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SUMMARY
Despite decades of work, much remains elusive about molecular events at the interplay between physiolog-
ical and structural changes underlying neuronal plasticity. Here, we combined repetitive live imaging and
expansionmicroscopy in organotypic brain slice cultures to quantitatively characterize the dynamic changes
of the intracellular versus surface pools of GluA2-containing a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid receptors (AMPARs) across the different dendritic spine types and the shaft during hippocampal
homeostatic plasticity. Mechanistically, we identify ephrinB2 and glutamate receptor interacting protein
(GRIP) 1 as mediating AMPAR relocation to the mushroom spine surface following lesion-induced denerva-
tion. Moreover, stimulation with the ephrinB2 specific receptor EphB4 not only prevents the lesion-induced
disappearance of mushroom spines but is also sufficient to shift AMPARs to the surface and rescue spine
recovery in a GRIP1 dominant-negative background. Thus, our results unravel a crucial role for ephrinB2 dur-
ing homeostatic plasticity and identify a potential pharmacological target to improve dendritic spine plas-
ticity upon injury.
INTRODUCTION

A core feature of neurons is their ability to adapt to changes (i.e.,

their plasticity). Hebbian and homeostatic forms of plasticity,

which are, respectively, believed to underlie associative learning

and support network stability, were traditionally considered as

separate processes; recent evidence, however, suggests that

homeostatic plasticity acts as a metaplasticity mechanism that

integrates changes in neuronal activity and supports Hebbian

learning (Arendt et al., 2013; Kirkwood et al., 1996, reviewed in

Li et al., 2019). Identifying common molecular players involved

in both forms of plasticity is therefore paramount to understand-

ing how they crosstalk to achieve network function.

At excitatory synapses, dendritic spine size positively corre-

lates with the number of a-amino-3-hydroxy-5-methyl-4-isoxa-

zolepropionic acid receptors (AMPARs), and both parameters

are correspondingly adjusted in response to plasticity-inducing

stimuli, such as during the classical Hebbian paradigms of

long-term potentiation (LTP) or depression (LTD) (Matsuzaki

et al., 2004; Zhou et al., 2004, reviewed in Forrest et al., 2018).

Ultimately, the number of receptors in the postsynaptic mem-

brane (together with their physiological properties) is key to the

reception of the information shared by the presynaptic neurons,

and receptor trafficking between synaptic and non-synaptic

pools is thus tightly controlled (Barberis, 2020; Henley and Wil-

kinson, 2016). In the case of AMPARs, a significant contingent
This is an open access article under the CC BY-N
of auxiliary proteins regulating their trafficking and their stabiliza-

tion at the dendritic membrane have been identified. Among

them is glutamate receptor interacting protein (GRIP1), a

7-PDZ domain-containing adaptor protein interacting, among

others, with the GluA2 and GluA3 AMPAR subunits, with the

class B of the Eph/ephrin family of signaling molecules, and

with the motor protein KIF5, which directs GRIP1 and its various

cargoes to the dendritic compartment (Dong et al., 1997; Setou

et al., 2002; Torres et al., 1998, reviewed in Bissen et al. (2019).

The latter is regulated by the phosphorylation of the threonine (T)

956 residue, upon which KIF5 is displaced and replaced by 14-

3-3 proteins, leading to the release of the cargo; in the case of

AMPARs, this is a crucial step for their availability for insertion

at the dendritic membrane (Geiger et al., 2014). Moreover, eph-

rinB2 binding to GRIP1 promotes the activity-dependent inser-

tion and stabilization of AMPARs at the dendritic surface via a

complex that also includes the Reelin receptor ApoER2. The

phosphorylation of a key residue of ephrinB2, the serine (S)-9,

is necessary for the interaction between ephrinB2 and GRIP1

and the subsequent formation of the complex and AMPAR inser-

tion (Essmann et al., 2008; Pfennig et al., 2017). Consistently,

LTP, which depends on an increase in synaptic AMPARs, is

reduced in mice, in which the complex formation is impaired

(Pfennig et al., 2017). Recently, GRIP1 was shown to be required

for synaptic upscaling, but not downscaling, with a primary role

in supporting the surface pool of AMPARs (Gainey et al., 2015;
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Tan et al., 2015).Whether GRIP1 is also involved in other forms of

homeostatic plasticity and whether ephrinB2 also regulates the

function of GRIP1 during homeostatic plasticity are currently

unknown.

A deep understanding of AMPAR dynamics and its regulation

is essential to our comprehension of synaptic function and

plasticity. Intensive work, coupled with technical advancements

in super-resolution imaging, has revealed new layers of

complexity, such as the sub-synaptic organization of AMPARs

in nanodomains (Ehlers et al., 2007; Kharazia and Weinberg,

1997; Scheefhals and MacGillavry, 2018). However, further

research is required to deepen our understanding of the dynamic

regulation of AMPAR movements in constitutive and plasticity-

dependent contexts in vivo. Expansion microscopy is a recently

developed technique enabling a significant enhancement in im-

aging resolution by physically increasing sample size (Chen

et al., 2015). In this study, we applied this method to analyze

the distribution of AMPARs in constitutive and plasticity-depen-

dent conditions in organotypic slice cultures (OTCs) that can be

used for the longitudinal assessment of changes over time

((Gähwiler, 1981); Humpel, 2015). Using this technique, we

investigated the cellular and molecular events regulated by the

cooperative action of ephrinB2 and GRIP1 during hippocampal

homeostatic plasticity.

RESULTS

Denervation induces mushroom spine loss and AMPAR
redistribution to the surface
We used entorhinal-hippocampal OTCs of mice expressing the

enhanced green fluorescent protein (EGFP) under the Thy1 pro-

moter (subsequently referred to as control mice) to visualize

neuronal morphology in sparsely labeled principal cells in the

hippocampus, and focused on granule cells in the dentate gyrus

(DG) (Feng et al., 2000). After staining against GFP and the

AMPAR subunit GluA2 in permeabilizing conditions, OTCs
Figure 1. Lesion-induced spine loss and subsequent recovery are acc

(A) OTCs from GFP-expressing mice (green) and stained with antibodies against

stretch pre- (top; center: higher magnification) and post- (bottom) expansion.

(B) Representative example of a stained dendritic stretch with the original GluA2 s

sGluA2) and internal (cyan, iGluA2) pools based on the GFP reconstruction (t

convention remains the same throughout the article.

(C) Representative surface reconstructions of stubby, thin, and mushroom spine

GluA2 staining is displayed in 2 pseudocolors representing the 2 different pools (s

the GFP reconstruction. The surface reconstruction of the GFP staining has b

reconstruction.

(D) Quantification of GluA2 distribution normalized to GFP volume, shown as perc

(E) Quantification of surface GluA2, shown as percentage of total GluA2 per com

(F) Anatomy of an entorhinal-hippocampal organotypic slice culture showing the p

DG, dentate gyrus; DPL, day post-lesion; EC, entorhinal cortex; IML, inner mole

(G) Representative pictures of dendritic stretches of dentate granule cells in non

(H) Quantification of total spine (upper graph) andmushroom spine (lower graph) d

per condition, 4 experiments.

(I–K) Representative surface reconstructions of mushroom (I), thin (J), and stubb

(L) Quantification of surface GluA2 in D and ND OTCs, represented as percentage

condition, 2 experiments.

Scale bars: 5 mm (A top and bottom), 2 mm (A center, B, and G), 1 mm (C and I–K). G

Table S1.

