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Abstract

Structural dynamics of dendritic spines are important for memory and learning and are impaired in neurodevelopmental

disorders such as fragile X syndrome. Spine dynamics are regulated by activity-dependent mechanisms that involve

modulation of AMPA receptors (AMPAR); however, the relationship between AMPAR and spine dynamics in vivo and how

these are altered in FXS mouse model is not known. Here, we tracked AMPAR and spines over multiple days in vivo in the

cortex and found that dendritic spines in the fmr1 KO mouse were denser, smaller, had higher turnover rates and contained

less sGluA2 compared to littermate controls. Although, KO spines maintained the relationship between AMPAR and spine

stability, AMPAR levels in the KO were more dynamic with larger proportion of spines showing multiple dynamic events of

AMPAR. Directional changes in sGluA2 were also observed in newly formed and eliminated spines, with KO spines

displaying greater loss of AMPAR before elimination. Thus, we demonstrate that AMPAR levels within spines not are only

continuously dynamic, but are also predictive of spine behavior, with impairments observed in the fmr1 KO mice.
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Introduction

Dendritic spines are the principal sites of excitatory synapses in

the neurons of mammalian central nervous system (Cajal 1888;

Gray 1959). Spines are plastic and undergo structural and func-

tional changes under basal and experience dependent conditions

(Holtmaat et al. 2009; Fu and Zuo 2011). Structural dynamics

involves spine formation and elimination as well as change in

size of the spine (Dunaevsky et al. 1999; Trachtenberg et al. 2002;

Alvarez and Sabatini 2007; Bosch and Hayashi 2012). The struc-

tural reorganization of dendritic spines is thought to be associated

with synaptic plasticity mechanisms that involve modulation of

synaptic strength via insertion or removal of α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid receptor (AMPAR) (Malenka

and Bear 2004; Turrigiano 2012; Chater and Goda 2014). Indeed,

under in vitro conditions, both long-term potentiation (LTP)

(Engert and Bonhoeffer 1999) and long-term depression (LTD)

(Hasegawa et al. 2015) paradigms of synaptic plasticity have

shown to induce spine formation and elimination, respectively.

These changes are thought to bring about functional reorganiza-

tion of the neuronal circuits and are critical for learning and mem-

ory (Hofer and Bonhoeffer 2010; Hayashi-Takagi et al. 2015).

Although short-term activity-dependent changes in AMPAR in

spines have been examined (Zhang et al. 2015), the link between

synaptic stabilization over days and AMPAR insertion has not

been previously studied in vivo.

Dendritic spines are altered in number of neurodevelopmen-

tal disorders (Penzes et al. 2011) including the fragile X syndrome

(FXS), which is the most common inherited form of intellectual

disability (Penagarikano et al. 2007). Moreover, in a mouse model

of FXS, there is impaired structural and functional plasticity

with increased spine turnover, reduced LTP and impaired expe-

rience dependent plasticity of spines (Cruz-Martin et al. 2010;
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Pan et al. 2010; Padmashri et al. 2013; Contractor et al. 2015).

Here, we therefore also investigated the relationship between

AMPAR insertion and dendritic spine dynamics in an FXS mouse

model.

To investigate the role of AMPAR in spine fate and dynamics

in vivo, we expressed AMPAR subunit GluA2 tagged to super-

ecliptic phluorin (SEP), a pH sensitive GFP variant (Miesenbock

et al. 1998), in layer 2/3 neurons of the primary motor cortex (M1).

Since the majority of AMPAR contain the GluA2 subunit (Lu et al.

2009), we used SEP-GluA2 (sGluA2) levels in spines as a proxy for

synaptic AMPAR. Dendritic spines and sGluA2 were imaged

in vivo using two-photon microscopy over a period of 10 days in

wild type mice and in the FXS mouse model, the fmr1 knock out

(KO) mice. Repeated in vivo imaging revealed that in the fmr1 KO

mouse dendritic spines were denser, smaller, contained less

sGluA2 and had higher turnover rates (TORs) compared to litter-

mate controls (WT). Our data confirmed the relationship between

synaptic strength and synaptic stability, with greater AMPAR con-

taining spines being more stable in both WT and the KO mice.

Additionally, we observed that AMPAR levels were dynamic in

most stable spines, fluctuating over 10 days with larger proportion

of spines showing multiple dynamic events of AMPAR in the KO.

Directional changes in sGluA2 were also observed in subpopula-

tion of spines, with new small spines gradually accumulating

sGluA2. Finally, sGluA2 levels dropped just prior to spine elimina-

tion with greater loss observed in the KO spines. Thus, we con-

clude that AMPAR levels within spines are continuously dynamic

but are also predictive of spine behavior, with impairments

observed in the fmr1 KO mice.

Materials and Methods

Mice

Mice were cared for in accordance with NIH guidelines for labora-

tory animal welfare. All experiments were approved by the

University of Nebraska Medical Center Institutional Animal Care

and Use Committee. Female C57BL/6 fmr1 heterozygous (HET)

mice were crossed with male C57BL/6 fmr1 KO mice and used for

in utero electroporation. Since FXS predominantly affects boys,

male WT littermates and fmr1 KO pups were used for all

experiments.

DNA constructs: we used a FUGW pUB-SEP-GluA2-WPRE

and pCAG-tdTom constructs for our experiments. FUGW pUB-

SEP-GluA2-WPRE was a generous gift from the lab of Noam Ziv

(Zeidan and Ziv 2012). First, SEP, a pH sensitive GFP variant

(Miesenbock et al. 1998) was tagged to the N terminus of GluA2,

and the SEP-GluA2 (sGluA2) was cloned under the ubiquitin

promoter in a FUGW lentiviral construct. For the morphological

tracer, we used pCAG-tdTomato construct where the tdTomato

(tdTom) was cloned under a CAG promoter.

