
Copyright © 2020 Ash et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Disorders of the Nervous System

Excessive formation and stabilization of
dendritic spine clusters in the MECP2
duplication syndrome mouse model of autism

https://doi.org/10.1523/ENEURO.0282-20.2020

Cite as: eNeuro 2020; 10.1523/ENEURO.0282-20.2020

Received: 29 June 2020
Revised: 11 September 2020
Accepted: 14 September 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



1 
 

1 
 

Excessive formation and stabilization of dendritic spine clusters in the MECP2 1 

duplication syndrome mouse model of autism 2 

 3 

Short title: Spine clustering in MECP2 duplication syndrome 4 

  5 

Ryan Thomas Ash1,2,3,4, Jiyoung Park2,4, Bernhard Suter4,5,6, Huda Yaya 6 
Zoghbi2,5,6,7,8, Stelios Manolis Smirnakis2,4* 7 

1Department of Psychiatry and Behavioral Sciences, Stanford University, CA 94305 8 

2Department of Neuroscience, Baylor College of Medicine, Houston, TX 77030 9 

3Medical Scientist Training Program, Baylor College of Medicine, Houston, TX 77030 10 

4Department of Neurology, Brigham and Women’s Hospital, Harvard Medical School, 11 

Boston MA 02115 12 

5Department of Pediatrics, Texas Children’s Hospital and Baylor College of Medicine, 13 

Houston, TX 77030   14 

6Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, 15 

TX 77030  16 

7Jan and Dan Duncan Neurological Research Institute at Texas Children’s Hospital 17 

8Howard Hughes Medical Institute, Baylor College of Medicine, Houston, TX 77030 18 

*Correspondence to: SMSMIRNAKIS@bwh.harvard.edu 19 

 20 

Author Contributions: R.T.A., S.M.S., and J.Y.P. designed the experiments and wrote 21 

the manuscript. R.T.A. and J.Y.P. conducted the in vivo imaging and rotarod training 22 

experiments and analyzed the spine stabilization and rotarod performance data; H.Y.Z. 23 



2 
 

2 
 

and B.S. contributed to the design of the project, review and critical discussion of data, 24 

and editing the manuscript.  25 

 26 
Correspondence should be addressed to: Stelios Smirnakis, 27 
smsmirnakis@bwh.harvard.edu 28 
 29 

Number of Figures: 4    30 
Number of Tables: 0 31 
Number of Multimedia : 1 movie 32 
Number of words for Abstract :  90        33 
Number of words for Significance Statement : 112 34 
Number of words for Introduction: 420  35 
Number of words for Discussion: 1317      36 
 37 
Acknowledgements  38 

We are grateful to G. Allen, S. Torsky, E. Sztainberg, B. Suter, J. Meyer, A. Palagina, J. 39 

Patterson, S. Shen, D. Yu, Shelly Buffington, Mauro Costa-Mattioli, and K. Tolias for 40 

technical and theoretical advice on experiments and comments on the manuscript. We 41 

thank H. Lu for the images of mouse coronal brain slices. 42 

Conflict of Interest   43 

Authors report no conflict of interest 44 

Funding sources  45 

 R.T.A. received support from the Autism Speaks Weatherstone Fellowship and the 46 

BCM Medical Scientist Training Program. This work was supported by grants from the 47 

Simons Foundation (240069, SS) and March of Dimes to S.M.S.,  NIH/NINDS grant 48 

R01NS057819 , the Howard Hughes Medical Institute, and the IDDRC at Baylor College 49 

of Medicine grant 1U54HD083092 (Administrative and Neurobehavioral Cores) from the 50 

Eunice Kennedy Shriver National Institute of Child Health & Human Development to 51 



3 
 

3 
 

H.Y.Z. The content is solely the responsibility of the authors and does not necessarily 52 

represent the official views of the Eunice Kennedy Shriver National Institute of Child 53 

Health & Human Development or the National Institutes of Health. 54 

 55 

Abstract 56 

Autism-associated genetic mutations may perturb the balance between stability and 57 

plasticity of synaptic connections in the brain. Here we report an increase in the 58 

formation and stabilization of dendritic spines in the cerebral cortex of the mouse model 59 

of MECP2-duplication syndrome, a high-penetrance form of syndromic autism. 60 

Increased stabilization is mediated entirely by spines that form cooperatively in 10-61 

micron clusters and is observable across multiple cortical areas both spontaneously and 62 

following motor training. Excessive stability of dendritic spine clusters could contribute to 63 

behavioral rigidity and other phenotypes in syndromic autism. 64 

Significance Statement 65 

The inflexible repetitive behaviors, "insistence on sameness," and at times exceptional 66 

learning abilities seen in autism imply a defect in the neural processes underlying 67 

learning and memory, potentially affecting the balance between stability and plasticity of 68 

synaptic connections in the brain. Here we report a pathological bias toward stability of 69 

newly formed dendritic spines in the MECP2-duplication mouse model of autism. 70 

Enhanced spine stability is mediated entirely by spines aggregating within 10 μm of 71 

each other, in clusters. Enhanced clustered spine stability is observable in multiple brain 72 

areas both at rest and during motor training. The results suggest that some phenotypes 73 

of autism could arise from abnormal consolidation of clustered synaptic connections. 74 
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Introduction 75 

It has been proposed that phenotypes of autism spectrum disorder arise from an 76 

abnormal imbalance between the stability and plasticity of synaptic connections in the brain 77 

(Ramocki and Zoghbi, 2008). Such an imbalance may potentially contribute to the rigid, 78 

restricted behavioral repertoire and insistence on sameness seen in autism (Howlin et al., 79 