See also Figures S1 and S2.
were submitted to expansion microscopy and were reliably

magnified by a factor of 3–3.53 (Figure 1A). Following deconvo-

lution (Huygens, SVI), the respective volumes of GFP and GluA2

staining in secondary dendrites of granule cells were recon-

structed using Imaris (Bitplane), allowing the quantification of

the distribution of GluA2-containing AMPARs along the dendritic

stretch (Figure 1B). For further analysis, we subdivided the

stretches in the shaft and spines; according to the classical para-

digm, spines were visually classified as mushroom, thin, or

stubby based on the respective size of their head and neck (Fig-

ures 1C and S1F–S1I) (Rochefort and Konnerth, 2012). The anal-

ysis of the amount of GluA2 reported to the GFP volume of the

corresponding spine or shaft revealed that the proportion of

spine volume occupied by GluA2 is remarkably similar between

spine types (Figure 1D). Finally, the increased resolution given by

expansion microscopy allowed us to discriminate between

external GluA2 signal (defined as staining at the surface of the

GFP signal) and internal GluA2 signal (defined as staining within

the corresponding GFP signal). The validity of this proxy was

confirmed by performing staining in non-permeabilizing and per-

meabilizing conditions followed by expansion microscopy in

cultured hippocampal neurons (Figures S1B–S1E). We thus

investigated the repartition of GluA2 between the surface and

intracellular pools. Strikingly, GluA2-AMPARs were predomi-

nantly located within the neuron, indicating that the internal

pool outnumbers surface receptors (Figure 1E). Moreover,

consistent with the literature reporting stronger AMPAR currents

in larger spines (Matsuzaki et al., 2001; Noguchi et al., 2011), we

found on average the highest proportion of surface AMPARs in

mushroom spines (Figure 1E). Intriguingly, most stubby spines

only displayed internal GluA2, corroborating a modest role of

these spines in neuronal connections. We performed the same

analysis in secondary dendrites in the stratum radiatum of adult

CA1 pyramidal cells and observed a remarkably similar distribu-

tion, suggesting that this pattern is not restricted to dentate

granule cells (Figures S1J–S1L).
ompanied by AMPAR redistribution

the GluA2 subunit of AMPARs (magenta). Representative image of a dendritic

taining (red, tGluA2), the GluA2 staining subdivided between surface (magenta,

op), and their surface reconstruction using Imaris (below). The pseudocolor

s and shafts (bottom row). GluA2 and GFP staining are shown in the top row;

urface GluA2 [sGluA2] in magenta and internal GluA2 [iGluA2] in cyan) based on

een omitted in the center row to enable visualization of the complete GluA2

entage of total GluA2/GFP corresponding to (C); n = 5 neurons, 2 experiments.

partment corresponding to (C); n = 5 neurons, 2 experiments.

osition of the lesion and timeline of imaging experiments. CA, cornu ammonis;

cular layer; OML, outer molecular layer.

-denervated and denervated OTCs. D, denervated; ND, non-denervated.

ensity as relative ratios to baseline (DPL0) corresponding to (G); n = 5–7 neurons

y (K) spines from non-denervated and denervated OTCs at DPL2 and DPL21.

of total GluA2 in each compartment corresponding to (I)–(K); n = 5 neurons per

raphs showmeans ± SEMs. *p < 0.05; **p < 0.01; ***p < 0.001. Exact p values in
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We then took advantage of the 3D structure and long life of

OTCs and induced homeostatic plasticity by sectioning the

perforant pathway from the entorhinal cortex projecting specif-

ically to the outer molecular layer of the granule cells of the DG

without affecting the inner layer (Figure 1F). Baseline spine den-

sity and morphology were similar in stretches subsequently

selected for denervation or as controls (Figures S2A and

S2B). Denervation triggered a reduction in spine density in

the DG granule cells right after lesion (day post-lesion [DPL]

2), which slowly recovered to baseline levels within 3 weeks

(DPL21) (Figures 1G and 1H, left), consistent with previous re-

ports (Perederiy and Westbrook, 2013; Vlachos et al., 2012a).

In addition, we further analyzed the specific effect of the lesion

on mushroom, thin, and stubby spines and showed that mush-

room spines were particularly affected (Figure 1H, right). Thin

and stubby spines showed only a minimal loss after lesion,

with no significant differences to the non-denervated OTCs

(Figures S2C and S2D).

Lasting reduction in network activity triggers homeostatic

synaptic strengthening by increasing the number of surface

synaptic AMPARs (Turrigiano, 2017; Turrigiano et al., 1998).

Moreover, denervation in OTCs leads to a rapid augmentation

in AMPAR currents, with a fast return to baseline (Vlachos

et al., 2012b). Therefore, we next assessed the effect of dener-

vation on AMPAR distribution using expansion microscopy

(Figures 1I–1L and S2). The total levels of GluA2/GFP volume

did not significantly change across time in spines after the

lesion (Figure S2E). However, the lesion induced a strong in-

crease of surface GluA2 in thin and mushroom spines at

DPL2, a change that was still present at DPL21, significantly

for mushroom spines and with a trend for the thin spines (Fig-

ures 1I, 1J, and 1L).

GRIP1 is required for homeostatic plasticity-induced
GluA2-containing AMPAR dynamics
The scaffold protein GRIP1 was shown to be involved in

AMPAR delivery to the synapses (Hoogenraad et al., 2005),

and we previously found that it is important for de novo surface

insertion of AMPARs and for dendritic development, the latter

through the phosphorylation of its T956 residue (Essmann

et al., 2008; Geiger et al., 2014; Pfennig et al., 2017). To inves-

tigate the requirement of the T956 phosphorylation in GRIP1

for plasticity-induced AMPAR insertion, we used a transgenic

mouse line expressing GRIP1 T956 > A transgene (Grip1-

T956 > A), in which the threonine residue has been replaced

by alanine. The GRIP1 T956 > A mutated protein acts as a

dominant-negative over the endogenous GRIP1, and cargoes

transported in the neuronal secretory pathway are trapped at

the cytoskeleton, resulting in impaired dendritogenesis (Geiger

et al., 2014). T956 phosphorylation was required for activity-

induced new insertion of GluA2-containing AMPARs at the den-

dritic membrane as assessed using an AMPAR membrane

insertion assay (Figures S3A and S3B). We then addressed

the role of GRIP1 in denervation-induced homeostatic plasticity

in OTCs from Grip1-T956 > A mice. Baseline total and mush-

room spine density, as well as the total content and distribution

of GluA2-containing AMPARs, were unaffected in Grip1-T956 >

A mice, suggesting that the endogenous wild-type GRIP1 pro-
4 Cell Reports 34, 108923, March 30, 2021
teins are sufficient to support constitutive neuronal function

(Figure S3C–S3E). However, GRIP1 T956 > A dominant-nega-

tive expression significantly impaired the previously observed

spine density recovery after lesion in OTCs, which failed to re-

turn to baseline (compare Figures 2A–2C to Figure 1G and 1H).

To correlate the inability of Grip1-T956 > A mutant OTCs to un-

dergo recovery with a change in the dynamics of AMPAR at the

mutant spines, we stained for GluA2 and performed expansion

microscopy. Analysis of GluA2-containing AMPAR dynamics

revealed that the denervation-induced shift of GluA2 toward

the surface in thin and mushroom spines was severely impaired

in the denervated Grip1-T956 > A OTCs (compare Figures 2D–

2G to Figures 1I–1L). The GRIP1 T956 > A mutation even re-

sulted in an acute reduction of surface GluA2 at the dendritic

membrane that was significant for mushroom spines and

shafts, indicating a strong dependency on GRIP1 to stabilize

AMPARs at the surface (Figure 2G). As in the control situation,

denervation did not significantly affect the total population of

GluA2 in the different dendritic compartments, suggesting

that GRIP1 primarily mediates plasticity-induced GluA2-con-

taining AMPAR redistribution rather than its total content

(Figure S3F).

GRIP1 function in homeostatic plasticity requires
binding to ephrinB2
We have previously shown that GRIP1/ephrinB2 binding, the for-

mation of the complex including GluA2, and the subsequent pro-

motion of the surface pool of AMPARs depend on the phosphor-

ylation of a serine residue (S-9) in the cytoplasmic tail of ephrinB2

(Essmann et al., 2008; Pfennig et al., 2017). Therefore, we next

addressed the involvement of ephrinB2 by using a nervous sys-

tem-specific null mutation for ephrinB2 (Nes cre; efnB2lox/lox) and

a knockin where the efnB2 gene has been replaced by a point

mutation in the S-9 to alanine (efnB2 S-9 > A). In both mouse

lines, constitutive total and mushroom spine density is unaf-

fected by the mutations (Figures S4B, S4C, S4E, and S4F). We

lesioned OTCs from both mutants and their control littermates

and followed longitudinally spine density after denervation.