In utero Electroporation

Timed pregnant female C57BL/6 fmr1 HET mice were in utero

electroporated as described previously (Fig. 1b) (Saito and

Nakatsuji 2001). Briefly, embryonic (E) day 15.5 timed pregnant

C57BL/6 fmr1 HET mice were anaesthetized using an isoflurane-

oxygen mixture (induction: 5% Isoflurane/2 liter/min O2, mainte-

nance: 2% isoflurane/2 liter/min O2). A small incision was made

within the abdominal walls and uterine horns were exposed. A

0.5 μL of 4 μg/μL DNA solution of pCAG-tdTomato and pUB-SEP-

GluA2-WPRE was injected into the cerebral ventricles of E15.5

mouse embryo using Parker Picospritzer III microinjection sys-

tem. The head was then placed between tweezer electrodes so

as to target the motor cortex. Electroporation was achieved

using 5 square pulses (5ms long at 1Hz, 35mV). Embryos were

returned back into the abdominal cavity and dams were revived

and allowed to deliver normally.

Tissue Preparation and Immunohistochemistry

Mice were perfused with 4% paraformaldehyde at postnatal day

30, and brain sections (100 μm) containing the primary motor

cortex were selected for analysis. Sections were incubated in

10% normal goat serum (NGS) and 0.3% Triton X-100 for 3min,

then washed 3 times with PBS, preincubated for 1 h in 5% NGS

and then immunostained with primary antibodies against

GluA2 (polyclonal 1:500, Millipore MAB397) overnight at 4 °C. The

secondary antibody was Alexa 647 coupled antiguinea pig (1:500,

Invitrogen), in 1% NGS and 0.3% Triton X-100, for 90min at RT.

Cranial Window

At postnatal day, 28–30mice were anesthetized with

Tribromoethanol (Avertin, 0.25mg/g body weight) and a cranial

window was implanted over the motor cortex (Fig. 1c). Briefly,

half an hour before the surgery, dexamethasone (∼2 μg/g body

weight) and carprofen (5 μg/g body weight) were injected intra-

peritoneally to reduce cerebral edema and inflammation during

the craniotomy. A 5mm craniotomy centered on bregma, was

made across the sutures, above the primary motor cortex. After

the craniotomy, the exposed surgery site was rinsed with an

enrofloxacin antibiotic solution (0.5 μg/mL) and covered with a

5-mm diameter cover glass, which was permanently glued to

the skull using dental acrylic cement. The dura remained intact

in this procedure. Mice were treated with antibiotic enrofloxa-

cin (5mg/kg) twice daily for 6 days after surgery to prevent bac-

terial infection. Mice were also injected daily with carprofen

(5mg/kg) for 3 weeks following surgery to reduce inflammation.

Mice were allowed 3 weeks to recover from the surgery.

Imaging

All imaging was performed with a multiphoton microscope

(Moving Objective Microscope, MOM; Sutter), using a Ti:

Sapphire laser (Chameleon Vision II, Coherent) tuned to 925nm.

Mice were anaesthetized with a ketamine/dexdormitor mixture

(100 and 0.5mg/mL, respectively, 2.5mL/kg). Images were col-

lected with a Nikon water-immersion objective (60X, 1.0 NA).

Excitation power measured at the back aperture of the objective

was typically ∼20mW and was adjusted to achieve near identi-

cal levels of fluorescence for each imaged region using a Pockel

cell. Two-channel imaging was achieved by using a 565 nm

dichroic mirror and 2 external photomultiplier tubes. A 535/50

bandpass filter was used to detect sGluA2 emission and a 610/75

bandpass filter was used to detect tdTom. For imaging, we used

ScanImage software written in MATLAB (MathWorks) (Pologruto

et al. 2003). During an imaging session, 6 to 10 regions of interest

(ROIs) per animal were selected along the dendritic tufts of

tdTom and sGluA2 expressing layer 2/3 pyramidal neurons

(Fig. 1d). All imaged dendrites were in layer 1 (within the first

100 μm below the dura matter) within the forelimb M1, as deter-

mined by stereotaxic measurements (between 750 and 2000 μm

lateral to the midline and between 1000 μm rostral and 250 μm

caudal from bregma) (Tennant et al. 2011). Each ROI consisted of

a stack of images (20–80 optical sections, separated axially by

1 μm). The coordinates of each ROI were recorded using the XYZ

motor on the MOM for subsequent imaging days. After imaging,
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mice were revived from anesthesia with Antisedan (atipamezole

hydrochloride 5.0mg/mL). Images were collected 6 times over a

period of 10 days at intervals indicated in Figure 1. Imaging was

performed at 5PM for all days except for the 40 and 64 h session

where images were collected at 9AM.

Image Analysis

Spine Identification

All images were corrected for tdTom bleed-through into sGluA2

(green) channel by quantifying percent bleed-through on a

tdTom only expressing mouse and subsequently subtracting

out the bleed-through from images of the sGluA2 (green) chan-

nel images. A custom written imaging program written in

python was used to track dendritic spines and sGluA2 levels

over imaging sessions. Dendritic segments of 30–80 μm were

chosen in 3D stacks and dendritic spines were identified and

marked in tdTom image channel on 0 h images (Figure S1a).

Unless mentioned otherwise, 0 h images were considered as

baseline for all analysis. For spine dynamics, images were com-

pared to baseline images and categorized as stable if they were

present in both images, eliminated if they appeared in the pre-

vious image but not in the image being analyzed and newly

formed when they appeared in the image being analyzed but

not in the baseline image. Spine formation and elimination

was calculated as a percentage of new or eliminated spines of

the total number of spines at baseline. TORs were calculated as

ratio of sum of spines formed and eliminated to twice the total

number at baseline (Holtmaat et al. 2005).

sGluA2 and Spine Intensity Measurement

To mark a spine, an ROI was placed manually over the spine

with care being taken not to include the dendrite (Figure S1a). To

correct for background, a similar sized ROI was placed adjacent

to the spine but away from the dendrite. To normalize across

imaging sessions, we used tdTom dendrite intensity values, as

these were relatively stable across sessions (Figure S1b-d). For

normalization, two 16 pixel rectangular ROI were marked on

either side of the spine, and average dendritic shaft tdTom value

was measured and a normalization factor derived by comparing

the tdTom dendrite values to baseline (Day 0 of imaging) values.

Care was taken to place the dendrite ROI on a stretch of dendrite

Figure 1. Repeated in vivo imaging of doubly transfected layer 2/3 neurons of M1 cortex. (a) Experimental time course. Morning sessions are marked with a symbol.