2009; Treffert, 2014). Rebalancing synaptic stability and plasticity could provide a 80 

therapeutic avenue to promote behavioral flexibility in patients.  81 

Methyl-CpG-binding protein 2 (MeCP2) is an X-linked transcriptional regulator that 82 

contributes to the maintenance of neural circuit homeostasis through the activity-dependent 83 

modulation of gene expression and splicing (Lyst and Bird, 2015). Loss of function mutations 84 

in MECP2 cause Rett Syndrome, a neurodevelopmental disorder affecting females 85 

(Chahrour and Zoghbi, 2007). Mice engineered to overexpress MECP2 at twice normal 86 

levels exhibit a neurological phenotype that falls squarely within the spectrum of autism 87 

(Collins et al., 2004; Samaco et al., 2012). They exhibit social avoidance, stereotypies, and 88 

behavioral inflexibility that progresses to motor dysfunction, spasticity and epilepsy (Collins 89 

et al., 2004; Na et al., 2012; Samaco et al., 2012; Sztainberg et al., 2015). Patients with 90 

genomic duplication of MECP2, identified soon after the description of MECP2 duplication 91 

syndrome in mice, demonstrate many similar features highly characteristic of autism 92 

(Ramocki et al., 2009, 2010; Peters et al., 2013). The MECP2-duplication mouse is 93 

therefore a valuable tool for studying neural circuit phenotypes in autism (Tordjman et al., 94 

2007). 95 

An abnormal upregulation in the spontaneous turnover of pyramidal neuron dendritic 96 

spines has been observed across several mouse models of autism including the MECP2-97 
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duplication mouse (Chow et al., 2009; Cruz-Martín et al., 2010; Jiang et al., 2013; Isshiki et 98 

al., 2014; Gdalyahu et al., 2015; Ash et al., 2018), while mouse models of Rett syndrome 99 

exhibited decreased dendritic spine motility (Landi et al., 2011), suggestive of an abnormal 100 

balance between synaptic stability and plasticity. Interestingly, in the Fragile X syndrome 101 

mouse model, it was found that new spines are less likely to be formed and stabilized in 102 

clusters compared to controls (Padmashri et al., 2013; Reiner and Dunaevsky, 2015), 103 

which could have interesting implications for abnormal learning and plasticity in autism 104 

(Yang et al., 2009; Fu et al., 2012). How other autism-associated mutations affect the 105 

spatial cooperativity of spine clusters – i.e. local plasticity-promoting interactions between 106 

spines mediated by molecular signaling cascades (Harvey and Svoboda, 2007; Harvey et 107 

al., 2008) – has not been thoroughly evaluated.  108 

In what follows, we provide evidence for an abnormal increase in the stabilization of 109 

cooperatively-formed neighboring dendritic spines in the MECP2-duplication syndrome 110 

mouse model. Excessive stabilization of spine clusters, but not of isolated spines, 111 

occurs in the motor and visual cortex of mutant animals, and is observable both in 112 

resting animals and animals repetitively trained on the rotarod motor task.  113 

METHODS 114 

Animals. FVB-background MECP2-duplication (Tg1) mice (Collins et al., 2004), were 115 

crossed to C57 thy1-GFP-M  homozygotes obtained from Jackson Laboratories, to generate 116 

F1C57;FVB MECP2-duplication;thy1-GFP-M mice and thy1-GFP-M littermate controls. 117 

Males were used in experiments, to avoid possible changes in turnover related to estrous 118 

cycle in females (Alexander et al., 2018). Animals were housed in a 12/12 light/dark cycle 119 

(lights on from 7 am to 7 pm). All experiments with animals were carried out in accordance 120 
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with the National Institutes of Health guidelines for the care and use of laboratory animals 121 

and were approved by the Institutional Animal Care and Use Committee. 122 

Blinding. Surgeries, imaging, rotarod training, and analyses were performed blind to 123 

genotype. Mouse numbers and genotypes were placed in a 2-column spreadsheet by a lab 124 

member not involved in the experiment or analysis, and MATLAB scripts imported 125 

genotypes from this spreadsheet to plot data without unblinding the experimenter to 126 

genotypes.  127 

In vivo two-photon imaging. Surgeries and imaging were performed blind to genotype. At 128 

least two weeks prior to the first imaging session (~12-14 week-old-mice), a 3 mm-wide 129 

opening was drilled over motor cortex, centered at 1.6 mm lateral to bregma based on 130 

(Tennant et al., 2011), and a glass coverslip was placed over the exposed brain surface to 131 

allow chronic imaging of neuronal morphology (Mostany and Portera-Cailliau, 2008, 2011). 132 

Dendritic spines were imaged using a Zeiss in vivo 2-photon microscope with Zeiss 20x 1.0 133 

NA water-immersion objective lens. High-quality craniotomies had a characteristic bright-134 

field appearance with well-defined vasculature and pale grey matter. Under two-photon 135 

scanning fluorescent dendrites were reliably clear and visible with low laser power (<20 mW 136 

on the pia) and photomultiplier tube voltage. 137 

Only high-quality preparations (low background noise across all time points, <5 pixel 138 

[0.25 μm] motion artifact, and dendrites well isolated from other fluorescent structures) 139 

were used in the blinded analysis (Movie 1). GFP-labeled neurons were first imaged at 140 

low resolution (620x620 μm FOV, 0.6 μm/pixel in XY, 2.5 μm Z-step size) down to 600-700 141 

μm to capture all of the cell’s dendritic processes and assay cell subtype by morphology, 142 

primary apical bifurcation depth, and soma depth (Holtmaat et al., 2006). The apical 143 
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dendrites from complex-tufted neurons, the corticospinal neurons projecting to the spinal 144 

cord and thalamus in M1, were selected based on their large highly ramified dendritic trees, 145 

deep primary apical bifurcation, and thick dendrites, and re-imaged at high resolution 146 