Spine density, and specifically mushroom spine density, recov-

ered from lesion-induced loss in control littermates, but not in

the ephrinB2 knockout OTCs (Figures S4A and S4D) nor in the

ephrinB2 serine mutants (Figures 3A and 3B), suggesting that

GRIP1 function in homeostatic structural plasticity is mediated

by its interaction with ephrinB2.

Stimulation with the ephrinB2 specific receptor EphB4
induces a dynamic AMPARs surface shift
We next attempted to force the stabilization of AMPARs at the

membrane by stimulating the ephrinB2 pathway with its specific

cognate receptor EphB4. Stimulation with the extracellular

domain of the EphB4 receptor fused to Fc leads to the specific

clustering and activation of ephrinB2 ligands and to membrane

stabilization of AMPARs in hippocampal neurons (Essmann

et al., 2008). Thus, we stimulated OTCs with EphB4-Fc or Fc

as a control, and after expansion, we analyzed the distribution

of GluA2-containing AMPARs in the different compartments.

EphB4-Fc treatment resulted in a robust shift of AMPARs to

the surface in all spine types (Figures 3C–3G). This increase
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Figure 2. GRIP1 is required for AMPAR dy-

namics andmushroom spine recovery after

lesion

(A) Representative pictures of dendritic stretches

from non-denervated and denervated Grip1

T956 > A OTCs.

(B and C) Quantification of spine (B) and mush-

room spine density (C) as ratios to DPL0 corre-

sponding to (A); n = 8–9 neurons per condition, 4

experiments.

(D–F) Representative reconstructions of mush-

room (D), thin (E), and stubby (F) spines from non-

denervated and denervated OTCs at DPL2 and

DPL21.

(G) Quantification of surface GluA2 in D and ND

OTCs, represented as percentage of total GluA2

per compartment; n = 5 neurons per condition, 2

experiments.

Scale bars: 2 mm (A), 1 mm (D)–(F). Graphs show

means ± SEMs. *p < 0.05; **p < 0.01; ***p < 0.001.

Exact p values in Table S1.

See also Figure S3.
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was comparatively very prominent in stubby spines, where in

control conditions almost all of the GluA2 is internal and rarely

seen at the surface (compare to Figure 1E).

Surface AMPAR shift is sufficient to restore spine
recovery after lesion
Since the endogenous GRIP1 protein is still present in Grip1-

T956 > A mice, we hypothesized that stimulation with EphB4

would be able to stabilize sufficient surface GluA2-containing

AMPARs that are bound to the endogenous GRIP1 and

compensate the cytoskeletal trapping of GluA2-containing

AMPARs bound to GRIP1 T956 > A. To address this, we dener-
C

vated Grip1-T956 > A OTCs and stimu-

lated them with EphB4-Fc as from

DPL7, when recovery is first seen in

denervated control OTCs (Figure 4A).

Consistent with our previous findings

that ephrinB2 reverse signaling pro-

motes spine morphogenesis and matu-

ration (Segura et al., 2007), EphB4-Fc

treatment induced an increase in mush-

room spine density in non-denervated

control OTCs (Figures 4B and 4C). In

denervated OTCs, while Fc-treated

Grip1-T956 > A OTCs remained unable

to recover after lesion, EphB4-Fc treat-

ment of denervated Grip1-T956 > A

OTCs significantly enhanced recovery

of mushroom spine density, which

nearly returned to baseline at DPL21

(Figures 4B and 4C). In addition, starting

EphB4-Fc treatment at DPL0 signifi-

cantly prevented mushroom spine loss

after lesion both in Grip1-T956 > A and

control OTCs. In both cases, spine den-

sities dropped by <10% and nearly
immediately returned to baseline levels (Figures 4D and 4E),

indicating the crucial role that ephrinB2 plays in mushroom

spine stability.

Finally, to correlate the rescue effect of EphB4-Fc treatment to

dynamic AMPAR surface shifts, we analyzed GluA2-containing

AMPAR distribution by expansion microscopy in Grip1-T956 >

A OTCs at the end of the rescue experiment. The rescue

observed in EphB4-Fc-stimulated denervated Grip1-T956 > A

OTCs was highly correlated with a significant increase in surface

GluA2 levels in mushroom spines that was not seen in the non-

rescued control Fc-treated denervated Grip1-T956 > A OTCs

(Figures 4F and 4G). Therefore, our results indicate a direct
ell Reports 34, 108923, March 30, 2021 5
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Figure 3. EphrinB2 mediates GRIP1 func-

tion in homeostatic plasticity and promotes

surface AMPARs

(A) Representative pictures of dendritic stretches

from ND and D efnB2 S-9 > A and Ctrl OTCs.

(B) Quantification of spine (upper graph) and

mushroom spine density (lower graph) as ratios to

DPL0 corresponding to (A). Significance levels

shown for efnB2 S-9 > A D to Ctrl D; n = 5–7

neurons per condition, 3 experiments).

(C–F) Representative reconstructions of mush-

room (C), thin (D), and stubby (E) spines, and

shafts (F) from OTCs (at 21 days in culture) stim-

ulated with EphB4-Fc (B4) or Fc control.

(G) Quantification of surface GluA2 in EphB4-Fc

stimulated OTCs, represented as percentages of

total GluA2 per compartment, corresponding to

(C)–(E); n = 5 neurons per condition, 2 experi-

ments.

Scale bars: 2 mm (A), 1 mm (C)–(F). Graphs show

means ± SEMs. *p < 0.05; **p < 0.01; ***p < 0.001.

Exact p values in Table S1.

See also Figure S4.
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correlation between the stabilization of surface GluA2 and spine

homeostatic structural plasticity after lesion.

DISCUSSION

AMPAR distribution is a crucial determinant for synaptic function

and plasticity; the number of functional receptors at the synapse

is directly related to its efficacy and is thus tightly regulated.

Here, we addressed the distribution of GluA2-containing

AMPARs in organotypic slice cultures—in other words, in stable,

long-lasting 3-dimensional (3D) neuronal networks using expan-

sionmicroscopy to obtain sufficient spatial resolution to differen-

tiate surface and internal AMPARs. We used GFP signal as a

proxy for the neuronal membrane to discriminate between these

two pools and showed the validity of this method by combining

permeabilized and non-permeabilized conditions in hippocam-

pal cultures. Using this method, we have been able to visualize

not only surface AMPARs but also cytoplasmic receptors, a sig-

nificant difference from other methods such as live labeling or

pre-embedding immunogold electron microscopy, while retain-

ing a fine spatial discrimination power (Böger et al., 2019; Nair

et al., 2013; Tao-Cheng et al., 2011).We have observed a primar-
6 Cell Reports 34, 108923, March 30, 2021
ily intracellular GluA2-containing AMPAR

localization (88% on average). Intrigu-

ingly, this proportion is higher than has

been previously observed by light or

electron microscopy. However, the re-

ported range is relatively wide, with intra-

cellular receptors varying between 30%

and 70% of all AMPARs, and our results

are relatively close to the upper side of

that spectrum (Hall and Soderling,

1997; Perestenko and Henley, 2003; Ru-

bio and Wenthold, 1999). The strikingly

similar distribution observed in CA1 pyra-
midal cells suggests that this pattern may reflect a more general

behavior. Cultured hippocampal neurons also showed a largely

intracellular AMPAR distribution (67% in mushroom spines),

but this proportion was lower than our results in pyramidal and

granule cells and falls within the upper range of the described

spectrum. In addition to potential methodological reasons, this

suggests that the difference between our results and the litera-

ture may be partially ascribed to the biological model (culture/

slice). In all cases, however, our data consistently indicate a pre-

dominantly intracellular distribution of AMPARs, at least in hip-

pocampal principal neurons. Further work on additional cell

types will be required to determine how broadly this distribution

is observed across neuronal types and could moreover address

the subcellular distribution of the intracellular AMPARs (e.g., en-

dosomes, spine apparatus, endoplasmic reticulum).

