were omitted to

assess the role of learning during SWE. ns, not significant.

(D) Mean (± SEM) fraction of success in the final session (normalized to session 4 before SWE) at 65 mm for mice that are tested every day (test) and for mice that

were not tested in sessions 5 to 7 (no test). Triangles, individual mice (test, n = 6; no test, n = 5).

(E) Averaged (± SEM) fraction of gap-crossing success for different gap distances in anti-GFP-injected (left) and anti-GluA2-injected (right) mice.

(F) Averaged (± SEM) fraction of gap-crossing success at 65 mm in non-injected (orange), anti-GFP-injected (green), and anti-GluA2-injected (purple) mice.

(G) Mean (± SEM) fraction of success at 65 mm after expertise in FWE mice and during SWE. Triangles, individual mice (anti-GFP, n = 7; anti-GluA2, n = 7).
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differences between anti-GFP- and anti-GluA2-treated groups, as

the numbers of immunopositive cells were similar between the

two hemispheres, indicating that the astrocytic and microglial re-

sponses post-injection were not exacerbated in the presence of

anti-GluA2 IgG compared to anti-GFP IgG. In addition, the global

locomotor activity (Figures S6H–S6K) and whisker-related

perception (Figures S6D–S6G) appeared unaffected in mice

chronically injected with IgG in S1, suggesting that the prolonged

cross-linking of AMPAR has no global cytotoxic effect.

w-Pot Facilitates the Recovery of Altered Whisker-
Dependent Behaviors during the Early Phases of SWE
We demonstrated earlier that the chronic cross-linking of

AMPAR prevented potentiation of whisker-evoked responses

during SWE, supporting the idea that w-Pot contributes to

SWE-induced cortical remapping. Because SWE alters various

whisker-mediated behavioral tasks (Barnéoud et al., 1991; Celi-

kel and Sakmann, 2007; Clem et al., 2008; Xerri, 2012), we

reasoned that, if cortical remapping improves tactile perception,

then blockingw-Pot during SWE should affect whisker-mediated

behavioral performance.
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To test this hypothesis, we monitored freely behaving mice

performing a binary gap-crossing task under infrared light (Fig-

ure 6A; Figure S6A). Food-restricted mice were trained to reach

a platform containing a pellet distributor delivering a calibrated

food reward. The home and rewarding platforms were separated

by a randomized distance between 40 and 65mm from the home

platform (Figure 6A). At a distance of 65 mm, mice used prefer-

entially their whiskers to locate the target platform and jump

onto it to receive the reward (Barnéoud et al., 1991; Celikel and

Sakmann, 2007) (Figure S6B). To test the effect of cortical re-

mapping on acquired skills while minimizing the confounding ef-

fect of learning, whiskers were trimmed after mice learned the

task and attained expertise (i.e., after 4 days of training) (Fig-

ure 6B; Figure S6C). Gap-crossing performance at a distance

of 65 mm dropped immediately after SWE by 28% ± 14%

(fraction of success; session 4: 0.96 ± 0.04; session 5: 0.68 ±

13; n = 6; p = 0.006) but recovered quickly before SWE2 (session

6: 0.87 ± 0.09; p = 0.372) (Figure 6C). Importantly, mice that were

not tested during the first sessions of SWE (sessions 5–7) had

similar final success rates (session 8; 0.95 ± 0.03, n = 6; and

0.89 ± 0.08, n = 5; p > 0.05) (Figures 6C and 6D), suggesting
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that behavioral recovery was likely not caused by a new learning

phase but, instead, resulted from the restoration of accurate

perception. Interestingly, it occurred in a timescale (SWE2–

SWE3) at which whisker-evoked responses saturated (Figure 1)

and w-Pot has been fully occluded (Figure 2). This concurrent

timing raises the possibility that LTP-like mechanisms might

participate in the recovery of altered gap-crossing skills upon

SWE (see Figure 6B).

To test this hypothesis, we trimmed whiskers in expert mice

and injected in S1 anti-GFP or anti-GluA2 IgG twice per day,

before and after each behavioral session (Figure 6B). None of

the IgGs, which were injected blind after whisker trimming (ses-

sions 5–8), altered exploration and decision latency (Figure S6).

In contrast, the gap-crossing performance of anti-GluA2-IgG-

injected mice decreased more (session 5: �61.8% ± 12%

versus �22.6% ± 6.7%, p = 0.016) and recovered significantly

more slowly compared to that of anti-GFP-injected mice (Fig-

ures 6E–6G). Success rates were, however, similar between

both groups 3 days after SWE (session 7: 0.82 ± 0.09 versus

0.72 ± 0.14; p = 0.805) (Figure 6G), which might reflect the ex-

istence of additional synaptic mechanisms that preserve a

slow capacity for cortical remapping (Clem et al., 2008) and/

or barrel-cortex-independent behavioral strategies (Celikel

and Sakmann, 2007; Hong et al., 2018). Altogether, our data

indicate that cross-linking GluA2 subunits similarly affects

neuronal response potentiation in vivo and behavioral output

at early phases of SWE (i.e., before SWE3), thereby providing

additional evidence for a critical role of w-Pot in S1 in facilitating

the recovery of lost perceptual skills.