(310x310 to 420x420 μm FOV, 0.1 μm/pixel, 1 μm Z-step size) to adequately capture 147 

individual dendritic spines. Laser power was maintained under 20 mW (average ~10 mW) 148 

during image stack acquisition.  149 

Data inclusion criteria. Data inclusion was determined by the following indicators of 150 

imaging quality: 1) low background noise across all time points, 2) <5-pixel (0.25 μm) 151 

motion artifact, and 3) dendrites well isolated from other fluorescent structures. Mice for 152 

which imaging quality significantly degraded during the time course of imaging were 153 

excluded from the analysis. Otherwise all data was included, and no statistical outliers 154 

were excluded. 155 

Analysis of structural plasticity. Raw z stacks were denoised by a custom polynomial 156 

interpolation method. Spine formation, elimination, and stabilization were quantified with a 157 

custom MATLAB user interface and ImageJ. Terminal dendrite segments which were well-158 

visualized at all time points were chosen for analysis. Sections of dendrite occluded by other 159 

fluorescent structures or blood vessels were excluded from the analysis. Due to in vivo two-160 

photon microscopy’s relatively poor resolving power in the z-axis, only structures protruding 161 

laterally along the X-Y plane were included in the analysis, following the standard in this field 162 

(Holtmaat et al., 2009). For a protrusion to be selected for analysis it had to project out of the 163 

dendritic shaft by at least 4 pixels (~0.4 microns), which corresponds approximately to 2 SDs 164 

of the noise blur on either side of the dendritic shaft. Spines were initially identified at one 165 

time point, by moving up and down through individual slices in each Z stack, and the same 166 
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region of dendrite was examined at other time points to identify the first (formation) and last 167 

(elimination) time that the spine was present. Custom MATLAB routines analyzed the 168 

stability/survival of each formed spine. Filopodia, which are rare at the analyzed age, were 169 

identified morphologically, based on their long length (usually >4 μm), curved shape, and 170 

lack of a distinct head (Zuo et al., 2005) and excluded from the analysis as in (Yang et al., 171 

2009).  172 

Analysis of dendritic spine clustering. Each spine was classified as either clustered or 173 

isolated by calculating the distance to its nearest-neighbor newly-formed stabilized spine (Fu 174 

et al., 2012). The difference in clustered spine stabilization rate between MECP2-175 

duplication and WT mice was calculated as a function of cluster distance threshold (max 176 

distance to nearest co-stabilized spine to be counted as clustered) (Fig. 3a). This 177 

difference in clustered spine stabilization increased with increasing cluster distance 178 

threshold and plateaued at 9 μm; we used this threshold to define spine clusters for 179 

further analysis. 180 

Spine clustering simulations. Simulations of formed, stabilized, and baseline dendritic 181 

spine locations were generated based on the measured mean and standard deviation of 182 

dendritic length, the number of baseline spines and formed spines, and the spine 183 

stabilization rate in each genotype. Spine locations were simulated in one dimension. 184 

The minimum interspine distance of simulated spines was 0.1 microns (the minimum 185 

interspine distance observed in the data set); if a spine was less than 0.1 microns from 186 

another simulated spine, it was placed again until it met this criterion. Spine clustering 187 

was simulated per animal matched to the number of animals and number of dendrites 188 

imaged per animal in the experimental data set. Nearest neighbor analysis was 189 
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performed on simulated dendritic spines to generate distributions of interspine distances 190 

per animal which were then averaged across animals as in Fig. 2. The simulation was 191 

performed 1000 times to generate bootstrap expected values of interspine distances 192 

given random spine localization. 95% confidence intervals of the simulated results are 193 

plotted as maroon (mutant) and gray (WT) error bars in Fig. 2. 194 

Motor training. Mice were imaged in the training and rest conditions in cohorts by litter. All 195 

animals within a litter were imaged in either the training or rest condition blind to genotype.  196 

The Ugo Basile mouse rotarod was used for motor training. At least two hours after imaging 197 

sessions, in the late afternoon, mice were placed on the rotarod, and the rotarod gradually 198 

accelerated from 5 to 80 rpm over 3 minutes. Single-trial rotarod performance was quantified 199 

as the time right before falling or holding on to the dowel rod for two complete rotations 200 

without regaining footing. A 5-10-minute rest period occurred between each trial. Four trials 201 

were performed per day.  202 

Microstimulation mapping of motor cortex. After the final imaging session, 203 

microstimulation mapping of motor cortex was performed (Fig. 1b) as described in (Tennant 204 

et al., 2011). Under ketamine/xylazine anesthesia, the coverslip was removed from the 205 

craniotomy, and a bipolar stimulating electrode was lowered into the imaged brain region in 206 

a 0.5x0.5 mm grid pattern to ~750 μm depth (deep L5). Current pulses starting at 10 μA (up 207 

to 60 μA) were applied until twitching was observed in contralateral muscle groups. 208 

Twitching muscle groups were scored as forelimb, hindlimb, face, tongue, or tail. Imaged 209 

dendritic arbors were registered with mapped regions using blood vessels as landmarks. All 210 

structural plasticity data were acquired from forelimb and hindlimb motor cortex. 211 
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Image presentation. Dendritic spine images are displayed as ‘best’ projection mosaics. 212 

Extraneous fluorescence is masked and images are slightly smoothed for illustration 213 

purposes only.   214 

Data visualization. To more rigorously illustrate variability in the data and statistical 215 

robustness, data were plotted as Gardner-Altman and Cummings estimation plots, as in 216 

(Bernard, 2019; Calin-Jageman and Cumming, 2019; Ho et al., 2019). Raw data were 217 

exported to https://www.estimationstats.com/ and graphs were generated. Bootstrap 218 

sampling distributions were generated with five thousand bootstrap samples; bootstrap 219 

confidence intervals were bias-corrected and accelerated. 220 

Statistical tests. Statistical significance between samples were assessed by 2-way 221 