AMPARs react dynamically to plasticity-inducing stimuli, and a

chronic reduction in network activity (e.g., following denervation)

has been shown to induce an increase in synaptic AMPARs,

likely as homeostatic compensation to maintain neuronal firing

(Turrigiano, 2017). The effect on spine density and morphology,

however, is more contrasted, as reductions, augmentations,

or a lack of effect have been reported in response to various
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deprivation paradigms (Barnes et al., 2017; Hofer et al., 2009;

Keck et al., 2013; Kirov et al., 2004; McKinney et al., 1999; Wal-

lace and Bear, 2004). Consistent with the previous literature on

the lesion model used in this study, we observe a marked spine

loss upon lesion, with a gradual recovery to baseline (Perederiy

and Westbrook, 2013; Vlachos et al., 2012a). We additionally

report here that such loss is mainly borne by mushroom spines,

and thus results in the specific loss of larger synapses. More-

over, the lesion induces a redistribution of GluA2-containing AM-

PARs toward the surface in the remaining thin and mushroom

spines. These synchronous effects support a direct causative

link between AMPAR activity and spine stability, whereby the

increased surface AMPARs help stabilize the remaining spines,

and later the newly formed spines, thus promoting the recovery

of spine density. Consistently, the increase in surface GluA2-

containing AMPARs persists until the last imaging session

(DPL21), when spine density has already reached baseline.

Our imaging results are in line with two studies in which pharma-

cological blockade of AMPARs in non-denervated OTCs

decreased spine stability and led to spine loss, while incubating

lesioned OTCs with AMPA could rescue spine loss (McKinney

et al., 1999; Vlachos et al., 2013). A predominant postsynaptic

mechanism supporting spine recovery is also consistent with

previous reports showing that axonal sprouting in the outer layer

of DGgranule cells is highly restricted after lesion in vivo, and that

most of the new spines are not faced with presynaptic partners

(Perederiy et al., 2013; Del Turco et al., 2003).

We investigated theGluA2 subunit due to the predominance of

GluA2-containing AMPARs in hippocampal neurons, the specific

binding of GRIP1 to GluA2/A3, and the importance of GluA2 for

homeostatic plasticity (Dong et al., 1997; Gainey et al., 2009;

Wenthold et al., 1996). Changes in the distribution of GluA1-con-

taining AMPARs have also been reported during homeostatic

mechanisms (Soares et al., 2013; Thiagarajan et al., 2005), and

it is thus possible that these AMPARs are also transported to

the surface after denervation; if this is the case, then the lesion

likely induces a concomitant shift in GluA1- and GluA2-contain-

ing AMPARs, as has been already reported during synaptic

scaling (Wierenga et al., 2005).

Molecularly, we show that the physiological and morpholog-

ical responses to lesion are altered in OTCs impaired for GRIP1

and ephrinB2 function, two proteins involved in a complex

including GluA2 and mediating surface AMPAR insertion and

stabilization (Essmann et al., 2008; Pfennig et al., 2017).

GRIP1 has already been associated with promoting synaptic

AMPAR stabilization and accumulation during homeostatic
(C) Quantification of mushroom spine density as ratio to DPL0 (upper graph) corre

(black asterisks), for T956 > A Fc D to T956 > A Fc ND (red asterisks) and for T956 >

represented in the lower graph; n = 6–13 neurons per condition, 3 experiments.

(D) Representative pictures of dendritic stretches from dentate granule cells in d

(E) Quantification of mushroom spine density as ratio to DPL0 (left graph). Signific

T956 > A B4 D to T956 > A Fc D (green asterisks). Values corresponding to DPL2

experiments.

(F) Representative reconstructions of mushroom spines from Fc- or EphB4-Fc (B

(G) Quantification of surface GluA2 represented as percentages of the total GluA

Scale bars: 2 mm (B and D), 1 mm (F). Graphs show means ± SEMs. *p < 0.05; **

See also Figure S4.
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scaling up (Gainey et al., 2015; Tan et al., 2015). Based on

our previous and current findings, we propose that these func-

tions of GRIP1 are co-regulated by ephrinB2, which stabilizes

GRIP1-bound GluA2-containing AMPARs at synaptic and ex-

trasynaptic sites in the dendritic membrane. EphB4-Fc treat-

ment, most likely through ephrinB2 activation, increases this

stabilization, thus enhancing surface AMPARs at spines and

shafts in non-denervated, wild-type conditions, while it can

rescue the reduced surface GluA2-containing AMPAR levels

to wild-type conditions in denervated mutant GRIP1 OTCs.

This stabilization of receptors in turn promotes the stability of

spines, specifically bigger spines, and thus their density, in

agreement with spine stability being the primary parameter

underlying density changes after lesion, a hypothesis that is

further supported by the prevention of spine loss by immediate

ephrinB2 activation. Mechanistically, a possible link between

the ephrinB2/GRIP1/GluA2 complex and spine morphogenesis

is the adhesion molecule N-cadherin, which is co-transported

with GluA2 by GRIP1, binds the extracellular domain of

GluA2, and supports spine morphogenesis by interacting with

the actin cytoskeleton; blocking the co-transport reduces the

number of spines and excitatory synapses (Heisler et al.,

2014; Saglietti et al., 2007). In addition, we have previously

shown that ephrinB ligands promote actin assembly and spine

morphogenesis via the adaptor Grb4 and the actin regulator

GIT1, which itself interacts with GRIP1 to mediate AMPAR traf-

ficking (Ko et al., 2003; Segura et al., 2007). AMPAR activity has

also been proposed to support spine formation and maturation,

for instance, via the stabilization of the postsynaptic density or

via the actin-interacting protein drebrin (De Roo et al., 2008; Ta-

kahashi et al., 2009). The addition of vesicles to the spine mem-

brane during GRIP1-bound AMPAR insertion may also support

the stabilization of surviving mushroom spines after lesion,

similar to what has been described for recycling endosomes

during constitutive conditions and after LTP (Park et al.,

2006). Whether these pathways (or others) mediate the role

of ephrinB2/GRIP1 during structural homeostatic plasticity re-

mains open to investigation.

Collectively, our findings provide regulatory mechanistic in-

sights as well as quantitative assessment of the correlation

between changes in AMPAR dynamics and spine morphology

during deprivation-induced homeostatic plasticity. Due to the

involvement of the Eph/ephrin family in recovery after injury

and neurological disorders (reviewed in Yang et al., 2018) and

the association of GRIP1 with autism spectrum disorder (Han

et al., 2017; Mejias et al., 2011), this cooperative mechanism
sponding to (B). Significance levels shown for Ctrl B4 ND relative to Ctrl Fc ND

AB4 D to T956 > A Fc D (green asterisks). Values corresponding to DPL21 are

enervated Ctrl and Grip1 T956 > A OTCs following the prevention paradigm.

ance levels shown for T956 > A Fc D to T956 > A Fc ND (red asterisks) and for

are represented in the right graph; n = 4–10 neurons per condition, from 2–3

4)-treated ND and D Ctrl or Grip1 T956 > A OTCs at DPL21.