DISCUSSION

Our study provides evidence that the rules governing synaptic

plasticity in vitro through the synaptic regulation of AMPAR sub-

units (Granger et al., 2013; Penn et al., 2017; Shi et al., 2001) are

effectively used in vivo andmediate the potentiation of spared in-

puts during cortical remapping. The surface diffusion and inser-

tion of AMPAR into the postsynaptic membrane has become a

well-recognized hallmark of NMDAR-dependent synaptic poten-

tiation in vitro (Diering and Huganir, 2018; Humeau and Choquet,

2019), although a presynaptically expressed form of neocortical

LTP altering release probability might also exist (Markram and

Tsodyks, 1996). In the barrel cortex, while LTP, induced in vitro

at L4-to-L2/3 synapses by electrical stimulation, exhibits both

postsynaptic and presynaptic components (Bender et al.,

2006; Feldman, 2009; Hardinghamand Fox, 2006), themolecular

mechanisms of w-Pot remained elusive. Here, we found that

anti-GluA2 IgG did not alter whisker-evoked short-term synaptic

plasticity (Figure S4). In contrast, w-Pot could not readily be pro-

duced in S1 pyramidal neurons when RWS was applied in the

presence of anti-GluA2 IgG (Figure 4). This form of synaptic plas-

ticity has been shown to depend on postsynaptic NMDAR-

dependent mechanisms (Gambino and Holtmaat, 2012; Gam-

bino et al., 2014). This is in agreement with earlier studies

showing that RWS triggers the NMDAR-dependent increase of

AMPAR at dendritic spines in the barrel cortex in vivo (Zhang

et al., 2015) and suggests that w-Pot is most likely expressed

postsynaptically in adult animals.
Together, our data indicate that cross-linking GluA2-contain-

ing AMPAR with the 15F1 anti-GluA2 IgG is sufficient to inhibit

the expression of w-Pot while leaving its induction mechanism

unaltered (i.e., the NMDAR-dependent plateau potentials; Fig-

ure 3; Figure S3). This specific and non-pathogenic anti-GluA2

IgG clone binds to the N-terminal domain of the GluA2 subunit,

away from any functionally important domains such as the gluta-

mate binding site (Zhao et al., 2019). Accordingly, we found that

spontaneous slow-wave fluctuation of membrane potential (Fig-

ure S3) and whisker-evoked, short- and long-latency PSPs (Fig-

ure 3; Figure S3) were similar between anti-GFP- and anti-GluA2-

injectedmice. This supports the fact that the 15F1 antibody is not

an AMPAR loss-of-function IgG and does not modify the bio-

physical properties of GluA2-containing AMPAR (Constals

et al., 2015; Giannone et al., 2010; Haas et al., 2018; Nair et al.,

2013; Penn et al., 2017). Rather, it impairs the surface diffusion

of GluA2-containing AMPAR without modifying any other traf-

ficking pathways such as endocytosis (Penn et al., 2017). This

supports the possibility that, in S1 too, 15F1 anti-GluA2 IgG pre-

vents AMPAR synaptic recruitment during w-Pot. Nevertheless,

anti-GluA2 IgG can bind to all AMPARs around the injection area,

including those located at synapses onto and from interneurons.

While the net inhibitory drive onto L2/3 pyramidal neurons does

not seem to be altered (Figure S2), we cannot exclude the pos-

sibility that IgG affected the plasticity of inhibitory or dis-inhibi-

tory circuits. Nonetheless, RWS LTP does not appear to be

caused by plasticity of interneurons (Williams and Holtmaat,

2019), suggesting that IgG at these sites only had a marginal

functional impact on L2/3 pyramidal neuron plasticity.

We exploited this result to describe the relationship between

synaptic plasticity and cortical remapping following SWE. In

young rodents, SWE enhances synaptic communication be-

tween L4-to-L2/3 and L2/3-to-L2/3 neurons in vitro (Cheetham

et al., 2007; Clem and Barth, 2006; Clem et al., 2008; Finnerty

et al., 1999). In addition, 24 h of SWE has been shown to occlude

electrically induced, NMDAR-dependent LTP in acute slices ob-

tained from �P (post-natal day)15 mice (Clem et al., 2008), sug-

gesting that synaptic plasticity might occur rapidly upon

changes in sensory experience (Takeuchi et al., 2013). However,

whether and when LTP happens in vivo in adult mice during SWE

remain poorly understood. Previous results indicated that 7 days

of SWEwere necessary to increase whisker-evoked firing in L2/3

pyramidal neurons of 5- to 8-week-old mice, suggesting that

potentiation of L2/3 pyramidal neurons might, in fact, require a

longer period of SWE to occur in adult animals (Benedetti

et al., 2009). In contrast, we found here that sensory inputs satu-

rated within 2 days of SWE (Figure 1) and could not be further

potentiated by RWS, indicating that 2 days of SWE is sufficient

to occlude RWS-mediated LTP (Figure 2). This demonstrates

that synaptic plasticity induced in vivo by behaviorally relevant

stimuli occurs rapidly in the adult S1 after whisker trimming.