ANOVA or Mann-Whitney U test, as noted, using MATLAB. All results are reported as 222 

mean ± s.e.m., unless otherwise noted. 223 

 224 

RESULTS 225 

Increased dendritic spine stabilization in MECP2-duplication mice 226 

We employed in vivo 2-photon microscopy (Holtmaat et al., 2009) in primary motor 227 

cortex (M1) to measure changes in dendritic spine structural plasticity in the MECP2-228 

duplication mouse in vivo. Chronic cranial windows were implanted over M1 in MECP2-229 

duplication mice and littermate controls (Fig. 1a,b). Apical dendrites from GFP-expressing 230 

(Feng et al., 2000) L5 pyramidal neurons in area M1 (Grimsley et al., 2013) were 231 

targeted for imaging (Fig. 1c, Movie 1) (Holtmaat et al., 2009). Spine analysis was 232 

performed on terminal dendritic branches of the apical tuft of these neurons. Imaging 233 

and analysis were performed blind to genotype (see Methods). Correct targeting to area 234 
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M1 was confirmed by electrical microstimulation after the final imaging session (Fig. 1b) 235 

(Tennant et al., 2011). We first identified baseline spines, then animals either rested in 236 

their cage or were trained on the rotarod task (four trials per day) for four days (Fig. 1d). 237 

On the fifth day, we imaged the dendrites again to identify new spines formed. Following 238 

four more days of rest (the time frame of spine stabilization), dendrites were once again 239 

imaged to identify the new spines that stabilized.  The follow-up imaging time point was 240 

chosen in line with prior studies showing that the vast majority of newly formed dendritic 241 

spines which persist for at least four days form an electron-microscopy-verified synapse 242 

(Knott et al., 2006). 243 

We found that approximately 30% more spines were formed in MECP2-duplication 244 

mice (Fig. 1e, orange) vs. wild-type littermates (WT, black) (Fig. 1e, P=0.002, 245 

F(1,26)=11.3, effect of genotype, 2-way ANOVA). Similar numbers of spines were 246 

formed in trained vs. untrained animals in both genotypes (Fig. 1e, P=0.8, F(1,26)=0.04, 247 

effect of training), presumably due to the weak training paradigm employed relative to 248 

(Yang et al., 2009; Liston et al., 2013; Frank et al., 2018), which was selected to 249 

optimize the behavioral difference in learning between mutant and control mice (Collins 250 

et al., 2004). Almost twice as many new spines were stabilized in MECP2-duplication 251 

mice compared to controls (Fig. 1f, 1.5±0.1 vs. 0.8±0.2 spines/100μm, P=0.0002, 252 

F(1,26)=17.9, effect of genotype, 2-way ANOVA), an effect that was observable in both 253 

trained and untrained animals and also did not vary significantly with training (effect of 254 

training: P=0.7). Given the lack of effect of rotarod training on spine formation and 255 

stabilization for the training paradigm we selected, data from trained and untrained 256 

animals were pooled for the remainder of this report. Analyzed dendritic lengths were 257 
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similar between genotypes (P=0.9, WT: 78±36 μm, MECP2-duplication: 80±34 μm, 258 

median ± standard deviation). 259 

With data pooled, we confirmed that significantly more spines were formed and 260 

stabilized in MECP2-duplication mice vs. WT (Formation: Fig. 1g, 4.1±0.2 vs. 2.8±0.3 261 

spines/100μm, P=0.003, Mann-Whitney U test, n=16 WT animals, n=14 MECP2-262 

duplication animals; Stabilization: Fig. 1h, 1.5±0.1 vs. 0.8±0.1 spines/100μm, 263 

P=0.0007). With data pooled, the study was well-powered to detect significant 264 

differences in formation (1−β=0.994) and stabilization (1−β=0.9991) in MECP2-265 

duplication mice. Data are visualized as estimation plots with bootstrap-estimated 266 

differences between groups as in (Ho et al., 2019) in Extended Data Fig. 1-1 (See 267 

Methods). These results indicate a pronounced increase in the formation and 268 

stabilization of dendritic spines in mutant animals. 269 

There was a nonsignificant trend toward increased baseline spine elimination rate in 270 

MECP2-duplication mice vs. littermate controls across the 8 days of imaging (Fig. 1i,j), 271 

although our study was not statistically powered to detect this difference given variability 272 

in WT animals (1−β=0.60 for d1→5; 1−β=0.64 for d5→9). Overall spine turnover rates 273 

(spines formed + spines eliminated in 4 days per 2*100 microns) were significantly 274 

increased in mutants vs WT (Fig. 1k, P=0.01, Mann-Whitney U test, 1−β=0.9445). See 275 

also Extended Data Fig. 1-1c-e for estimation plot visualizations of these data. These 276 

results cohere with our previous findings of increased spine turnover rate and spine 277 

elimination in the somatosensory cortex of MECP2-duplication mice (Jiang et al., 2013). 278 

Spine densities were similar between the 3-4-month-old MECP2-duplication mice and 279 

WT controls we imaged (WT: 0.2±0.01 spines per micron; MECP2-duplication: 0.23±0.1 280 
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spines per micron), also in agreement with results from somatosensory cortex at that 281 

age (Jiang et al., 2013).  Previous longitudinal imaging from somatosensory cortex in 282 

MECP2-duplication mice found that spine density decreases gradually with age in these 283 

animals (Jiang et al., 2013) suggesting that the increase in stabilization of newly formed 284 

spines we report here (Fig. 1g)  is not sufficient to compensate for the overall increase 285 

in spine turnover rate (Fig. 1i-k), leading to a net decrease in spine density over time.   286 

MECP2-duplication mice performed significantly better on the rotarod as has been 287 

previously reported (Collins et al., 2004) (P=0.01; WT: n=22 animals, MECP2-288 

duplication: n=17; repeated-measures ANOVA) (Fig. 1h). The median best per-day 289 

performance was 117±5 sec for MECP2-duplication mice and 94±4 sec for controls 290 

(P=10-4, t test across animals). Spine formation, stabilization, and elimination did not 291 

correlate strongly with motor performance in trained animals within either genotype (all 292 