2 found in a mushroom spine (n = 5 neurons per condition, 2 experiments).

p < 0.01; ***p < 0.001. Exact p values in Table S1.
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opens new avenues of research to promote dendritic spine

recovery, not only upon injury but also in other pathological

conditions.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GluA2 (extracellular epitope, clone 6C4) Millipore Cat # MAB397; RRID: AB_2113875

Chicken polyclonal anti-GFP Abcam Cat # ab13970; RRID: AB_300798

Rabbit polyclonal anti-MAP2 Chemicon Cat # AB5622; RRID: AB_91939

Donkey polyclonal anti-chicken Alexa 488 Dianova Cat# 703-546-155; RRID: AB_2340376

Donkey polyclonal anti-mouse Alexa 568 Molecular Probes Cat # A10037; RRID: AB_2534013

Goat anti-mouse STAR 635P Abberior Cat # 2-0002-007-5

Donkey polyclonal anti-mouse Cy3 Dianova Cat # 715-165-151; RRID: AB_2315777

Donkey polyclonal anti-rabbit Alexa 488 Molecular Probes Cat # A21206; RRID: AB_2535792

Unconjugated polyclonal anti-mouse IgG Dianova Cat # 715-005-150; RRID: AB_2340758

Chemicals, peptides, and recombinant proteins

Recombinant mouse EphB4-Fc chimera protein R&D Systems Cat # 446-B4-200

ChromPure human IgG, Fc fragment Dianova Cat # 009-000-008; RRID: AB_2337046

Donkey anti-human IgG, Fc fragment Dianova Cat # 709-005-098; RRID: AB_2340482

Critical commercial assays

Lipofectamine LTX and Plus Reagent Invitrogen 15338-100

Experimental models: Organisms/strains

Mouse: Tg(Nes-cre)1Kln Tronche et al., 1999 MGI ID: 2176173

Mouse: Tg(Thy1-EGFP)MJrs Feng et al., 2000 MGI ID: 3766828

Mouse: Efnb2tm4Kln Grunwald et al., 2004 MGI ID: 3026687

Mouse: efnB2 S-9 > A Pfennig et al., 2017 In house

Mouse: Grip1-T956 > A Geiger et al., 2014 In house

Mouse: C57BL/6J Jackson Laboratories JAX: #000664

Recombinant DNA

Plasmid: pAcGFP1-N1 Clontech Snapgene

Software and algorithms

Huygens Professional 17.04-19.10 Scientific Volume Imaging https://svi.nl/HomePage

ImageJ 5.12 Schneider et al., 2012 https://imagej.nih.gov/ij/

Imaris 9.0-9.6 Bitplane https://imaris.oxinst.com/

MetaMorph 7.7 Molecular Devices https://www.moleculardevices.com/

products/cellular-imaging-systems/

acquisition-and-analysis-software/

metamorph-microscopy

GraphPad 6 Prism https://www.graphpad.com/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Amparo

Acker-Palmer (acker-palmer@bio.uni-frankfurt.de).

Materials availability
This study did not generate new reagents.
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Data and code availability
The dataset supporting this study are available from the corresponding author upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice were kept in a 12h dark/light cycle with food and water ad libitum. Males and females were kept separately unless for breeding

purposes. The generation of theGrip1-T956 > Amouse line has been previously described (Geiger et al., 2014), as well as of the con-

ditional efnB2lox/loxmouse line (Efnb2tm4Kln; Grunwald et al., 2004), the knock-in efnB2 S-9 > A (Pfennig et al., 2017), and the (Nes)cre

line (Tg(Nes-cre)1Kln; Tronche et al., 1999). For all experiments but the newly inserted assay, these lines were crossed to the Tg(Thy1-

EGFP) reporter line (Tg(Thy1-EGFP)MJrs; Feng et al., 2000). For the key findings, experimental animals were pups sacrificed at post-

natal day 3 to 5 for organotypic slice cultures. Pups of either sex were used; due to their very young age and thematuration time of the

organotypic slice cultures (3 weeks) in a body-less environment, minimal to no effects of sex should be expected. For restricted sup-

porting experiments (Figures S1A–S1E, S3A, and S3B), embryos at embryonic day 16.5-18.5 were used for primary hippocampal

cultures. During dissection, neurons from all embryos of the same genotype (regardless of sex) were pooled. For a single supporting

experimental dataset (Figures S1J–S1L), adult female mice at postnatal day 40 were used to prepare acute slices. For all animals,

genotypes were determined by PCR using corresponding primers on mouse tail DNA. Tails were digested for 50min in 100 mL

50mM NaOH at 95�C, then the digestion was stopped by addition of 10 mL 1.5M Tris-HCl pH 8.8. PCR reactions were performed

in 25 mL volume containing 1-2 mL DNA, 20.55-19.55 mL distilled water, 2.5 mL ThermoPol reaction buffer (New England Biolabs),

0.2 mL deoxynucleotide (dNTP) solution mix (New England Biolabs), 0.25 mL of each primer, 1 mL Taq polymerase (New England Bio-

Labs) (Grip1, (Nes)cre, (Thy1)EGFP); or 2 mL DNA, 9.75 mL distilled water, 12.5 mL Go Green Taq master mix (Promega), 0.25 mL of

each primer (efnB2lox/lox, efnB2 S-9 > A).

All animal use was performed in compliance with the governmental authorities of Hessen and followed the German animal welfare

legislation.

METHOD DETAILS

Primary hippocampal cultures and new AMPA receptor insertion assay
Primary hippocampal cultures were dissected frommouse embryos at embryonic day 16.5-E18.5. Pregnant damswere sacrificed by

cervical dislocation and embryos were removed and kept on ice; the hippocampi were dissected in pre-chilled dissection medium

(Hank’s balanced salt solution (HBSS) with 1% Pen/Strep, 1% GlutaMax, 1% HEPES), digested in 1ml trypsin-EDTA for 15min at

37�C, washed twice in pre-warmed serum medium (Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum

(FBS)) and twice in pre-warmed NB+ medium (Neurobasal medium supplemented with 2mM Glutamax, 77.7mM D-Glucose). Neu-

rons were then gently dissociated with a fire-polished Pasteur pipette, centrifugated for 5min at 71 g, and finally plated at 40,000

cells/cm2. Neurons were kept in NB++ medium (Neurobasal medium supplemented with 2mM Glutamax, 77.7mM D-Glucose and

1:50 B27) at 37�C and 5% CO2 for 13 to 14 days until fixation. For subsequent staining and expansion microscopy, neurons were

transfected with a plasmid expressing GFP at 10 days in vitro (DIV) using the Lipofectamine LTX kit (Invitrogen) according to theman-

ufacturer’s instructions. At 14 DIV, neurons were fixed (4% PFA/PBS with 4% sucrose) for 10 min on ice, washed with NH4Cl for

10 min on ice, blocked in blocking buffer (2% BSA/4% NDS/PBS) for 30 min at room temperature, incubated overnight with mouse

anti-GluA2 antibody (1:500 in blocking buffer) at 4�Cand labeledwith donkey-anti-mouse Alexa 568 (1:200 in blocking buffer) for 1h at

room temperature. For the visualization of extra- and intracellular GluA2, neurons were subsequently permeabilized for 5min in 0.1%

Triton X-100 in PBS, blocked for 30 min, incubated overnight with the same mouse anti-GluA2 (1:500) and with chicken anti-GFP

(1:1000), and labeled with goat anti-mouse Abberior STAR 635P (1:200) and donkey anti-chicken Alexa 488 (1:500).

All neurons from mutant and control littermates were always dissected, stained, imaged and analyzed in the same experimental

conditions on the same day. After 14 DIV, neurons were used for the new AMPAR insertion assay as described before (Pfennig et al.,

2017). Briefly, neurons were incubated on ice for 30 min with anti-GluA2 antibody in blocking medium (NB++ with 2% bovine serum

albumin (BSA) and 4% normal donkey serum (NDS)), followed by an incubation on ice for 30 min with unconjugated anti-mouse IgG

(1:200) in NB++ medium. Neurons were then returned to the incubator in their original medium for 3h and stimulated (if applicable)

for 10 min with 10mM KCl at the start of the 3h incubation. Afterward, they were fixed and processed for immunocytochemistry in

non-permeabilizing conditions as described above: neurons were blocked in blocking buffer for 30min at room temperature, stained

overnight at 4�C with the same anti-GluA2 antibody (1:500), as well as rabbit anti-MAP2 (1:1000) as control for cell membrane integ-

rity, in blocking buffer, and labeledwith the corresponding secondary antibodies (anti-mouse-Cy3 and anti-rabbit Alexa 488, 1:500) in

blocking buffer for 1h at room temperature before mounting with Prolong Antifade Kit.