(b) Embryos from E15.5 timed pregnant C57Bl6 fmr1 HET mice were injected with a mixture of pUB-SEP-GluA2-WPRE and pCAG-tdTom DNA constructs into the lateral

ventricles and neurons were transfected using an electrode tweezer. (c) A cranial glass window implanted over the motor cortex. Scale bar: 1mm. (d) 2PLSM in vivo

images of transfected region of cortex showing overlap of tdTom (magenta) and sGluA2 (white) along with 3D projection of a Z of the same region. Scale bar: 100 μm.

(e) Repeated in vivo imaging of apical dendrites of layer 2/3 neurons in M1 cortex showing stable expression of tdTom and sGluA2 over the experimental duration.

Scale bar: 5 μm.
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that did not have a spine protruding in the z plane. To quantify

sGluA2 and spine intensity, the sum of total integrated pixel

intensity within the spine ROI across the 3 brightest optical

frames of the spine was calculated for each channel, individu-

ally corrected for background and normalized to Day 0 unless

otherwise stated. Since spine brightness is correlated with spine

volume, we used spine intensity as a measure of spine size

(Holtmaat et al. 2005, 2009). Spines were reidentified on subse-

quent sessions and intensity values measured as above. For new

spines appearing during imaging sessions, spines were marked

and sGluA2 and spine intensity were quantified and normalized

to time of identification, except in Figure S4a where normaliza-

tion was performed to Day 0. For Figure S4a, a mean dendrite

ROI value was calculated for each dendrite for Day 0 and Day 10

to obtain a normalization factor that was then applied for all

spines. For presentation purposes, all images were de-speckled

and smoothened. Crisscrossing axons traversing the field of

view were removed from some frames and 3–5 frames were

maximally projected. All analysis was done blinded to mouse

genotype on unprocessed images except for the bleed-through

correction described above. For all analysis, unless indicated

otherwise, the averages were calculated per mouse.

Percentile Spine Grouping

sGluA2 intensity for all spines within a dendrite (30–80 μm) at

baseline was arranged in an ascending order and percentile

rank for every spine calculated. Spines were divided into 4 per-

centile groups (bin width of 25) with progressively increasing

levels of sGluA2. Within each mouse, the fraction of stable

spines (Fig. 3b) and sGluA2 percentage changes (Fig. 4f) were

quantified. For Figure S3a, we calculated the average sGluA2

intensity per dendrite for each percentile group in the WT and

applied the intensity values as cutoffs to the KO dendrites. For

the k-means cluster analysis we used a 2-partition k-means test

on MATLAB to separate out High and Low sGluA2 containing

spines per dendrite. Fraction of stable spines per group and pro-

portion of clusters per genotype were calculated (Figure S3c-d).

Local Dendrite Ranking

Similar sGluA2 intensity spines (“target spines,” minimally

10 μm apart) with opposing fates were identified on a baseline

image. sGluA2 within spines in 5-μm stretches on either side of

the target spine (cluster) was quantified and arranged in an

ascending order. These were then ranked in steps calculated by

10/(total number of spines in a cluster – 1) with the smallest

spine given a rank of zero, the next spine a rank of zero + step

size and with the largest a rank of 10. In Figure 3c, for represen-

tation purposes only, the ranking is represented as whole num-

bers with the largest sGluA2 containing spines getting rank of n

(which is total number of spines per cluster) and the smallest a

rank of 1.

New Spines Grouping

For both genotypes, spines within dendrites imaged at 40 and

64 h were pooled for further analysis (Figure S5d for proportion

of spines per imaging interval). Dendritic rank of new spines

(Figure S5b) and fraction of stable spines (Figure S5c) per

sGluA2 level groups of all newly formed spines within these

sessions were calculated per dendrite and averaged per mouse

similar to the method used in persistent spines and compared

across groups and genotypes.

sGluA2 Spine Dynamic Grouping

sGluA2 dynamics was quantified as percentage change of

sGluA2 at all time points compared to the previous time point.

We defined change as ±2 SD of the percentage change at 24 h in

WT which sets a threshold of ±30% (Zhang et al. 2015). Spines

were classified as “no change” if sGluA2 intensity did not cross

the threshold on all days and “dynamic” if they did.

Additionally, we monitored the direction of changes (increases

or decreases) at all time points for all spines and specifically

calculated proportion of spines per mouse showing multiple

changes in direction of sGluA2 percentage changes. We used

the coefficient of variation (CV) function on excel to calculate

CV for every individual spines per mouse.

Statistics

Analysis was done on GraphPad prism and error bars represent

standard error means (SEMs). To test for statistical significance

an unpaired Student’s t-test (Figs 2a, 4d), multiple t-test with

post hoc Bonferroni correction (Fig. 2b–d), one-way ANOVA

with post hoc Bonferroni correction (Fig. 4g), two-way ANOVA

with post hoc Bonferroni correction (Figs 3b,d, 4c, 5c, 6d), two-

way repeated ANOVA with post hoc Bonferroni correction

(Fig. 4e), Kolmogorov–Smirnov test (Fig. 2e, f).

Results

Repeated In Vivo Imaging of Dendritic Spines and

SEP-GluA2

To track spine and AMPAR dynamics in layer 2/3 pyramidal neu-

rons of M1 cortex, E15.5 mouse embryos were in utero electropo-

rated with AMPAR subunit GluA2 tagged to superecliptic

phluorin (sGluA2) and morphological tracer td-Tomato (tdTom)

(Fig. 1). For repeated in vivo imaging, a cranial window

(Holtmaat et al. 2009) was implanted over the primary motor

cortex (M1 cortex) using previously published coordinates

(Fig. 1c) (Tennant et al. 2011). Following recovery, mice were

imaged and dendrites expressing bright signal across both chan-

nels were chosen for imaging (Fig. 1d). Stable images were

obtained over a 10-day period with no evidence of photo-

bleaching (Fig. 1e and Figure S1b&d). While tdTom had uniform

expression throughout the cells, sGluA2 had a punctate appear-

ance with relatively low expression in the dendritic shaft and

negligible expression within axons, as would be expected from a

postsynaptic protein (Fig. 1e, S2a) (Zhang et al. 2015). Moreover,

sGluA2 expression was detected even within immature

filopodia-like structures (Zito et al. 2009) giving us further confi-

dence in our ability to track AMPAR in vivo (Figure S2b). The use

of sGluA2 tagged to SEP, allowed the tracking of only surface

bound GluA2 which are the functionally relevant pools of

AMPAR (Kopec et al. 2006). Immunostaining of sections from

transfected mouse brains with an antibody against GluA2 indi-

cated about a 50% overexpression of sGluA2 at postnatal day 30

(Figure S1c). To test whether sGluA2 overexpression affected

spine morphogenesis and dynamics, we compared spine density

in layer 1 apical dendrites of layer 2/3 neurons of WT mice trans-

fected with sGluA2/tdTom to WT mice transfected with tdTom

alone (Figure S2d). We observed no difference in spine density

between the groups (WT sGluA2/tdTom: 0.69 ± 0.01spines/μm

n = 5 mice, WT tdTom: 0.68 ± 0.02 spines/μm, n = 3 mice, P >

0.05). Similarly, spine dynamics was also not altered with over-

expression of sGluA2 compared to previous reports (6% forma-

tion and elimination over 24 h) (Ma et al. 2016) (Fig. 2b–d). Thus

with the in utero electroporation and cranial window strategy,
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we were able to repeatedly image and track both dendritic