While LTP-like synaptic plasticity might rapidly drive the

spared-whisker representation in S1 to strengthen (Figure 1B),

other mechanisms, such as homeostatic disinhibition, synaptic

scaling, or regulation of intrinsic excitability, might also be

engaged upon sensory deprivation (Gainey and Feldman,

2017). It thus remained unclear whether synaptic plasticity is

causally inducing the potentiation of spared-whisker-evoked
Cell Reports 32, 108097, September 1, 2020 9
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response following SWE. To address this question, we cross-

linked AMPAR for 2 days after whisker trimming and tested the

effect of anti-GFP and anti-GluA2 IgGs on w-Pot and spared-

whisker-evoked neuronal responses 12 h after the last IgG injec-

tion (SWE2-wash; Figure 5A). Although we cannot exclude that

residual IgGs are still present after 12 h, our ‘‘de-occlusion’’ pro-

tocol was designed to prevent cortical remapping from blocking

w-Pot after IgG removal, which would have occurred with longer

washout periods. In contrast, we found that, as compared to

anti-GFP, SWE-wash/GluA2 reduces the short-latency, AMPAR

component of whisker-evoked PSP to levels similar to those in

naive FWEmice (Figures 5B–5D) and restores the capacity to un-

dergo w-Pot (Figures 5E and 5F), suggesting that most anti-

bodies have been washed out. Importantly, it indicates that

cross-linking the endogenous GluA2 subunit of AMPAR immedi-

ately after whisker trimming prevents the potentiation of spared-

whisker-evoked PSP that would have otherwise occurred during

SWE.

Overall, our data suggest that w-Pot, through the tight modu-

lation of GluA2-containing AMPARs, is one of the major mecha-

nisms that rapidly potentiates neuronal response during cortical

remapping induced by SWE. SWE is associated with modest al-

terations of L2/3 pyramidal neuron excitability and spared-

whisker-evoked inhibition (Figure S1), and whether it could drive

synaptic scaling is currently not known. The effect of SWE on

spared-whisker-evoked neuronal responses could also be

sculpted by the regulation of local inhibitory interneurons. For

example, complete removal of sensory inputs increases the

pruning of inhibitory synapses (Keck et al., 2011). When an entire

whisker row is plucked, feed-forward inhibition in S1 L2/3 pyra-

midal neurons is decreased (House et al., 2011; Jiao et al., 2006).

Disinhibition occurs in the deprived columns to transiently in-

crease deprived-whisker neuronal spiking before LTD-like pro-

cesses take place (Li et al., 2014). However, this homeostatic

mechanism has been observed in the deprived columns after

3 days of deprivation (Gainey and Feldman, 2017; Li et al.,

2014), and it is currently not certain whether they might also

occur in the spared columns. Nevertheless, it remains possible,

due to the broad receptive field of interneurons (Swadlow and

Gusev, 2002), that disinhibition within the deprived barrel further

affects nearby non-deprived columns. Such disinhibition could

leverage spared-whisker-evoked excitation and facilitate

neuronal spiking but also might open the gate for synaptic plas-

ticity (Williams and Holtmaat, 2019).

We verified that our results were not caused by the alteration of

receptor function and basal transmission, which might occur in

the prolonged presence of certain types of anti-AMPAR anti-

bodies. Indeed, human pathogenic anti-GluA2 autoantibodies

induce receptor internalization (Haselmann et al., 2018; Peng

et al., 2015). In addition to our controls of basal synaptic trans-

mission (Figure 3; Figure S3), we measured and compared the

astrocytic/microglia response, NMDARs-dependent plateau po-

tentials, neuronal excitability, and RWS-mediated depolariza-

tion, as well as the global motor activity in the acute and pro-

longed presence of anti-GluA2 and anti-GFP IgGs. None of

these parameters were different between conditions, indicating

that basic cellular, circuit, and behavioral properties as well as

the rules governing RWS-mediated synaptic plasticity were likely
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preserved during SWE-wash. However, although the onset and

jitter of short-latency whisker-evoked PSP were not different be-

tween anti-GluA2- and anti-GFP-injected mice (Figure S3), we

cannot exclude the possibility that SWE-wash/GluA2 drives sub-

unit switch by increasing the synaptic incorporation of inwardly

rectifying, non-GluA2-containing AMPARs (Haselmann et al.,

2018). Given that the non-pathogenic 15F1 antibodies do not

induce receptor internalization but only alter GluA2 surface diffu-

sion (Penn et al., 2017), these changes are unlikely to exist in S1.

Nonetheless, if they were to occur, our overall conclusion would

still remain valid, as these changes have been shown to impair

synaptic LTP and behavior as well (Haselmann et al., 2018).