P>0.5, linear regression), likely due to the fact that our training paradigm was weak 293 

(Yang et al., 2009). However, when data was pooled across genotypes there was a 294 

significant correlation between spine stabilization and rotarod performance (Fig. 1i, r2= 295 

0.26, P=0.02, Pearson correlation, student’s t test). Given that prior studies (Yang et al., 296 

2009; Liston et al., 2013) have clearly shown that higher spine stabilization rate 297 

correlates with enhanced behavioral performance with rotarod training, this suggests 298 

that the increased rate of spine stabilization observed in MECP2-duplication animals 299 

may in part explain the higher rotarod performance of mutants versus controls.  300 

Increased stabilization of dendritic spine clusters in MECP2-duplication mice 301 

We next examined the spatial distribution of dendritic spines forming in motor cortex 302 

(Morita, 2009; Fu et al., 2012; Kastellakis et al., 2015; Frank et al., 2018). We observed 303 
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that in MECP2-duplication mice newly formed spines were often stabilized in pairs or 304 

triplets along the dendrite (Fig. 1d, bottom right panel). We binned stabilized spines by 305 

their proximity to other newly formed spines and detected a dramatic increase in 306 

synaptic clustering in MECP2-duplication mice that was not present in WT littermates 307 

(Fig. 2a). Almost 3 times as many spines were stabilized within 5 μm of another new 308 

spine in MECP2-duplication mice compared to WT controls (7.2±0.8 vs. 2.6±0.7 309 

spines/1000μm, P<0.0001, n=14 MECP2-duplication,16 WT animals, ANOVA with 310 

Tukey correction for multiple comparisons). Beyond 10 μm interspine distance, similar 311 

numbers of spines were stabilized in both genotypes, indicating that the increased spine 312 

stabilization observed in MECP2-duplication mice (Fig. 1f,g) is mediated almost 313 

exclusively through excessive stabilization of dendritic spine clusters (Fig. 2a).  314 

Dendritic spine locations were simulated matched to measured spine formation and 315 

stabilization rates in mutants and controls and the number of analyzed dendrites and 316 

animals, to generate bootstrap confidence intervals of expected spine distributions 317 

given no spatial inhomogeneity in formation/stabilization (gray and maroon error bars in 318 

Fig. 2a-b show 95% confidence intervals, See Methods for detail). Comparing simulated 319 

spine distributions to experimental data showed that increased clustered spine stability 320 

was not a byproduct of the overall increase in spine formation or stabilization observed 321 

in mutants. Non-stabilized spines occurred in clusters at similar rates between WT mice 322 

and MECP2-duplication mice (Fig. 2b).  323 

Plotting the distribution of interspine distances between each stabilized spine and its 324 

nearest neighbor newly formed spine confirmed an upregulation in the number of 325 

clustered stabilized spines in mutants compared to WT controls (Fig. 2c, P=0.004, 326 
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Fisher exact test). The distance from each stabilized spine to the nearest baseline spine 327 

(Fig. 2d) did not differ significantly between MECP2-duplication mice and controls 328 

(p>0.05, Fisher exact test). Newly formed non-stabilized spines (Fig. 2e,f) and baseline 329 

spines (Fig. 2g) also demonstrated spatial distributions similar to WT.  330 

New spines were not more likely to be stabilized in clusters than chance in WT mice 331 

(compare data black lines to simulation gray lines, Fig. 2a,b,c), indicating that 332 

cooperative spine stabilization was specific to mutants under our experimental 333 

conditions. Separately analyzing data from trained and untrained animals did not show 334 

a significant effect of training on spine clustering in mutants or controls (effect of 335 

training: P=0.6, F=0.29; genotype x training interaction: P=0.9, F=0.01; 2-way ANOVA), 336 

which we attribute either to the type or weak intensity of training employed (Fu et al., 337 

2012). 338 

To further quantify clustered-spine stabilization in MECP2-duplication mice, we 339 

categorized each stabilized spine as clustered (<9 microns to nearest neighboring new 340 

spine, Fig. 3a-b) or isolated (≥9 microns to nearest neighboring new spine). Nine 341 

microns was chosen as a distance threshold for defining clusters because the difference 342 

in clustered-spine stabilization between mutants and WT plateaued at this threshold 343 

(Fig. 3a, see Methods); this distance also matches a known form of cooperative 344 

synaptic clustering observed in vitro (Harvey and Svoboda, 2007). This analysis further 345 

confirmed the upregulation in clustered but not isolated spine formation (Fig. 3c, 346 

P=0.01) and stabilization (Fig. 3d, P=0.001) in MECP2-duplication mice compared to 347 

controls. Similar to what was observed for overall spine formation and stabilization, 348 

analyzing trained and untrained animals separately showed no effect of training on 349 
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clustered spine formation and stabilization (Formation: ANOVA effect of training: 350 

P=0.72, effect of genotype: P=0.0008, interaction: P=0.3; Stabilization: ANOVA effect of 351 

training: P=0.59, effect of genotype: P<0.00001, interaction: P=0.9). Interestingly, 352 

clustered new spines were almost twice as likely to be stabilized in MECP2-duplication 353 

mice (Fig. 3e, 40±4% of clustered spines) compared to WT (23±4% of clustered spines, 354 

P=0.02, Mann-Whitney U test), while isolated spines showed similar rates of 355 

consolidation between genotypes (Fig. 3e). Importantly, similar statistically significant 356 

results were observable for a range of cluster thresholds (from 5 to 12μm). Mean±s.e. 357 

error bars with individual data points plotted as circles (untrained) and squares (trained) 358 

are shown for these data in Extended Data Fig. 3-1 for completeness. 359 

Previous work has shown that mice with elevated clustered dendritic spine plasticity 360 

are superior learners (Frank et al., 2018). Indeed, when pooling animals from both 361 

genotypes, we found that animals that formed and stabilized larger numbers of new 362 

spine clusters (typically MECP2-duplication mice) performed better on the rotarod (Fig. 363 