spines and spine AMPAR in apical dendrites of layer 2/3 pyrami-

dal neurons of the motor cortex over multiple days.

Altered Spine Density, Size, and Dynamics in the

Primary Motor Cortex of fmr1 KO Mice

Reports of altered dendritic spine density and dynamics in the

KO mice have been variable with spine properties depending

on brain region, age and layer of neurons investigated (He and

Portera-Cailliau 2013). As no previous studies had investigated

spine properties in layer 2/3 pyramidal neurons in the M1 cor-

tex at 8 weeks of age, we first investigated spine density

(Fig. 2a). Unlike in layer 5 neurons (Padmashri et al. 2013), we

observed an 11% increase in dendritic spine density of layer 2/3

pyramidal neurons in the KO mice as compared to tdTom/sGluA2

expressing WT mice (Fig. 2a, P = 0.017). To investigate spine

dynamics in layer 2/3 neurons of M1, we quantified spine form-

ation and elimination over short (24 h), intermediate (60 h), and

long (240 h) durations and compared across genotypes. We

observed higher rates of formation at all intervals (Fig. 2b, P ≤

0.02 for all comparisons) but increased elimination only at

intermediate and longer time points (Fig. 2c, 64 h: P = 0.049,

240 h: P = 0.03). This increased formation and elimination also

translated to higher TORs calculated at all intervals (Fig. 2d,

24 h: P = 0.01, 64 h: P = 0.006 and 240 h: P = 0.001). Thus, our

data suggest that at 2 months, KO mice have increased spine

densities and higher rates of spine dynamics in apical den-

drites of layer 2/3 pyramidal neurons in the M1 cortex.

Reports from humans with FXS (Hinton et al. 1991; Irwin

et al. 2001) and fmr1 KO mice (He and Portera-Cailliau 2013)

have described preponderance of small immature looking

Figure 2. Altered dendritic spine properties and spine size in the fmr1 KO mice. (a) Representative images of dendrites from layer 2/3 pyramidal neurons expressing

tdTomato and sGluA2 in WT and KO mice. Spine densities were significantly higher in the KO mice (WT: 0.69 ± 0.01 spines/μm, KO: 0.76 ± 0.02 spines/μm, n = 5 mice,

unpaired t-test, *P < 0.05) Scale bar: 10 μm. (b) KO mice had increased spine formation over short, intermediate and long time intervals (24 h: WT 6.121 ± 0.5%, KO 14.5 ±

2.17%, 64 h: WT 9.834 ± 1.53%, KO: 23.41 ± 3.5%, 240 h: WT 20.16 ± 3.3%, KO: 39.38 ± 2.3%, n = 5 mice, multiple t-test with Bonferroni–Sidak correction, *P < 0.05, **P <

0.01). (c) KO mice had increased spine elimination over intermediate and long time intervals but not over short intervals (24 h: WT 6.99 ± 0.75%, KO 10.9 ± 2.03%, 64 h:

WT 13.96 ± 1.46%, KO 23.22 ± 2.71%, 240 h: WT 22.81 ± 2.35%, KO 35.15 ± 3.9%, n = 5 mice, multiple t-test with Bonferroni–Sidak correction, *P < 0.05). (d) TORs were ele-

vated in the fmr1 KO mice (24 h: WT 0.07 ± 0.01, KO 0.14 ± 0.01, 64 h: WT 0.135 ± 0.01, KO 0.24 ± 0.02, 240 h: WT 0.24 ± 0.02, KO 0.38 ± 0.01, n = 5 mice, multiple t-test

with Bonferroni–Sidak correction, respectively, **P < 0.01, ***P < 0.001). All data represented as mean ± SEM. (e, f) Cumulative frequency plots of spine intensity and

sGluA2 intensity at 0 h. Spine and sGluA2 intensities were smaller in the fmr1 KO mice compared to WT mice (WT: n = 480 spines, KO: n = 478 spines, Kolmogorov–

Smirnov test, P < 0.001 for both spine intensity and sGluA2 intensity). (g) Linear correlation between spine intensity and sGluA2 in WT and KO mice (WT: R = 0.75, n =

480 spines, KO: R = 0.78, n = 470 spines, ***P < 0.001). The slope of the KO linear regression was significantly lower (WT slope: 3.74 ± 0.12, n = 480 spines, KO slope: 3.03 ±

0.14, n = 478 spines, fixed effect regression analysis, ***P < 0.001).
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spines. We observed a significant shift in the distribution of

both sGluA2 intensity and spine intensity (P < 0.001), which is

an approximation of spine volume (Holtmaat et al. 2005), sug-

gesting smaller spines in layer 2/3 neurons in the KO (Fig. 2d, e).

This was not due to differences in tdTom expression since

mean dendrite intensity values were similar across WT and KO

(Figure S1c, P > 0.5). Spine size and AMPAR levels are known to

be strongly correlated (Noguchi et al. 2011; Zhang et al. 2015)

and we observed the same in the WT (Pearson r = 0.75, P <

0.001). Although these correlations were similar in the KO

(Pearson r = 0.78, P < 0.001), surprisingly the slope of sGluA2

versus spine intensity linear regression line was smaller com-

pared to the WT (Fig. 2f, P < 0.0001). This suggests altered struc-

ture function relationship in the KO with less sGluA2 per spine.

Altogether, our results suggest a larger pool of small spines in

layer 2/3 pyramidal neurons and altered AMPAR-spine size cor-

relation in the M1 cortex of the fmr1 KO mice.