Our results are in line with the dynamic regulation of GluA2

expression in S1 upon partial sensory deafferentation (Gierdalski

et al., 1999; He et al., 2004). However, they stand in contrast to

the traditional view of AMPAR trafficking during cortical remap-

ping, which states that the GluA2 subunit is not required for

experience-dependent plasticity in the barrel cortex (Feldman,

2009; Makino and Malinow, 2011). Consistent with this model,

previous in vitro studies in the barrel cortex of �P15 animals

concluded that SWE drives LTP at L4–L2/3 synapses by insert-

ing homomeric GluA1/GluA1 (GluA2-lacking) AMPARs (Clem

and Barth, 2006; Clem et al., 2008; Miyazaki et al., 2012; Takaha-

shi et al., 2003). Nevertheless, the GluA1 dependence of cortical

and hippocampal plasticity has been shown to be developmen-

tally regulated and decreases with age (Grosshans et al., 2002;

Jensen et al., 2003). In addition, neuronal response potentiation

is only partially blocked in older GluA1 knockout animals under-

going SWE (Hardingham and Fox, 2006). When GluA1 is overex-

pressed together with GluA2, RWS drives the incorporation of

GluA1 subunit (Zhang et al., 2015), supporting the hypothesis

that heteromic GluA2/GluA1 rather than homomeric GluA1/

GluA1-dependent LTP likely operates during neuronal response

potentiation in adult animals.

Although our results demonstrate a tight relation between w-

Pot and cortical remapping, how such local synaptic changes

contribute to overall behavioral adaptation upon partial sensory

deafferentation remains unknown. A first attempt in addressing

this issue comes from pharmacological experiments where

NMDAR antagonists were used during SWE, assuming that

they were selective for plasticity and not normal information

processing in the brain (Clem et al., 2008; Rema et al., 1998).

However, NMDAR antagonists have strong attenuating effects

on long-latency spikes in supragranular layers as well as in

granule cell layers (Armstrong-James et al., 1993; Salt, 1986).

Instead, blocking AMPAR trafficking with cross-linking anti-

bodies has great potential to address this question in vivo (Hu-

meau and Choquet, 2019). The content of AMPARs at synapses

in vivo has be shown to correlate with motor performance (Roth

et al., 2020), and blocking AMPAR trafficking impairs learning

(Penn et al., 2017). Here, by manipulating the mobility of

GluA2, we found that chronic cross-linking during SWE signifi-

cantly alters gap-crossing performance immediately after

whisker trimming and slows down behavioral recovery after

SWE (Figures 6E–6G), while it did not alter sensory processing

(Figure S6). Strikingly, success rates were not different between

anti-GFP- and anti-GluA2-injected mice 3 days after SWE,

when whisker-evoked PSPs are saturated and w-Pot fully
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occluded in non-injected mice (Figure 6B). This suggests that

w-Pot is associatedwith a fast adaptation of cortical processing

and related behaviors to the change of perceptual condition.

While this might rapidly take place in S1 between trimming

and SWE2, other adaptation mechanisms, which are not

impaired by AMPAR cross-linking, likely occur after SWE2.

These mechanisms might include mGluR-mediated synaptic

plasticity (Clem et al., 2008) and/or homeostatic processes

(Gainey and Feldman, 2017). Interestingly, disinhibition has

been proposed to briefly stabilize the deprived column in

response to the loss of sensory inputs (Li et al., 2014). While

these mechanisms could facilitate behavioral compensation—

for example, by increasing sensory gain in the spared column

or facilitating GluA2-independent form of plasticity—whether

they occur in parallel and/or in response to the absence of

LTP-like mechanisms remains to be elucidated.

Taken together, our results indicate that AMPAR trafficking-

mediated synaptic plasticity initiates cortical remapping and

occurs nearly immediately following partial sensory deafferen-

tation, thereby providing important processing resources for

spared inputs that compensate for the loss of surroundings in-

puts. In support of this hypothesis, training-related increases

in cortical representations correlate with perceptual learning

(Bieszczad and Weinberger, 2010; Molina-Luna et al.,

2008; Reed et al., 2011), suggesting that sensory deafferenta-

tion could cause behavioral gains by promoting cortical

remapping.
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Materials Availability Statement
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Data and Code Availability
The published article includes all datasets generated or analyzed during this study. This study did not generate any unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed in accordancewith theGuide for theCare andUse of Laboratory Animals (National Research Council

Committee (2011): Guide for the Care and Use of Laboratory Animals, 8th ed. Washington, DC: The National Academic Press.) and
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the European Communities Council Directive of September 22th 2010 (2010/63/EU, 74). Experimental protocols were approved by

the institutional ethical committee guidelines for animal research (N�50DIR_15-A) and by the FrenchMinistry of Research (agreement

N�18892).We usedmale C57BL6/J 5- and 6-weeks oldmice fromCharles River that were housedwith littermates (3mice per cage) in

a 12-h light-dark cycle. Cages were enriched with tunnels. Food and water were provided ad libitum, except during behavioral ex-

periments (see below).