Organotypic brain slice dissection, culture and imaging
Organotypic brain slice cultures (OTCs) were prepared from pups at P3-P5 from Grip1-T956 > A, Nes cre;efnB2lox/lox, efnB2 S-9 > A

transgenic mice and control mice all crossed to Tg(Thy1-EGFP) reporter mice. All OTCs from mutant and control littermates were

always dissected and subsequently processed in the same experimental session on the same day. Horizontal slices were sectioned
Cell Reports 34, 108923, March 30, 2021 e2
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using a vibratome (Leica, VT1200S) in cold preparationmedium (modified Eagle’s medium (MEM), 25mM4-(2-hydroxyethyl)-1-piper-

azineethanesulfonic acid (HEPES) buffer solution, 2mMGlutamax, 0.45%D-Glucose, 0.1 mg/ml streptomycin, 100 U/ml penicillin) at

pH 7.4. Around 4-6 slices containing the hippocampal formation were collected per mouse, from which the two hippocampal forma-

tions per slice were carefully dissected under a binocular microscope. Only slices where the dentate gyrus showed its typical ‘‘V’’

shape were kept. All OTCs from one mouse (i.e., 8-12 hippocampal formations) were equally divided between two wells in a six-

well plate and transferred on a cell culture insert (Millipore). OTCs were then cultivated in an incubator at 35�C for 18-21 days for sta-

bilization and maturation. The incubation medium (42% MEM, 25% basal medium eagle (BME), 25% normal horse serum, 25mM

HEPES, 0.65% D-glucose, 0.15% NaHCO3, 0.1mg/ml streptomycin, 100U/ml penicillin, 2mM Glutamax; + 1mg/ml Amphotericin

B for prevention and rescue experiments) was replaced three days per week and the pH adjusted to 7.3 every time.

Imaging experiments started 18-21 days after dissection. Per insert, one OTC was selected as a non-denervated control and one

for entorhinal cortex lesion (ECL), which was performed immediately after the first imaging session by cutting and removing the en-

torhinal cortex using a sterile scalpel under a binocular microscope. Per OTC, 1-2 granule cells were selected in the supra- or infra-

pyramidal blade; no difference was found in lesion-induced changes (data not shown) and all cells were pooled regardless of loca-

tion. One secondary dendritic stretch in the outer molecular layer, defined as > 50mm from the soma, was imaged per neuron. For

prevention and rescue experiments, one insert per mouse was stimulated with EphB4-Fc, while the other was treated with Fc as

a control. 3mg EphB4-Fc and 3mg Fc were pre-clustered with 0.3mg donkey-anti-Fc for 1h at room temperature and were added

to the corresponding wells every day, immediately after the first imaging session (day post lesion (DPL) 0, prevention) or one

week later (DPL7) until the penultimate experimental day. For imaging, the insert was transferred to a single 35mmPetri dish (Greiner)

and covered in imagingmedium (120mMNaCl, 10mMHEPES, 4.2mMD-glucose, 4mMKCl, 2mMCaCl2, 1mMMgCl2, 0.1mMTrolox,

0.1mg/ml streptomycin, 100U/ml penicillin; pH 7.4 and osmolarity matching the incubation medium; + 1mg/ml Amphotericin B for

prevention and rescue experiments) pre-warmed to 35�C.

OTC staining
OTCs at two or twenty-one days post lesion (DPL2 or DPL21) were fixed in ice-cold 4% PFA/PBS for 5min, washed extensively in

PBS to remove excess PFA, and processed for immunohistochemistry as floating sections after being gently scraped from the in-

serts. A high level of permeabilization was found necessary to allow correct antibody penetration, and all steps were performed in

the same blocking buffer (2% Triton X-100/3% normal donkey serum (NDS)/3% normal goat serum (NGS) in PBS). After 2h blocking,

OTCs were incubated with chicken anti-GFP (1:1000) and mouse anti-GluA2 (1:500) for one week at 4�C and subsequently with the

corresponding secondary antibodies (anti-chicken Alexa 488 and anti-mouse Alexa 568, 1:500) for 3 days at 4�C.

Expansion microscopy
Expansion microscopy in hippocampal cultures was performed exactly according to the protocol for neuronal cultures described in

Asano et al. (2018) (basic protocol 1). Briefly, the coverslips were transferred singularly into the 10mm microwell of 35mm dishes

(MatTek). Neurons were incubated with 0.1mg/ml Acryloyl-X-SE/DMSO for 3h at room temperature. Freshly prepared gelling solution

(47:1:1:1 Stock X (in g/100ml solution: 8.6 sodium acrylate, 2.5 acrylamide, 0.15 N,N-methylenebisacrylamide, 11.7 NaCl, 1x PBS, in

water): tetramethylethylenediamine (TEMED): ammonium persulfate (APS): distilled water) was added to eachmicrowell and covered

by a 15mm coverslip to ensure the formation of a smooth, flat and thin gel. The coverslips were then incubated for 1h at 37�C for

complete polymerization. Afterward, the coverslip was carefully removed and the gels were completely covered in 2ml digestion

buffer/dish (in 100ml solution: 0.5g Triton X-100, 0.2ml EDTA disodium (pH 0.8), 5ml Triton-Cl (1M, pH 8.0), 4.67 g NaCl, in water)

with Proteinase K (800U/ml) and incubated overnight at room temperature. Gels were then expanded in distilled water (6 successive

baths, 20min each). Gels weremounted immediately prior imaging to prevent dehydration in 2% low-melt agarose tominimizemove-

ment; no agarose was poured on top of the gel to prevent diffraction.

Expansion microscopy for OTCs was performed according to the protocol for intact tissues described in Asano et al. (2018) (basic

protocol 2). The process is exactly as described above, with the following differences: the incubation in Acryloyl-X-SE/DMSO lasted

overnight instead of 3h; the gelling solution contained 4-hydroxy-TEMPO (4HT) instead of distilled water (in the same ratio); and the

OTCs were first incubated with 200ml gelling solution/microwell for 30 min at 4�C to allow deep penetration of the gelling solution in

the tissue, before being incubated with fresh 150ml solution/microwell for 2h at 37�C to ensure complete gelation.

Dissection, fixation and staining of acute slices
Acute, coronal slices were prepared from adult female mice (postnatal day 40) at a thickness of 400 mm (Campden Microtome

7000smz) in ice-cold ACSF (125 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM CaCl2, 1mM MgSO4 and

10 mM glucose, bubbled with 95% O2 and 5% CO2, pH 7.4). Slices recovered in a submerged chamber in ACSF at 35�C for

30 min, were transferred to a six-well plate and laid on a cell culture insert (Millipore) and recovered for 30 min at 35�C. Slices
were fixed 4% PFA/PBS for 20mn, permeabilized with 0.4% Triton X-100 in PBS for 30mn, blocked for 1h in blocking buffer

(0.2% Triton X-100/2% NDS in PBS), stained with chicken anti-GFP (1:500) in blocking buffer overnight at 4�C, and labeled with

donkey-anti-chicken Alexa 488 in 0.5% goat serum/PBS for 2h. Slices were then processed for expansion microscopy exactly as

described for organotypic slice cultures.
e3 Cell Reports 34, 108923, March 30, 2021
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Image acquisition and analysis
For the new AMPAR insertion assay, neuronal cultures were imaged with a 63x objective (Zeiss) using a digital camera (Spot Pursuit,

Diagnostic Instruments) attached to an epifluorescence microscope (Zeiss Axio Imager.M1). A fixed threshold was applied to all pic-

tures of a given experiment to exclude background fluorescence and GluA2 staining intensity was quantified in manually determined

dendritic stretches as the integrated fluorescence intensity divided by the area using MetaMorph (Molecular Devices). Experimental

sets in which depolarization with KCl does not lead to an increased de novo AMPAR insertion in wild-type neurons are not included in

the analysis.