Spine Fates and AMPAR Levels

Strength of synaptic transmission at an excitatory synapse is

mediated by the levels of AMPA receptors within the synapse

(Matsuzaki et al. 2004). Large synapses have been shown to

have stronger synaptic transmission and to be more stable

(Matsuzaki et al. 2004; Holtmaat and Svoboda 2009). Yet, the

direct relationship between levels of AMPAR and spine stability

has not been investigated in vivo. We therefore next investi-

gated whether sGluA2 levels within a spine correlated with

spine fates and whether this relationship was altered in the KO

mice. A total of 640 and 680 spines were quantified from 19 and

20 dendrites from 4 mice in WT and KO, respectively, over a

period of 10 days measuring synaptic sGluA2 levels, spine

intensity levels and noting spine fate. We ranked spines based

on sGluA2 levels at Day 0 and divided them into 4 equal sized

groups with increasing levels of sGluA2 (Fig. 3a, see Methods).

Proportion of stable versus eliminated spines per group was

then determined for every mouse and compared across

genotypes.

We found that in the WT mice the stability of dendritic

spines increased progressively with increasing levels of sGluA2

(Fig. 3b). Thus, the spines with lowest amounts of sGluA2 (Group

1) had average stability of 38% whereas spines with the highest

amount of sGluA2 (Group 4) were all stable. The remaining

spines in Groups 2 and 3 had intermediary spine stability of 76%

and 92%, respectively. Although the trend of increased spine sta-

bility with higher sGluA2 levels was maintained in the KO, this

relationship was altered with approximately 22% and 20% reduc-

tion in stability within Groups 2 and 3, respectively (WT vs. KO

P = 0.002 and P < 0.001, respectively) but no difference in the

groups with the lowest and highest sGluA2 levels. Since, there is

a greater proportion of low sGluA2 containing spines in the KO

which could then spillover into higher groups and lower their

overall stability, we regrouped the KO spines by sGluA2 cutoffs

of the WT and observed similar stability levels between the gen-

otypes (Figure S3a&b, P > 0.5). Similar results were also obtained

when the data were clustered into High and Low sGluA2 groups,

using a k-means partition analysis (Figure S3c). Spines of the

High sGluA2 group were highly stable while spines of the Low

sGluA2 had decreased stability. Interestingly, in the KO the pro-

portion of spines with high levels of sGluA2 was significantly

smaller which is consistent with the finding of a larger popula-

tion of smaller spines in the KO (Figure S3d).

Although spines with more sGluA2 are generally more stable

we observed many spines with very similar levels of sGluA2

showing opposite fates in both WT and KO dendrites. Since

spines are not uniformly distributed along the dendrite and local

synaptic activity (Oh et al. 2015) and synaptic competition

(Fonseca et al. 2006) for resources are linked to shaping struc-

tural changes we hypothesized that the local ranking of a spine

within its immediate vicinity would be a stronger determinant

of spine fate than global dendrite ranking. To test this hypothe-

sis, across both genotypes, we identified spines of similar

sGluA2 levels but opposing fates which were at least 10 μm apart

(Fig. 3c). We then computed the rank of the target spine within

the 10 μm dendrite stretch surrounding it. We quantified 120

spines from 22 dendrites and identified 62 stable (34 WT and 28

KO) and 58 eliminated (30 WT and 28 KO) spines. The properties

of the clusters of eliminated and persisting target spines were

similar; with no difference observed in number of spines per

cluster, in target spine intensity and target spine sGluA2 inten-

sity (Figure S3e-g). Yet, the average local rank of stable spines

was significantly higher (93% in WT and 71% in KO) than those

of the eliminated spines (Fig. 3d, P < 0.001). Our results suggest

that local sGluA2 level rank and thus relative strength of synap-

ses within their local environment influences spine stability.

sGluA2 Dynamics within Stable Spines

Synaptic transmission at dendritic spines is mediated through

AMPAR. Although, synapses in the brain are continuously mod-

ified by experience, the dynamic properties of synaptic AMPAR

levels over days in vivo are not known. To determine AMPAR

dynamics, we identified stable spines (350 spines per genotype)

and quantified sGluA2 and spine intensity. We observed that

although total synaptic sGluA2 content within a dendrite did

not vary over days (Figure S4a), sGluA2 levels within individual

stable spines fluctuated from one imaging day to another in

both WT and KO mice (Fig. 4a). We categorized spines based on

sGluA2 intensity changes over 240 h (Fig. 4b,c, see Methods).

Surprisingly, sGluA2 content in about 90% of spines in both WT

and KO was dynamic (Fig. 4c, WT: P < 0.001, KO, P < 0.001). The

changes were bidirectional with 40% of spines (data not shown)

showing reversals in direction of change (increase followed by

a decrease or vice versa) in both genotypes. Although a similar

proportion of spines had at least one reversal of direction of

sGluA2 change (data not shown), the proportion of spines exhi-

biting multiple fluctuations in direction of sGluA2 change over

the 240h period was 40% higher (Fig. 4d, WT 0.2 ± 0.02, KO 0.28 ±

0.02, P = 0.04), suggesting more dynamic sGluA2 in KO spines.

A trend towards increased coefficient of variation of sGluA2 in

the KO was also observed (Figure S4b, P = 0.106).

Despite these fluctuations, on average, stable spines in WT

and KO had no changes in sGluA2 and tdTomato across all

time points and genotypes when averaged by geometric means

(Fig. 4e, Figure S4c). We calculated the geometric mean of spine

changes per mouse since arithmetic means are biased towards

positive increases given the high variability in sGluA2 changes.

Interestingly, when we grouped spines based on initial levels of

sGluA2 (Fig. 4f,g & Figure S4, see Methods) we found that spines

with least sGluA2 had significantly larger increases in both WT

and KO compared to spines with more sGluA2 (Fig. 4g, WT and

KO, P < 0.05 for all comparisons).

Thus, we observed that majority of persistent spines had

dynamic AMPAR levels. In the KO, a higher proportion of spines

had multiple sGluA2 dynamic events as compared to the WT.