METHOD DETAILS

Cranial window implantation for chronic Intrinsic Optical Imaging
Anesthesia was induced using isoflurane (4%containing�0.5 l/min O2) and then continued using an intraperitoneal (i.p.) injection of a

MMBmixture (5 ml/g) composed of medetomidine (Sededorm, 0.2 mg/kg), midazolam (Dormicum, 5mg/kg), and buprenorphine (Bu-

precare, 0.2mg/kg) in sterile NaCl 0.9%. A heating-padwas positioned underneath the animal to keep the body temperature at 37�C.
Eye dehydration was prevented by topical application of ophthalmic gel. Analgesia was achieved by local application of 100 mL of

lidocaine (Lurocaine, 1%) and subcutaneous (s.c.) injection of buprenorphine (Buprecare, 0.05 mg/kg). To prevent risks of inflamma-

tion and brain swelling 40 mL of dexamethasone (Dexadreson, 0.1 mg/mL) were injected intramuscularly (i.m.) before the surgery.

After disinfection of the skin (with modified ethanol 70% and betadine), the skull was exposed and a �5mm plastic chamber was

attached to it above the relative stereotaxic location of the C2 barrel column (�1.5 mm from bregma, + 3.3 mm mideline) using a

combination of super glue (Loctite) and dental cement (Jet Repair Acrylic, Lang Dental Manufacturing). The chamber was filled

with saline (0.9% NaCl) and sealed with a glass coverslip.

Intrinsic Optical Imaging for barrel column targeting
To locate the cortical barrel column computing the whisker C2 (wC2), intrinsic optical signals were imaged as previously described,

through the intact skull using a light guide system with a 700 nm (bandwidth of 20 nm) interference filter and stable 100-W halogen

light source (Gambino and Holtmaat, 2012; Schubert et al., 2013). Briefly, the head of the animal was stabilized using a small stereo-

taxic frame and the body temperature kept constant with a heating pad. An image of the surface vascular pattern was taken using a

green light (546 nm interference filter) at the end of each imaging session. Images were acquired using the Imager 3001F (Optical

Imaging, Mountainside, NJ) equipped with a large spatial 602 3 804 array, fast readout, and low read noise charge-coupled device

(CCD) camera. The size of the imaged area was adjusted by using a combination of two lenses with different focal distances (upper

lens: Nikon 135mm, f2.0; bottom lens: Nikon 50mm, f1.2). The CCD camera was focused on a plane 300 mmbelow the skull surface.

Images were recorded at 10 Hz for 5 s, with a spatial resolution of 4.65 mm/pixel comprising a total area of 2.93 3.7 mm2. wC2 was

deflected back and forth (20 stimulations at 8 Hz for 1 s.) using a glass-capillary attached to a piezoelectric actuator (PL-140.11

bender controlled by an E-650 driver; Physik Instrumente) triggered by a pulse stimulator (Master-8, A.M.P.I.). Each trial consisted

of a 1 s. of baseline period (frames 1-10), followed by a response period (frames 11-22) and a post-stimulus period (frames 23-50).

Inter-trial intervals lasted 20 s to avoid contamination of the current intrinsic optical signal by prior stimulations. Intrinsic signals were

computed by subtracting each individual frame of the response period by the average baseline signal. The obtained intrinsic signal

was overlapped with the vasculature image using ImageJ software to precisely identify the cortical region computing wC2.

Craniotomy and cranial window implantation
After intrinsic optical imaging, adequate anesthesia was assessed (absence of toe pinch reflexes, corneal reflexes, and vibrissae

movement) and prolonged using supplementary isoflurane if necessary. Dehydration was prevented by injecting sterile saline by

s.c. injection. A 3 mm diameter craniotomy was then made over the maximum intrinsic optical signal using a pneumatic dental drill.

The craniotomy was covered with sterile saline and sealed with a 3 mm glass coverslip. The coverslip was sealed to the skull using

dental acrylic and dental cement (Jet Repair Acrylic, Lang Dental Manufacturing). Anesthesia was reverted by a sub-cutaneous in-

jection of an AFBmixture (AFB) containing atipamezole (Revertor, 2.5 mg/kg), flumazenil (0.5 mg/kg), and buprenorphine (Buprecare,

0.1mg/kg) in sterile NaCl 0.9%. A delay of 2-3 weeks for surgery recovery was respected before all imaging experiments, during

which the body weight of mice was daily checked.

Chronic Intrinsic Optical Imaging
MMB-anaesthetized mice were daily-imaged during 1 session with all their whiskers (baseline), followed by 2 sessions with all their

whiskers trimmed but the wC2 (SWE 1-2). A cohort group was additionally recorded for 3 days with all their whiskers (FWE 1-3) as a

control for barrel expansion. During each session, wC2 was deflected back and forth (20 stimulations at 8Hz for 1 s) and intrinsic

optical signal recorded through a cranial window.

Spatiotemporal analysis of intrinsic optical signal
An average of 200 trials were recorded per session to quantify intrinsic optical signal as previously described (Schubert et al., 2013).