3f, r2 = 0.38, P=0.004; student’s t distribution). In contrast, stabilization of isolated new 364 

spines did not correlate with enhanced performance (Fig. 3g, r2 = 0.02, P=0.55). These 365 

results suggest that abnormal clustered-spine stabilization could contribute to enhanced 366 

procedural memory consolidation in MECP2-duplication mice.    367 

We next checked to see if changes in clustered spine stabilization were observable 368 

in other cortical areas. We therefore performed the same imaging experiment in the 369 

visual cortex of mutants and controls (Fig. 4). Remarkably, although overall spine 370 

formation and stabilization were not significantly increased in MECP2-duplication mouse 371 

visual cortex (Fig. 4a-b), clustered spine formation (Fig. 4c) and stabilization (Fig. 4d) 372 
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were also significantly upregulated in this area in mutants. As observed in motor cortex, 373 

isolated spine stabilization was similar between mutants and controls in V1 (Fig. 4e). 374 

These data indicate that excessive clustered spine stabilization is driving spine 375 

consolidation in multiple cortical areas in MECP2-duplication mice.  376 

 377 

Discussion  378 

Abnormally increased dendritic spine turnover has been observed in several autism 379 

mouse models (Chow et al., 2009; Jiang et al., 2013; Isshiki et al., 2014; Gdalyahu et 380 

al., 2015), including the MECP2-duplication, neuroligin-3, 15q duplication, PTEN, and 381 

CNTNAP2 mice, suggesting they share a deficit in the balance between structural 382 

synaptic plasticity and stability.  383 

We found that ~33% more new spines are formed after 4 days in apical tufts of MECP2-384 

duplication mouse L5 pyramidal neurons compared to littermate controls. These newly-385 

formed spines are ~40% more likely to be stabilized compared to controls, leading to 386 

almost twice as many new spines stabilized in MECP2-duplication animals. Remarkably, 387 

the increased dendritic spine stabilization we observed in MECP2-duplication mice was 388 

mediated entirely by spines formed in 9 μm long clusters. This clustering was specific to 389 

newly formed spines and was not observable in the spatial distribution of non-stabilized 390 

spines or baseline spines, nor was it observable in the distance between new spines 391 

and baseline spines, suggesting that cooperativity is specific to newly formed spines.  392 

Elevated Clustered Spine Stabilization and Increased Spine Turnover: Implications for 393 

Synaptic Homeostasis 394 
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Although newly formed dendritic spine clusters were more stable in MECP2-duplication 395 

mice (Fig. 3d), overall dendritic spine turnover was elevated (Fig. 1k, and spine elimination 396 

also trended towards higher values in mutants (Fig. 1i.j). These latter results agree with our 397 

prior studies in the somatosensory cortex of MECP2-duplication mice showing increased 398 

dendritic spine turnover and a net increase in spine elimination, with higher spine densities 399 

in young mice falling gradually with age to plateau at a lower spine density compared to 400 

control in older animals (>16 weeks). Therefore there are two plasticity processes operating 401 

differently in MECP2-duplication mice: increased stabilization of clustered spines and 402 

increased overall spine turnover, which presumably serve to somewhat balance each other. 403 

It is interesting to speculate that one of these processes may reflect the primary defect, 404 

while the other could serve as a compensatory mechanism. Elevated spine turnover may 405 

explain why we do not observe an overall increase in clustering of “baseline spines,” i.e. 406 

spines detected on the first day of observation (fig. 2g). Follow-up experiments will be 407 

important to assess dendritic spine consolidation over longer time scales in the future.  408 

Impact of Increased Synaptic Clustering 409 

An increase in clustered spine stabilization can potentially have important functional 410 

implications (Kastellakis et al., 2015; Gökçe et al., 2016; Weber et al., 2016). Clusters of 411 

synapses drive neuronal activity more strongly when activated synchronously through 412 

nonlinear dendritic integration mechanisms (Major et al., 2013). Neurons that implement 413 

synaptic clustering may fire selectively to precise combinations of inputs spatially co-414 

localized on the dendrite, in theory dramatically increasing memory storage capacity 415 

(Poirazi and Mel, 2001). Too much input clustering, however, may potentially lead to 416 

“overfitting” of learned representations leading to a rigid and restricted behavioral 417 
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repertoire that may not be flexible enough to accommodate the efficient learning of new 418 

representations (Collins et al., 2004; Na et al., 2012; Cai et al., 2020; Yu et al., 2020). 419 

Changes in input clustering could also contribute to changes in neuronal network 420 

correlation structure, excitability, and sensory processing (Lu et al., 2016; Nageshappa 421 

et al., 2016; Zhang et al., 2017; Zhou et al., 2019; Sun et al., 2020). We note that the 422 

above discussion depends on functional as well as cytological clustering of synaptic 423 

inputs, while at this point we only show differences in cytological clustering of newly 424 

formed spines in MECP2-dupication mice. 425 

Presynaptic Inputs 426 

It is interesting to speculate on the origins of the presynaptic inputs to the newly-427 

formed corticospinal apical-tuft dendritic spines we studied. Corticospinal neurons 428 

integrate information from premotor cortex, somatosensory cortex, and corticostriatal 429 

and corticocerebellar circuits to implement adaptive motor control (Kuramoto et al., 430 