On average, although the levels of sGluA2 did not change over

time in either genotype, the least sGluA2 containing spines had
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significantly larger increases over 10 days as compared to larger

spines.

sGluA2 in Newly Formed and Eliminated Spines

Finally, we characterized AMPAR and spine relationship in

newly formed and eliminated spine populations in the WT and

KO mice. First to characterize newly formed spines, we fol-

lowed spines formed within the first 40 h of the experiment

(Fig. 5a–c, see Figure S5b for proportion of spines imaged at dif-

ferent imaging intervals) Although the fmr1 KO has increased

rate of new spine formation (Fig. 2b), the overall stability of the

newly formed structures was similar between the WT and the

KO (Figure S5a). As expected soon after formation, the majority

of newly formed spines were small and occupied the lowest

ranks within their dendrites in both WT and KO (Figure S5b).

Unlike in the preexisting spine population (Fig. 3b), spine

stability of newly formed spines did not change with increasing

initial levels of sGluA2 in either genotype (Figure S5c), suggest-

ing that a certain threshold level of sGluA2 has to be reached

for it to be a determinant of spine stabilization. Within 16–24 h

after formation, sGluA2 levels increased by 49% and 43% in WT

and KO respectively and continued to increase to 109% in WT

(P = 0.02) and 91% in KO (P = 0.04) by 200 h post formation. We

did not observe a difference between the genotypes in sGluA2

accumulation in newly formed spines (Fig. 5a–c). Although the

size of the spines also increased by about 40% in both WT and

KO after 200 h, these changes did not reach significance

(Fig. 5c). Thus, newly formed spines are small and have low

levels of sGluA2 soon after formation. Additionally, there is a

gradual increase of AMPAR in both WT and KO with sGluA2

increases outpacing the spine size changes.

Lastly, to study eliminated spines, we pooled changes in

sGluA2 and spine intensity of structures eliminated between 40

Figure 3. sGluA2 levels predict spine fate. (a) A representative image of a dendritic branch with spines assigned to 1 of 4 groups based on increasing percentile rank of

sGluA2 intensity. scale: 2.5 μm. (b) The fraction of stable spines (dark bars) and eliminated spines (light bars) was plotted per sGluA2 level groups in the WT and KO

mice. For stable WT spines, 1: 0.38 ± 0.04, 2: 0.76 ± 0.018, 3: 0.92 ± 0.03 and 4: 1 ± 0, n = 4 mice. For stable KO spines, 1: 0.33 ± 0.05, 2: 0.59 ± 0.04, 3: 0.74 ± 0.03, and

4:0.95 ± 0.01, n = 5 mice. Repeated ANOVA analysis, *P < 0.5, **P < 0.01, ***P < 0.001. (c) sGluA2 spine rank within a local cluster determines spine fate. Top: A dendrite

containing 2 clusters centered around spines with similar sGluA2 levels but opposing fates. Scale bar: 10 μm. Below: Magnified images of boxed areas. Numbers repre-

sent ranking of spines within a cluster, a 10 μm stretch centered around the target spine (dotted orange circle). The target spines had similar sGluA2 intensity but

opposing fates. Note that their local ranking was different with the higher rank spine (right) persisting 48h later while the spine with the lower rank (left) disappearing.

Scale bar: 2.5 μm. (d) Mean local rank of similar sGluA2 containing spines was significantly higher in stable spines in both genotypes (WT: eliminated spines: 2.95 ± 0.36,

stable spines: 5.66 ± 0.57, n = 34 spines; n = 30 spines, KO: eliminated spines: 3.46 ± 0.37, stable spines: 5.9 ± 0.39, n = 28 spines, n = 28 spines, Two-way ANOVA,

***P < 0.001). All data represented as mean ± SEM.
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and 64 h of the experiment (Fig. 6a–d). We observed a signifi-

cant decrease (Fig. 6b,d) in sGluA2 (−28%, P < 0.001) and spine

intensity (−17%, P < 0.001 in WT mice in the imaging session

prior to elimination (16–24 h) that was not observed in the sta-

ble spines of the same dendrites (Fig. 6c). Interestingly, for both

sGluA2 (−38%, P < 0.001) and spine intensity (−38.4%, P < 0.001),

the decreases were significantly sharper in the KO (P = 0.02, P <

0.001, respectively) suggesting that the spine complex was

being disassembled more rapidly in the KO. Although our study

was not designed to determine the effects of circadian rhythm

and sleep on GluA2 levels, we determined that a similar pro-

portion of spines were imaged over evening–morning and

morning–morning sessions in each genotype (Figure S6a)

excluding the possibility that enhanced sGluA2 loss in the KO

was due to overrepresentation of spines imaged at a certain

time of day. Thus, we conclude that in both WT and KO spines

shrink and loose AMPAR before elimination and this decrease

is steeper in the fmr1 KO spines.

Discussion

Here, we report the first in vivo study that quantified changes

in AMPAR in dendritic spines over multiple days. Using this

approach, we characterized the relationship between AMPAR

and spine stability in layer 2/3 pyramidal neurons in both WT

and fmr1 KO mice. We found that sGluA2 levels within spines

correlated with synaptic fate, with the largest spines being

extremely stable (Fig. 3a,b). Consistent with this correlation,

Figure 4. sGluA2 is dynamic within stable spines. (a) Representative time-lapse images (yellow arrows: new spines, blue arrows: eliminated spines, white arrows:

spines with fluctuations in sGluA2). Scale bar: 2 μm. (b) sGluA2 intensity traces of marked spines in (a). Red dotted lines indicate cutoffs used for grouping (±30%). (c)

Fraction of spines belonging to dynamic and no change groups in WT (black) and KO (blue) mice. The fraction of “No change” was significantly smaller than

“dynamic” group (WT: No change: 0.07 ± 0.01, dynamic change: 0.93 ± 0.01, n = 5 mice, P < 0.001, KO: no change 0.07 ± 0.02, dynamic change: 0.93 ± 0.02, n = 5 mice,

two-way ANOVA with Bonferroni correction,***P < 0.001). (d) Fraction of spines displaying multiple changes in direction of sGluA2 dynamics was significantly higher

in KO (blue) compared to WT (black) (WT: 0.20 ± 0.02, KO: 0.28 ± 0.02, n = 5 mice, unpaired t-tests, P = 0.04). (e) Geometric mean of percentage change of sGluA2 inten-

sity in stable spines across all imaging session. No difference was observed across time and genotypes (n = 5 mice, two-way repeated measure ANOVA with

Bonferroni correction). (f) Proportion of stable spines classified according to varying sGluA2 levels at 0 h (Groups 1 to 4 have progressively increasing sGluA2 levels).