The intrinsic optical signals of different sessions from the same animal were spatially aligned using the animal’s brain surface vascu-

lature and spatially binned (6x6, final resolution: 27.9 mm/pixel or 3x3, final resolution: 13.95 mm/pixel). A high pass-filter was then

applied by subtracting from each image-frame the same image-frame that was convolved using a 1270 mm full-width at half
Cell Reports 32, 108097, September 1, 2020 e2
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maximum (FWHM) Gaussian kernel. The whisker-evoked intrinsic optical signals were then simulated using a pixel-by-pixel paired t

test, comparing the baseline period and the response period of all trials within a session. The t maps for each individual trial were low

pass-filtered with a 340 mmFWHMGaussian kernel and averaged into a final t map response. A threshold was set to t <�2.0 and any

signal below this value was considered to belong to the stimulus-evoked response area. If the pixel value was tR�2.0 it was consid-

ered background noise and discarded for quantification. This usually resulted in an image with a clear minimum, representing the

response maximum and the barrel’s center of mass. Changes on intrinsic optical signal pixel area caused by whisker trimming

were computed as the ratio between the whisker-evoked intrinsic response of the baseline and SWE sessions. All data analysis

was performed using a custom software written in MATLAB (MathWorks).

In vivo whole-cell recordings
Acute AMPAR X-Linking Surgery. Anesthesia was induced using isoflurane (4% with 0.5 l/min O2) and then continue using i.p. injec-

tion of urethane (1.5 g/kg). Surgery preparation and intrinsic optical imaging were performed as aforementioned. After imaging,

adequate anesthesia was assessed and prolonged by supplementary urethane (0.15 g/kg) if necessary. A small �1 3 1 mm crani-

otomy (centered above the C2 whisker maximum intrinsic optical response) was made using a pneumatic dental drill. The injections

of either an anti-GluA2 antibody (clone 15F1, gift from E. Gouaux) or a monoclonal anti-GFP IgG1-K (Roche, 11814460001) were tar-

geted to the L2/3 of S1 (�0.1 to 0.3 mm dorsoventral). A 30 nL solution containing antibody diluted in sterile saline (0.05 mg/mL) was

injected at maximum rate of 15 nl/min, with 30 s intervals between injection sites as described before. All the experiments were per-

formed blind for the antibody injected.

Chronic AMPAR X-Linking Surgery. Anesthesia was induced using isoflurane (4% containing �0.5 l/min O2) and continued using

an i.p. injection of MB to perform intrinsic imaging targeting the wC2 cortical barrel. Adequate anesthesia was assessed and pro-

longed using isoflurane if necessary. Dehydration was also prevented by s.c. injection of sterile saline. A small�1mmdiameter crani-

otomy above the maximum intrinsic optical signal was made using a pneumatic dental drill. The dura was left intact and a stereotaxic

injection of either anti-GluA2 or anti-GFP antibody was performed asmentioned above for acute injection. After stereotaxic injection,

the craniotomy was covered with sterile saline and protected with a 3 mm polydimethylsiloxane (PDMS) coverslip. PDMS was

attached to the skull using an ultraviolet (UV) curing optical adhesive (NOA61, Norland) cured with a 50 mW UV laser (3755B-150-

ELL-PP, Oxxius). Before reverting anesthesia using AFB, all the whisker except C2 were trimmed (SWE 1). Antibodies were re-in-

jected twice on the day after (SWE 2), with a 12h interval between injections using isoflurane anesthesia (4% for induction, then

2% for injection with�0.5 l/min O2). Stereotaxic injections were performed through the PDMS coverslip with the same injection pro-

tocol than before. After 12h of antibody washout (SWE 3), mice were finally anesthetized with isoflurane (4%with 0.5 l/min O2) and an

i.p. injection of urethane (1.5 g/kg). Before the patch-clamp recordings, the PDMS cranial window was removed and the cortex pro-

tected with sterile saline. All the experiments were performed blind for the antibody injected.

Recordings
Whole-cell patch-clamp recordings of L2/3 pyramidal neurons were obtained as described previously (Gambino et al., 2014). Cur-

rent-clamp recordings were made using a potassium-based internal solution in mM: 135 potassium gluconate, 4 KCl, 10 HEPES, 10

Na2-phosphocreatine, 4 Mg-ATP and 0.3 Na-GTP), pH adjusted to 7.25 with KOH, 285 mOsM). High positive pressure (200–300

mbar) was applied to the pipette (5–8 MU) to prevent tip occlusion. After passing the pia the positive pressure was immediately

reduced to prevent cortical damage. The pipette was then advanced in 1-mmsteps, and pipette resistance wasmonitored in the con-

ventional voltage clamp configuration. When the pipette resistance suddenly increased, positive pressure was relieved to obtain a

3–5 GU seal. After break-in, membrane potential (Vm) was measured, and dialysis could occur for at least 5 min before deflecting

the whisker.