2009; Mao et al., 2011; Hooks et al., 2013). Previous work showed increased stability of 431 

presynaptic axonal boutons in L5 pyramidal neuron projections to layer 1 of motor 432 

cortex in mutant mice (Ash et al., 2018). This raises the possibility that these boutons 433 

could form synapses with newly formed spines, increasing the stability of the bouton-434 

spine complex in MECP2-duplication mice. An interesting nonexclusive possibility is that 435 

newly formed synaptic clusters reflect multiple synaptic connections from a single 436 

presynaptic neuron (Kasthuri et al., 2015; Yang et al., 2016).    437 

Candidate Mechanism of Increased Clustering 438 

The molecular mechanisms driving increased clustered spine stabilization in mutants 439 

is a fascinating research question. Of particular interest is the Ras-MAPK pathway, 440 
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which has been shown in vitro to be specifically involved in the cooperative potentiation 441 

of neighboring dendritic spines (Harvey et al., 2008; Patterson et al., 2010; Kwon and 442 

Sabatini, 2011). Ras-MAPK genes are dysregulated in MECP2-duplication mice 443 

(Chahrour et al., 2008), mutations in Ras-MAPK pathway genes are linked to several 444 

forms of autism (Stornetta and Zhu, 2011), and several autism models have been 445 

shown to have abnormal Ras-MAPK signaling (Ebert and Greenberg, 2013).   446 

Effects of Training: 447 

We note that training on the rotarod did not lead to increased spine formation, 448 

stabilization or clustering in either genotype; nor did the number of spines stabilized during 449 

learning correlate strongly with motor performance separately for each genotype, in 450 

contrast to prior studies (Yang et al., 2009; Fu et al., 2012; Liston et al., 2013; Clark et al., 451 

2018; Frank et al., 2018). We believe that the absence of a strong link between spine 452 

stabilization/clustering and motor learning within genotype is due to the fact that we 453 

employed a weak rotarod training paradigm of 4 trials per day for 4 days (vs. 20 trials per 454 

day for 2 days as in (Yang et al., 2009)). Our paradigm was designed to maximize the 455 

behavioral difference between mutants and controls (as in Collins et al., 2004 and 456 

Sztainberg et al. 2015), but was not as effective in eliciting changes in spine formation or 457 

stabilization above the baseline observed without training. It is likely that repeated 458 

“overtraining” in a task is necessary to induce measurable increases in spine formation 459 

in area M1. Future work with stronger or different training paradigms (e.g. the seed-460 

grabbing task in Fu et al., 2012) will allow a better controlled assessment of the relationship 461 

between enhanced clustered spine stabilization and enhanced motor learning in MECP2-462 

duplication mice (Collins et al., 2004).  463 
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Because of its relative weakness, our paradigm did not elicit significant correlations 464 

between spine formation/stabilization and motor performance within each genotype. It 465 

did demonstrate a strong correlation between the propensity for spine stabilization 466 

(measured irrespective of training) and motor performance, when genotypes were 467 

pooled together (Fig. 1i, 3f).  Interestingly, this correlation was mediated entirely by 468 

spines that formed in clusters and not by the formation of new isolated spines (Fig. 469 

3f,g). This observation suggests a link between the capacity to form spine clusters and 470 

behavioral performance (Frank et al., 2018). However, it remains an open question 471 

whether enhanced motor performance in MECP2-duplication animals is in fact causally 472 

due to their increased capacity for synaptic clustering.  473 

Our findings illustrate how neural circuit analysis can generate new hypotheses 474 

about the pathophysiology of neurodevelopmental disorders. We demonstrated a 475 

marked increase in clustering of newly formed spines in MECP2-duplication animals, 476 

which occurs irrespective of training and appears to be associated with the enhanced 477 

capacity for motor learning observed early-on in these animals. It remains an open 478 

question whether increased clustered-spine stability contributes causally to the motor 479 

phenotype of the mouse model of MECP2 duplication syndrome. It is also not clear 480 

whether/how the observed synaptic stability phenotype may contribute to some aspects 481 

of the human disorder. In the future, it will be valuable to explore further the proposition 482 

that a pathological imbalance between synaptic stability and plasticity in different circuits 483 

might account for different phenotypic aspects of the MECP2 duplication syndrome and 484 

other autism spectrum disorders.  485 

 486 
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FIGURES AND LEGENDS 489 

Figure 1. Increased formation and stabilization of dendritic spines in L5 pyramidal 490 

neuron apical dendrites of MECP2-duplication mice. a, Example brightfield image of 491 

chronic cranial windows over M1 at 2 months post-op, showing the well-defined 492 

vasculature and pale grey matter characteristic of high-quality preparations. b, Left, image 493 

demonstrating the microstimulation experiment, performed post-hoc in experimental mice at 494 

the end of imaging. A bipolar stimulating electrode was lowered ~750 μm into the window at 495 

9 sites in a 1000-micron grid. Right, an example map of motor cortex generated by 496 

microstimulation. Forepaw and hindpaw twitches were generated at low currents in all 497 

stimulated cortices (n=10 mice), confirming localization to M1. c, The dendritic tree of a 498 

GFP-labeled L5 complex-tufted pyramidal neuron in area M1 imaged by in vivo 2-499 

photon microscopy. Apical tuft terminal dendrites are targeted for time-lapse imaging 500 

(yellow box). d, Experiment paradigm: Sample images of dendritic segments imaged at 501 

baseline (left), four days later (middle), and 8 days later (right). Some mice were trained 502 

on the rotarod daily while others were left to rest in the cage between D1 and D5. Top: 503 

Wild-type controls. Bottom:  MECP2-duplication animals. White arrows point to spines 504 

present at baseline, green to newly-formed spines, light-green to stabilized spines, and 505 

pink to non-stabilized spines. e, Spines formed per 100μm with and without motor 506 

training in terminal dendritic branches of MECP2-duplication animals (orange, training: 507 

n=10 animals, 300 spines formed, 82 dendritic branches; no training: n=4 animals, 56 508 

spines formed, 27 dendritic branches) and WT littermate controls (black, training: n=10 509 

animals, 276 spines formed, 99 dendritic branches; no training: n=6 animals, 42 spines 510 

formed, 35 dendritic branches). Squares and circles depict individual data points for 511 
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trained and untrained animals, respectively. Effect of genotype: ** P=0.003, 512 