The number of spines in each group is not equal since the classification into groups was performed at 0 h irrespective of future fate and smaller spines tend to be

eliminated more. (g) Group 1 geometric mean of sGluA2 percent change at 240 h in both genotype was significantly higher than all other spine groups (WT 240 hours,

Group 1: 59.4 ± 18%, Group 2: 6.4 ± 7%, Group 3: −3 ± 6%, Group 4: –3 ± 12.7%, KO 240 hours: Group 1: 52 ± 17%, Group 2: −7 ± 11%, Group 3: −12 ± 5%, Group 4: −2 ± 5%,

n = 5 mice, one-way ANOVA with Bonferroni correction, *P < 0.5, **P < 0.01). Data presented as mean ± SEM.
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before elimination spines both shrunk in size and lost sGluA2

(Fig. 6) whereas stable new spines gradually accumulated

sGluA2 (Fig. 5). sGluA2 content within persistent spines was

dynamic (Fig. 4a–c) with majority of spines showing at least one

dynamic event during the 10 days imaging period. Imaging of

sGluA2 in spines of the fmr1 KO mice revealed several deficits.

Dendritic spines in the KO were smaller (Fig. 2e), denser

(Fig. 2a), and more dynamic (Fig. 2b–d) as well as had reduced

sGluA2 to spine size correlation (Fig. 2g). In the KO, a greater

proportion of spines exhibited more dynamic behaviors

(Fig. 4d). Finally, before elimination, spines in the KO shrunk

and lost sGluA2 faster as compared to the WT (Fig. 6d). In sum-

mary, we find that while levels of AMPAR within spines are

dynamic, they are predictive of spine fates. Moreover, loss of

FMRP impacts sGluA2 content in spines, thus affecting their

dynamics.

AMPAR and Spine Dynamics

AMPAR are glutamate-gated cation channels that regulate

majority of fast synaptic transmission in the brain (Anggono

and Huganir 2012). AMPAR’s are heteromeric tetramers com-

posed of multiple subunits GluA1-4 (Anggono and Huganir

2012). Since majority of AMPAR are of GluA1–GluA2 heteromers

(Lu et al. 2009), sGluA2 within spines is a good measure of func-

tional synaptic AMPAR content (Makino and Malinow 2011;

Figure 5. Newly formed spines gradually accumulated sGluA2 over time. (a) Representative time-lapse 2PLSM images showing formation of new spine from WT and

KO (marked in white dotted circle) in WT (spine 1) and KO (spine 2) with corresponding sGluA2 and spine intensity traces shown in (b). Scale bar: 1.5 μm. (c) sGluA2

and spine intensity changes in stable new spines (WT sGluA2: 16–24 h 48.71 ± 25.21%, 200–216 h 109 ± 27.31%, n = 19 spines, KO sGluA2: 16–24 h 43.19 ± 15.58%,

200–216 h 91.23 ± 53.81%, n = 22 spines, Two-way ANOVA with Bonferroni correction, *P < 0.5). Spine intensity change was not significant over time or across genotype

(two-way ANOVA with Bonferroni correction). Data presented as mean ± SEM.
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Zhang et al. 2015). As long-term dynamic correlation between

AMPAR and spine behavior has not been previously investi-

gated in vivo, this was the primary goal of the study.

Overexpression of sGluA2 construct in vivo did not alter synap-

tic properties such as density and TORs (Ma et al. 2016) in apical

dendrites of Layer 2/3 pyramidal neurons (Figure S2d, Fig. 2b–d).

Similarly, as expected from a postsynaptic protein sGluA2

expression was punctate and expressed primarily in dendrites

with substantial localization in dendritic spines and no expres-

sion in axonal boutons (Figure S2a). Lack of aberrant expression

of sGluA2, suggests that synaptic incorporation of AMPAR is a

tightly regulated process (Kessels et al. 2009). All spines imaged

in the study, including thin filopodial looking spines expressed

some amount of sGluA2 (Figure S2b), suggesting that silent syn-

apses may not be present in dendrites at this age. Since we did

not observe a significant difference in the levels of tdTomato

expression between the genotypes it is reasonable to assume

that levels of sGluA2 overexpression are also similar.

Nevertheless, our study cannot exclude the possibility that the

composition of GluA subunits and regulation by activity is dif-

ferent in the KO.

Levels of synaptic AMPAR determine the strength of a syn-

apse (Matsuzaki et al. 2001) and have been associated with syn-

aptic stability (Grutzendler et al. 2002; Trachtenberg et al. 2002;

Holtmaat et al. 2005). Consistent with this, we observe progres-

sive stability of spines with increasing AMPAR levels (Fig. 3b).

Large spines with highest levels of AMPAR were almost always

persistent over 240 h whereas spines with least AMPAR had

only 38% stability (Fig. 3a,b). Furthermore, we observed in both

WT and KO mice relative AMPAR level of a spine within its local

dendritic spine cluster correlated with synaptic stability.

Similar sGluA2 containing spines were more likely to be stabi-

lized when surrounded by lower versus higher sGluA2 contain-

ing spines (Fig. 3c, d). Unlike previous in vitro studies that

linked neighboring synapse activity with synaptic fate (Fonseca

et al. 2004; Oh et al. 2015), here we observed how local rank

Figure 6. Eliminated spines have decrease in sGluA2 immediately before elimination. (a) Representative images of eliminated spines (1 and 3, circled) in WT and KO

mice. Scale bar: 1 μm. (b) Individual traces of sGluA2 and spine intensity of eliminated spines 1 and 3. Note the gradual loss of sGluA2 and spine size shrinkage

before elimination in both genotypes. (c) Stable spine 2 shows relatively little change in sGluA2 or spine intensity while spine 4 shows an increase in both sGluA2 and

spine intensity. (d) Change in sGluA2 and spine intensity of eliminated spines 16–24 h prior to elimination (WT sGluA2: −28.01 ± 3.46%, KO sGluA2: −39.1 ± 4.19%, WT

spine intensity: −16.94 ± 4.6%, KO spine intensity: −38.4 ± 5.53%, WT n = 91 spines, KO n = 60 spines, two-way ANOVA with Bonferroni correction, *P < 0.5, **P < 0.01,