Spiking pattern of patched cells was analyzed to identify pyramidal neurons. Action potentials were obtained by a step-increment

of injected current. Spontaneous slow-have fluctuations of the resting membrane potentials were recorded as previously described

(Petersen et al., 2003). PSPs were evoked by back and forth deflection of the whisker (100 ms, 0.133 Hz) and long-latency plateau

potentials were extracted as previously described (Gambino et al., 2014). Briefly, for each whisker deflection, the relationship be-

tween the PSP half-peak amplitude and the average membrane potential between 50 and 100 ms after the onset reveals two distinct

clusters of sensory-evoked PSP. Cluster 1 was defined by an index < 0, which consisted of short latency PSPs that quickly returned

to the resting membrane potential. Cluster 2 was defined by an index > 0, which consisted of compound PSPs containing both short

and long-latency components. The long-latency component of the PSPs in cluster 2 was obtained by subtracting the peak-scaled

PSP average of cluster 1 from the PSP average of cluster 2. It was previously shown that these late components disappears when

NMDAR conductances are blocked, and thus represent dendritic plateau potentials (Gambino et al., 2014).

The voltage applied to the actuator was set to evoke a displacement of 0.6 mm with a ramp of 7-8 ms of the wC2. Different fre-

quencies of stimulation were used accordingly to the experiment (RWS-Pot: 8Hz, 1 min; cumulative PSPs: 8Hz, 2.5 s). Series and

input resistance were monitored with a 100-ms long-lasting hyperpolarizing square pulse 400 ms before each single-deflection

and extracted offline by using a double-exponential fit. Recordings were discarded if the change in these parameters were larger

than 30%. The bridge was usually not balanced, and liquid junction potential not corrected. All the data were acquired using a Multi-

clamp 700B Amplifier (Molecular Devices) and digitized at 10 kHz (National Instruments) using software. Offline analysis was per-

formed using routines with IGOR Pro (WaveMetrics).
e3 Cell Reports 32, 108097, September 1, 2020
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Gap crossing apparatus
The custom-made gap crossing apparatus (Imetronic, France) consists of two individual moveable platforms: (1) a starting platform

containing an automated door to precisely control the start of a trial; (2) a reward platform containing a pellet distributor to deliver a

calibrated food reward. Both platforms (10x20 cm) were elevated 37.4 cm from the surface and surrounded on the three sides with a

20-cm-high Plexiglas walls. The two platforms were placed facing each other with an infra-red pad at the bottom. The edges of the

platforms that face each other were made of a metal grid (10 3 10 cm) to allow a better grip where the animals should jump. A ruler

placed at the bottom and between the platforms was used to precisely define the gap distances at a given trial. The apparatus was

placed into a light- and soundproof cage containing ventilation, and surrounding speakerswith a continuouswhite noise background.

This ensures that mice do not have neither visual nor auditory cues regarding the reward platform. Food pellet odor was saturated

inside the box to avoid any olfactory-related cues.

Behavioral protocol
At least 5 days before starting behavior, mice were food restricted and handled to decrease stress. After a 15 – 20% reduction of the

initial body weight, habituation was performed during 3 days: at day 1 (maze habituation), mice were placed on the apparatus with a

gap distance of 0 mm for 10 min where the pellet distributor was randomly presented for multiple times without food reward. At day 2

(reward habituation), micewere placed on the start platform and trained for 3 blocks (16 trials each block, gap distance = 0mm) to the

distribution of a food pellet in the reward platform. A given trial was defined as success if the animal reached the reward platform and

ate the food pellet or as a failure if it took more than 2 min to do so. At the end of a trial, the animal was placed back in the starting

platform to beginning the next one. At day 3 (jump habituation), the same protocol than day 2 was used but with a gap distance of

30 mm to habituate the animal for a distance between platforms. Habituation is considered successful if the success rate was > 95%

at day 3, and the test sessions started. The test protocol had 1 session per day during 4 days where each session was composed of

16 trials containing gap distances of 40, 50, 60, and 65mm. Individual blocks started with the minimal gap distance, had random gap

distance sequences, and finishedwith a catch trial (gap distance of 100mm)where the reward platformwas removed. This allowed to

rule out habit to jump.When addressing the effect of whisker trimming on expert mice, test sessions were performed before and after

whisker trimming.

Cannula implantation for chronic AMPAR X-linking
Anesthesia was induced using isoflurane and continued by an i.p. injection of MMB to perform intrinsic optical imaging targeting of

the wC2 cortical barrel as aforementioned. A small craniotomy above the maximum intrinsic optical signal was made using a pneu-

matic dental drill, preventing any cortical damage. After drilling, a guide cannula (62001, RWD Life Science Co., LTD) was stereotax-

ically inserted in the brain using a cannula holder through the craniotomy previously made. The size of the cannula (0.6 mm) was

adjusted to target L1 of the somatosensory cortex. The guide cannula was fixed to the skull using two stainless steel screws and

a mix of super glue (Loctite), dental acrylic and dental cement. Anesthesia was reverted by a s.c. injection of AFB and mice left to

recover over 2 weeks before starting food restriction. During food restriction, mice were additionally habituated to be restrained

by a different experimenter to avoid stress during antibody injection. Mice were tested during 4 sessions with FWE followed by 4

SWE sessions, during which either an anti-GluA2 or an anti-GFP antibody (0.05 mg/mL) was injected. Antibodies were injected twice

per day, before and after each test session, using a pump (D404, RWD Life Science CO.) with an injection speed of 6 nL/min for the

first 120 nL and 3 nL/min for the remaining 30 nL of antibody. Mice were freely moving in their home cage during injection. All exper-

iments and analysis were performed blind for the antibody injected.