For randomization of repetitive live imaging or expansion experiments, care was taken to allocate pups from the same litter and

genotype to different treatment groups as evenly as possible. For spine analysis in OTCs, OTCs were imaged using a two-photon

microscope (Leica, TCS SP8 MP) with a laser wavelength of 900nm. For orientation, a picture was taken of the OTC using the

10x objective at the first imaging session and the selected granule cells marked; additionally, a picture of the whole granule cells

was also taken at 63x to identify the chosen dendritic stretch in the future imaging sessions. Granule cells located in the dorsal

and ventral blade were used for this study; as no difference in spine density after lesion was found (data not shown), the data

from all cells were pooled for quantification. One dendritic segment was imaged per granule cell and 1-4 granule cells per OTC.

For analysis, z stacks of secondary dendritic stretches in the outer molecular layer (> 50mm from the soma) were captured using

a water-dipping 63x objective (0.9 NA, 3x zoom). After deconvolution using the Classic Maximum Likelihood Estimation (CMLE) al-

gorithm (automated parameters) of Huygens Professional (Scientific Volume Imaging), spines were automatically reconstructed and

manually adjusted using the Filament Tracer module of Imaris (Bitplane). Spines were subsequently classified using the ‘‘Classify

Spines’’ Imaris extension with the following morphological criteria: mushroom spines were identified first as spines with spine

head maximal width R 1.1 neck mean width and spine head maximal width R 0.5mm; thin spines were then identified as spines

with a length R 2.5 spine head mean width, and stubby spines were the remaining spines. For each dendritic stretch, spine density

was calculated as ratio relatively to the baseline level, defined as the spine density quantified during the first imaging session. All

steps were performed blindly to the experimental conditions.

For expansion microscopy of acute slices or of organotypic slice cultures, z stacks of secondary stretches in the stratum radiatum

of CA1 pyramidal cells or in the outer molecular layer of dentate granule cells, respectively, were obtained with a two-channel laser-

scanning confocal (Leica, TCS SP8) using a 63x water-dipping objective with a 3x zoom. After deconvolution using the CMLE algo-

rithm (automated parameters) of Huygens Professional (Scientific Volume Imaging), the stacks were registered if necessary using a

rigid body algorithm using the StackReg plugin (Bioimaging Group, EPFL) in ImageJ (NIH) to correct for lateral movement. Five den-

dritic stretches per condition per experiment, corresponding to five different neurons and including all visually identified spine types,

were selected for further analysis.

A limitation of expansion microscopy is the variability in expansion between samples and within a given sample (anisotropy). While

this has been reported especially for fibrous tissues (see e.g., Pernal et al., 2020; Zhao et al., 2017), such anisotropy is highly limited at

subcellular compartments, and especially synapses, where expansion microscopy has been shown to generate very low spatial

distortion (less than 3%; Jiang et al., 2018; Ku et al., 2016). To prevent any possible bias, we reported AMPAR levels to the volume

of each subcellular compartment, and we only compared relative ratios (i.e., surface and internal pools) between samples; we also

opted for visual spine identification and classification rather than absolute numerical inputs. The volume of GluA2 and GFP staining in

these stretches were reconstructed using the Surface module of Imaris (Bitplane) by a researcher blind to the experimental condi-

tions. To analyze selectively the GluA2 signal pertaining to the dendritic stretch of interest, a mask was created based on the GFP

channel with a low intensity threshold to include all GluA2 staining in proximity to that dendritic stretch; all signals not included in

this mask (i.e., located far from the dendritic stretch of interest) were hence automatically removed from subsequent analysis. The

volumes of the GluA2 and GFP staining were then reconstructed separately and precisely based on the fluorescence intensity

with the automatic threshold suggested by Imaris. Reconstructions were carefully compared to the raw data (before deconvolution)

to ensure their exactitude. The exact reconstruction of the GFP volume was used as a mask to distinguish between the GluA2 signal

within its volume, defined as intracellular GluA2, and GluA2 signal just outside of the GFP reconstruction, defined as surface GluA2,

and to separately reconstruct the two pools. The reconstructed GluA2 volume was then quantified and normalized to the volume of

the spine head or the shaft as determined by the GFP staining (total GluA2/GFP); the average per spine type/shaft was calculated

from all values from that spine type/shaft, and the averages ofmushroom, thin, stubby spines and shafts were rescaled to their overall

sum to show GluA2/GFP distribution as percentages of total GluA2/GFP. Surface GluA2 was calculated as a percentage of the total

GluA2 per spine or shaft, and the average per spine type/shaft was calculated from all individual values. These values were subse-

quently used for statistical analysis. We also performed staining in non-permeabilizing and permeabilizing conditions followed by

expansion microscopy in cultured hippocampal neurons to validate the proxy used (see below). The amount of GluA2 before perme-

abilization showed the ground truth of GluA2-containing AMPARs at the surface. This amount was similar to the external GluA2 signal

at the surface of the GFP staining after permeabilization following the above-mentioned analysis, confirming that the proxy used in

OTCs provides a relevant picture of GluA2-containing AMPAR distribution.

For expansion microscopy of hippocampal cultures, z stacks of secondary stretches of GFP-transfected neurons were with a two-

channel laser-scanning confocal (Leica, TCS SP8) using a water-dipping 63x objective (3x zoom). Images were deconvolved with

Huygens and the GluA2 and GFP stainings were reconstructed using Imaris as described above. For the comparison between

the amount of surface GluA2 without permeabilization and after permeabilization (Figure S1E), GluA2 was specifically analyzed at
Cell Reports 34, 108923, March 30, 2021 e4
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visually identified mushroom spines. For GluA2 without permeabilization, the amount of GluA2 was quantified by reporting all recon-

structed GluA2 volumes to the GFP volume of their corresponding spine and by calculating the average across all spines. For GluA2

after permeabilization, surface GluA2 was defined as described above and all reconstructed volumes were reported to the GFP vol-

ume of their corresponding spine; the final value was calculated by averaging all reconstructed surface GluA2 volumes across all

spines.

For all representative pictures of expanded data, the scale bars present the physical size of the sample post-expansion, as given

directly by the microscope based on the imaging parameters. The original size of the representative pictures is �3-3.5x smaller, de-

pending on the expansion factor of the corresponding sample. The expansion factor was determined for each sample by measuring

the dendritic diameter of several neurons before and after expansion in the same area and by calculating the post- to pre-expansion

ratio. For all representative pictures of expanded data except Figures 1A and 1B (top) and S1 B-C, GluA2 staining is shown in two

pseudocolors corresponding to the two pools (surface GluA2 (sGluA2) in magenta and internal GluA2 (iGluA2) in cyan) defined using

the exact reconstruction of the GFP volume as a mask. For Figures S1B and S1C, magenta is used to show GluA2 staining prior to

permeabilization (surface GluA2, sGluA2), while GluA2 staining after permeabilization (total GluA2, tGluA2) is shown in two pseudo-

colors corresponding to the two pools defined again using the exact reconstruction of the GFP volume as a mask (orange for the

surface pool (surface-total GluA2, s-tGluA2) and cyan for the internal pool (internal-total GluA2, i-tGluA2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed on the number of neurons n indicated in the corresponding figure legends, except when showing

expanded data, in which case the analysis was done per spine or shaft from 5 neurons. Data are expressed asmean ± standard error

of mean (SEM). To assess significance levels, two-way ANOVA (GraphPad, Prism) was used for long-term imaging and the unpaired

Student’s t test (Excel, Microsoft) for the new AMPAR insertion assay and for baseline spine density. For expansionmicroscopy, data

distribution was assessed using Shapiro-Wilke’s normality test; statistical comparisons between datasets that passed the test were

performed with the unpaired Student’s t test (Excel, Microsoft), while comparisons where at least one dataset that did not pass the

normality test were carried out with the corresponding non-parametric test, i.e., the Mann-Whitney-U test (GraphPad, Prism). Repre-

sentative experiments are shown with either the unpaired Student’s t test or Mann-Whitney-U values for that particular experiment;

Fisher’s combined test was used on all available experiments to verify the reliability of the observed phenotype. Differences were

considered significant if p < 0.05 and indicated as * if p < 0.05, ** if p < 0.01 and *** if p < 0.001. The exact p values for relations dis-

cussed in this manuscript are found in the Table S1.
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Figure S1. Expansion microscopy provides sufficient spatial resolution to discriminate 

between surface and internal GluA2-containing AMPARs, and AMPAR distribution is 

similar in CA1 pyramidal cells compared to dentate granule cells. Related to Figure 1. 