***P < 0.001). Data presented as mean ± SEM.
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based on synaptic AMPAR content alone correlates with spine

fate. This suggests a potential competition between synapses

for local stabilizing factors and likely involves similar biochem-

ical signaling molecules and pathways regulating spatial orga-

nization of local dendritic microcircuits (Nishiyama and

Yasuda 2015). We also observed spines hours prior to elimina-

tion to both lose AMPAR and shrink (Fig. 6a–d). This is consis-

tent with results of activity-dependent structural plasticity

where induction of LTD in slices resulted in shrinkage and even

elimination of spines (Fonseca et al. 2004; Zhou et al. 2004;

Bastrikova et al. 2008). In contrast, new spines which survived

over many days gradually accumulated AMPAR to about 100%

over 200 h (Fig. 5a–c). Surprisingly, spine size did not keep up

with AMPAR changes and only increased by 40% (Fig. 5c). This

breakdown in AMPAR and spine size correlation is in contrast

to in vitro studies where spine size increases usually precede

AMPAR increases (Kopec et al. 2007), suggesting a difference in

spine behavior in vivo. Supporting this observation, in a recent

in vivo study using whisker stimulation to stimulate spines,

there was a similar increase in sGluA1 but not of spine size

(Zhang et al. 2015). Nevertheless, as a population, persistent

spine size and sGluA2 levels did not change over time in basal

conditions. However, we did observe that small persistent

spines gradually accumulated sGluA2 by 240 h. These small

spines could have been recently formed spines which had simi-

lar sGluA2 profiles as newly formed spines. Lastly, we also

observed AMPAR levels to be dynamic over days (Fig. 4c).

Almost 90% of spines showed a 30% increase or decrease of

AMPAR over time (Fig. 4c) with nearly 20% of spines showing

multiple bidirectional sGluA2 changes (Fig. 4d). Although sur-

prising since decreases in synaptic strength is thought to be

detrimental to spine fate, this result is consistent with more

recent in vivo studies where variable synaptic properties were

observed even in stable spine populations (Cane et al. 2014;

Villa et al. 2016; Diering et al. 2017). Also since many persistent

spines show large decreases in sGluA2 (Fig. 4a,b) but still do not

get eliminated, it might suggest that it’s not the net decrease

that determines spine fate but rather a threshold level beneath

which a spine is eliminated.

Fragile X Spine and AMPAR Dynamics

Synaptic deficits in patients with FXS have been described with

presence of dense dendrites and long immature spines (Irwin

et al. 2000). Spine deficits in Fmr1 KO mice, an animal model of

FXS, have varied depending on brain region, age and popula-

tion of neurons investigated (He and Portera-Cailliau 2013). In

this study, we observed in layer 2/3 pyramidal neurons of the

primary motor cortex higher TORs (Fig. 2b–d), increased spine

density (Fig. 2a) and smaller spines (Fig. 2e) in the KO. High

TORs in the KO have been described previously in several

in vivo studies (Cruz-Martin et al. 2010; Pan et al. 2010;

Padmashri et al. 2013; Nagaoka et al. 2016) at different ages and

population of neurons and our results are consistent with these

findings. Reports of higher spine densities in the KO (Irwin

et al. 2001; Dolen et al. 2007; Hodges et al. 2016), however, are

more variable. In this study, we find a small (11%) but signifi-

cant increase in spine density (Fig. 2a). Moreover, since spine

formation is higher than elimination in these population of

neurons (Formation 40% vs. Elimination 37% over 10 days), it

would be expected to observe higher density. We also observed

a significant population of small spines in the KO mice (Fig. 2e).

Smaller spines in the KO are reminiscent of the human studies

(Rudelli et al. 1985; Hinton et al. 1991; Irwin et al. 2001) and

thought to represent a more immature phenotype of spines.

Smaller spines are also more dynamic (Fig. 3b) and this sup-

ports our data of higher TOR in the KO. Unexpectedly, spine-

AMPAR correlation was altered in the KO with less AMPAR per

spine (Fig. 2g). Previous studies in the KO have not identified

deficits in synaptic AMPAR content or function under basal

conditions in the cortex (Gocel and Larson 2012; Padmashri

et al. 2013; Martin et al. 2016), although reduced AMPAR have

been observed in the amygdala (Suvrathan et al. 2010). Since,

our study focused on specific subpopulation of synapses in api-

cal dendrites of layer 2/3 neurons, these may represent a previ-

ously unappreciated deficit in the KO mouse and further

studies are required.

Similar to the WT, spine stability increased with increasing

sGluA2 content in the KO (Fig. 3b) with spines with the least

and the most sGluA2 having similar stability to the WT.

Additionally, correcting for the larger population of small

spines in the KO by using WT sGluA2 intensity values as cut-

offs, gave similar stability across all 4 spine groups (Figure S3a,

b). Consistent with this result, KO spine stability was correlated

with relative AMPAR levels within the local synaptic clusters

(Fig. 3d) similar to the WT, thus overall suggesting no deficits to

AMPAR and spine stability in the KO. Interestingly, the KO mice

had exaggerated decreases in both AMPAR and spine sizes

before elimination (Fig. 6d). Exaggerated internalization of

AMPAR through elevated LTD (Huber et al. 2002; Bear et al.

2004) has been described in the KO and since LTD has been

linked to synapse elimination (Nagerl et al. 2004; Bastrikova

et al. 2008) it may explain the enhanced elimination in the KO.

Finally, it is important to point out that most elimination

events described in vitro were on the time scale of minutes

whereas in this study changes over hours are observed suggest-

ing protracted AMPAR decreases before elimination in vivo.

Unlike elimination, newly formed spines in the KO had sim-

ilar stability, as well as AMPAR and spine changes (Fig. 5a–d) as

the WT, suggesting loss of FMRP does not affect growth and

stabilization of synapses. This is consistent with previous stud-

ies that demonstrate that stability of new spines formed fol-

lowing experience is unaffected in the KO (Pan et al. 2010;

Reiner and Dunaevsky 2015). Interestingly, a larger percentage

of KO spines showed more dynamic events over days (Fig. 4d)

suggesting less stable synaptic strength in KO which further

could impact the function of neuronal circuits in FXS.

Supplementary Material

Supplementary data are available at Cerebral Cortex online.
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