Histology
To evaluate the antibody injection profiles in S1, animals were intracardially perfused with PBS (1%) and PFA (4%). Fixed brains were

slicedwith a vibratome and sections incubatedwith PBS.H202 (0.3%) during 30min to block endogenous peroxide. Brain sliceswere

then incubatedwith a secondary anti-mouse biotinylated antibody fromdonkey (1/200), during 2h at room temperature (RT). To finally

reveal the injected primary antibody, slices were first incubated with an avidin-biotin complex (1/200 in PBS (1x) – Triton 0.1%), and

then with DAB (ab64259, Abcam). Brain slices were finally mounted between slide and coverslip and imaged post hoc using a Nano-

zoomer (S360, Hamamatsu). Illumination was set such that the full dynamic range of the 16-bit images was utilized. 16-bit image’s

brightness was processed and a mask was registered to the corresponding coronal plates (ranging from �0.26 to �1.94 mm) of the

mouse brain atlas using Illustrator (Adobe), at the various distances posterior to the bregma. To determine the horizontal and vertical

spread of anti-GluA2 staining, images were converted to 8-bit images on ImageJ, and background noise was removed by using an

entropy threshold algorithm (https://imagej.net/Maximum_Entropy_Threshold, ImageJ). The number of foreground pixels were then

counted in ROI spanning the entire cortical column near injection site. The same analysis was performed in surrounding cortical

columns.

To evaluate the astrocytic and microglial reactivity, anesthesia was induced using isoflurane (4% containing �0.5 l/min O2) and

continued by adjusting its percentage to 1.5%–3%. One small�13 1 mm craniotomy was performed in each hemisphere, targeting

the barrel field (Fronto-caudal: �1.0 / Mediolateral: ± 3.3). The dura was left intact to then perform stereotaxic injection of either an

anti-GluA2 (left hemisphere) or anti-GFP antibody (right hemisphere). After stereotaxic injection the craniotomy was covered with

sterile saline and protected with a 3mmpolydimethylsiloxane (PDMS) coverslip as previously described. Antibodies were re-injected
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twice the day after surgery, with a 12h interval between injections using isoflurane anesthesia (4% for induction, then 2% for injection

with�0.5 l/min O2). After 12h of antibody washout, mice were finally anesthetized with isoflurane (4%with 0.5 l/min O2) and a mix of

pentobarbital sodium and lidocaine (300mg/kg; 30mg/kg; i.p.) for animal’s intracardiac perfusionwith PBS (1%) and PFA (4%). Fixed

brains were sliced with a vibratome and sections were incubated afterward in PBS with Triton X-100 0.3% for 2h. A subset of brain

slices were incubated either with an anti-GFAP antibody (chicken anti-GFAP, G2032-25F-100ul, USBiological Life Sciences) or an

anti-Iba1 (rabbit anti-Iba1, 019-19741, WAKO) antibody (1/500 in PBS-Tween 0.05%) overnight at 4C�. Primary antibodies were

washed-out 3 times with PBS, and secondary antibodies (Alexa 647 anti-chicken: A32933, Alexa 647 anti-rabbit: A27040, Thermo-

fisher, 1/500 in PBS-Tween 0.05%) incubated at RT for 3h. Brain slices were finally mounted between slide and coverslip and imaged

post hoc using a Nanozoomer (S360, Hamamatsu). Importantly, the same settings of imaging were kept for all the recorded samples.

Raw data were converted to 8-bit images on ImageJ and segmented with ROI’s with similar width and height corresponding to

100 mm to determine the staining across all the superficial cortical layers. An average of pixel intensity for each ROI was calculated

to determine staining intensity. LUT’s were then inverted and fitted with a Gaussian blur (5 pixels) to smooth the image and reduce

noise. Finally, an entropy threshold (https://imagej.net/Maximum_Entropy_Threshold, ImageJ) was applied and the resulting number

of particles for each individual ROI calculated. This allowed us to calculate the number of GFAP- or Iba1-positive cells across cortical

layers.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data generated or analyzed during this study are included in themanuscript, and provided in the Table S1 (data related to themain

figures) and the Table S2 (data related to the supplemental figures). Data are presented as the mean ± interquartile range, except

where stated differently. All statistics were performed using MATLAB (Mathworks) with an a significant level set at 0.05. Normality

of all value distributions and the equality of variance between different distributions were first assessed by the Shapiro-Wilk and Lev-

enemedian tests, respectively. Standard parametric tests were only usedwhen data passed the normality and equal variance tests (p

> 0.05). Non-parametric tests were used otherwise. Only two-sided tests were used. When applicable, pairwise multiple post hoc

comparisons were done by using the Holm-Sidak method. Randomization and blinding methods were not used. No statistical

methods were used to estimate sample size, but b-power values were calculated for parametric tests.
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