(A) Representative images from GFP (green) - transfected hippocampal cultures stained for 

surface GluA2 (sGluA2, magenta) without permeabilization and submitted to expansion 

microscopy. From left to right: GluA2 and GFP stainings; GluA2 reconstruction and GFP 

staining; GluA2 and GFP reconstructions. The fourth panel displays GluA2 and GFP staining 

of the same spine as visible along the Y axis. Scale bar, 1µm. 

(B-C) Representative images from GFP (green) - transfected hippocampal cultures stained for 

surface GluA2 without permeabilization (sGluA2, magenta, top row) and for total GluA2 

after permeabilization (tGluA2) using the same antibody; based on the reconstruction of the 

GFP staining, the latter has been divided between surface GluA2 (s-tGluA2, orange, middle 

row) and internal GluA2 (i-tGluA2, cyan, bottom row). The left panels show GluA2 and GFP 

stainings; the middle panels show GluA2 reconstruction and GFP staining; the right panels 

show both reconstructions. (C) Higher magnification of the mushroom spine in (B). Scale 

bar, 1µm (B), 0.5µm (C). 

(D) Quantification of the amount of GluA2 signal at the surface of mushroom spines, 

corresponding to (C). For surface GluA2 without permeabilization, the volume of each 

GluA2 reconstruction was reported to the GFP volume of the corresponding mushroom spine, 

all volumes were summed per spine, and the average was calculated across all mushroom 

spines. For total GluA2 after permeabilization, only GluA2 reconstructions at the surface of 

the GFP volume were considered. Of note, the baseline proportion of surface GluA2 in 

mushroom spines in hippocampal cultures is statistically similar to what is observed in OTCs 

under constitutive conditions. Data are shown as mean +/- SEM. 



(E) Quantification of surface GluA2 with permeabilization, shown as percentage of total 

GluA2 (+/- SEM) corresponding to (C). 

(F-I) Representative surface reconstructions of the mushroom (F), thin (G), stubby (H) spines 

and the shaft (I) shown in Fig. 1C. Surface GluA2 (magenta, left column) and internal GluA2 

(cyan, middle column) are shown separately and together (right column; as seen in Fig. 1C). 

From top to bottom: GluA2 and GFP staining; GluA2 reconstruction and GFP staining; 

GluA2 and GFP reconstruction. Scale bars, 1µm. 

(J) Representative surface reconstructions of stubby, thin and mushroom spines and shafts 

from secondary stretches in the stratum radiatum of CA1 pyramidal cells. The surface 

reconstruction of the GFP staining is not visible in the bottom row to enable visualization of 

internal GluA2. Scale bars, 1µm. 

(K) Quantification of GluA2 distribution normalized to GFP volume, shown as percentage of 

total GluA2/GFP (+/- SEM) corresponding to (E). n = 5 neurons, 2 experiments. 

(L)  Quantification of surface GluA2, shown as percentage of total GluA2 per compartment 

(+/- SEM) corresponding to (E).  n = 5 neurons, 2 experiments. *p < 0.05, **p < 0.01, ***p < 

0.001. 

Exact p-values in Table S1. 

  



 

 

Figure S2. Denervation does not affect thin and stubby spine density nor total AMPAR 

content. Related to Figure 1. 

(A-B) Total spine density (A) and mushroom, thin and stubby spine density (B) at baseline 

(day post lesion (DPL)0) (+/- SEM) are similar between stretches from OTCs subsequently 

selected for denervation (D) or as non-denervated controls (ND). ns, not significant. 



(C-D) Quantification of thin (C) and stubby (D) spine density in non-denervated and 

denervated OTCs as relative ratios to baseline (DPL 0) (+/- SEM) corresponding Figure 1 

(G). n = 5-7 neurons per condition, 4 experiments. 

 (E) Quantification of GluA2 distribution normalized to GFP volume at DPL2 and DPL21 in 

denervated (D) and non-denervated (ND) OTCs (+/- SEM) corresponding to Figure 1 (I-K). n 

= 5 neurons per condition, 2 experiments.  

Exact p-values in Table S1. 

 
 

 



 

 

 



Figure S3. T956 phosphorylation is required for GRIP1 function during activity-

induced de novo AMPA receptor insertion and stabilization, but not for baseline spine 

density and morphology, nor for AMPAR content and distribution. Related to Figure 2. 

(A) Representative pictures of newly inserted GluA2 in dendritic stretches of hippocampal 

neurons. Scale bar, 5µm. 

(B) Quantification of the relative fluorescence intensities (+/- SEM) of the newly inserted 

GluA2, corresponding to (A). Stimulation is normalized to the control condition. n = 30-60 

neurons per condition from 3 experiments. *p < 0.05, **p < 0.01. 

 (C-D) Total (C) and mushroom (D) spine density at baseline (DPL0) (+/- SEM) are similar 

between stretches from Grip1-T956>A OTCs subsequently selected for denervation (D) or as 

non-denervated OTCs (ND). ns, not significant. 

(E) Quantification of total GluA2/GFP (left graph) and surface GluA2 (right graph) in non-

denervated Grip1-T956>A OTCs compared to control (Ctrl) OTCs, (+/- SEM). n = 5 neurons 

per condition, 2 experiments. 

(F) Quantification of total GluA2/GFP distribution at DPL2 and DPL21 in denervated (D) 

and non-denervated (ND) Grip1-T956>A OTCs (+/- SEM). n = 5 neurons per condition, 2 

experiments.  DPL, Day post lesion. 

Exact p-values in Table S1. 

 

 

 

 

 

 



 



Figure S4. EphrinB2 is crucial for mushroom spine formation and stabilization after 

lesion-induced loss, but not necessary for baseline spine density and morphology. 

Related to Figures 3 and 4. 

(A) Representative pictures of secondary dendritic stretches of non-denervated and 

denervated efnB2 knockout OTCs (Nes cre+; efnB2lox/lox) and their control littermates (Nes 

cre-; efnB2lox/lox) at DPL0, DPL2 and DPL21. DPL, Day post lesion; ND, not denervated; D, 

denervated. Scale bars, 2µm. 

(B-C) Total (B) and mushroom (C) spine density at baseline (DPL0) (+/- SEM) are similar 

between stretches from efnB2 knockout or control OTCs subsequently selected for 

denervation (D) or as non-denervated controls (ND). ns, not significant. 

(D) Quantification of total spine (left graph) and mushroom spine (right graph) density at 

each time point as relative ratios to DPL0 (+/- SEM). Significance levels shown between Nes 

cre+; efnB2lox/lox D and Nes cre-; efnB2lox/lox D. n = 6-7 neurons per condition from 3 

experiments. **p < 0.01, ***p< 0.001. 

(E-F) Total (E) and mushroom (F) spine density at baseline (DPL0) (+/- SEM) are similar 

between stretches from efnB2 S-9>A or control (Ctrl) OTCs subsequently selected for 

denervation (D) or as non-denervated controls (ND). ns, not significant. 

(G-H) Mushroom spine density at baseline (DPL0) (+/- SEM) is similar between stretches 

from Grip1-T956>A or control (Ctrl) OTCs subsequently selected for denervation (D), non-

denervation (ND), EphB4-Fc stimulation (B4) or Fc-treatment (Fc) according to the rescue 

(G) or prevention (H) paradigm. ns, not significant. 

Exact p-values in Table S1. 
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