F(1,26)=10.3; effect of training: P=0.77; interaction: P=0.7; 2-way ANOVA across 513 

animals). P-values in plot show Tukey-corrected pairwise ANOVA comparisons. f, 514 

Newly-formed spines stabilized per 100μm in each genotype. Effect of genotype: *** 515 

P=0.0003, F(1,26)=17; Training: P=0.7; Interaction: P=0.88. P-values in plot show 516 

Tukey-corrected pairwise ANOVA comparisons.  g-k, Dendritic spines formed, 517 

stabilized, and eliminated, and overall spine turnover rate in L5 apical dendritic arbors 518 

with data pooled between trained and untrained animals, in MECP2-duplication mice 519 

(orange: n=14 animals, 356 spines formed, 109 dendritic branches) and WT littermate 520 

controls (black: n=16 animals, 318 spines formed, 134 dendritic branches). Squares and 521 

circles depict individual data points for trained and untrained animals, respectively. g, 522 

spines formed per 100μm, ** P=0.003, Mann-Whitney U test; h, newly-formed spines 523 

stabilized per 100μm, *** P=0.0007; i, baseline spines eliminated between experiment day 524 

1 and day 5,  P=0.17; j, baseline spines eliminated between experiment day 5 and 8, 525 

P=0.12; k, overall spine turnover rate (spines formed + spines eliminated / 2 * total dendritic 526 

length) in four days (from day 1 to day 5), * P=0.01; m, Mean per-trial rotarod performance 527 

(time spent on the accelerating rotarod before falling) across animals in MECP2-528 

duplication animals (orange, n=17) and WT controls (black, n=22). This panel contains 529 

a larger sample size than other panels, because mice excluded from imaging analysis 530 

due to poor imaging quality but who still underwent rotarod training were included. **, 531 

P=0.009, effect of genotype, F(1,37)=7.6, repeated measures ANOVA. Effect of time: 532 

P<0.0001, F(15,37)=29.8; Interaction: P=0.47, F(15,37)=0.99. n, Scatter plot of learning 533 

associated spines that stabilized versus rotarod performance per animal, in imaged 534 
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MECP2-duplication mice (orange squares) and WT controls (black squares). * P<0.05, 535 

r2=0.26, n=20 mice pooled across genotypes, Pearson correlation, student’s t test. Error 536 

bars indicate mean ± s.e.m.  See Extended Data Fig. 1-1 for visualization of data as 537 

estimation plots with bootstrap-estimated differences between groups (see Methods). 538 

 539 

Figure 2. Increased stabilization of dendritic spine clusters in MECP2-duplication 540 

mice. a, Mean number of new spines that stabilized per 1000μm, binned by distance to 541 

the nearest neighboring new spine. Bin size = 5μm. *** P<10-7, 2-way ANOVA with 542 

Tukey correction for multiple comparisons, Fgenotype(1,29)=34.3, Fclusterbin(12,29)=14.7, 543 

Fgenotype x clusterbin(12,29)=7.6, n=16 WT, 14 MECP2-duplication animals. Gray and 544 

maroon error bars show mean±95% confidence intervals of spine distributions predicted 545 

by simulation based on measured spine formation and stabilization rates. b, Mean 546 

number of spines that formed but didn’t stabilize per 1000μm, binned by distance to the 547 

nearest neighboring new spine. Gray and maroon error bars depict simulation results. c, 548 

Histogram of the distance to the nearest neighboring newly formed spine (whether 549 

stabilized or non-stabilized) for each stabilized spine, in MECP2-duplication (orange) 550 

and WT (black) mice. Individual data points for each spine are shown at the top. * 551 

P=0.004, Fisher exact test. Gray and maroon error bars depict mean ±95% confidence 552 

intervals of the estimated distribution of distances between stabilized spines simulated 553 

from the number of spines formed and stabilized per micron in each genotype (see 554 

Methods). Differences in overall spine formation and stabilization in mutants do not 555 

explain the increase in clustered spine stabilization between mutant and WT (P<0.001, 556 

MECP2-duplication data vs. MECP2-duplication simulation, boot strap comparison). d, 557 
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Histogram of distances from each stabilized spine to the nearest pre-existing baseline 558 

spine. e, Histogram of distances from each non-stabilized spine to the nearest pre-559 

existing baseline spine.  f, Histogram of nearest-neighbor distances between all non-560 

stabilized new spines. g, Histogram of nearest-neighbor distances between baseline 561 

spines. None of the distributions in d-g showed significant differences. Error bars 562 

indicate mean ± s.e.m. 563 

 564 

Fig. 3. Differential stabilization of clustered and isolated spines in MECP2-565 

duplication mice. a, Determination of cluster distance threshold. Increase in clustered 566 

spine stabilization in mutants vs. WT littermates, plotted as a function of the cluster 567 

distance threshold applied (i.e. the max distance to another newly formed spine to be 568 

categorized as clustered). Error bars represent the summed s.e.m. from both 569 

genotypes. The difference in clustered spine stabilization between genotypes increases 570 

with increasing cluster distance threshold leveling off to a plateau at ~9 μm. 9 μm was 571 

therefore chosen for further analysis, and this agrees with the range of spine 572 

consolidation cooperativity shown in vitro by (Harvey et al., 2007) and in vivo by (Fu et 573 

al., 2012). b, Top: example of stabilized clustered spines. Bottom: Example of an 574 

isolated stabilized spine. c-e,  Clustered and isolated spines formed per 100 μm, 575 

stabilized per 100 μm, and percentage stabilized from MECP2-duplication mice 576 

(orange) and WT (black), visualized as a Cumming estimation plot, as in (Ho et al., 577 

2019). Raw data is plotted on the upper axes (dots depict individual data points, 578 

horizontal lines depict means); The lower axes show the bootstrapped distribution (light 579 

orange) and 95% confidence interval (vertical error bar) of the estimated mean 580 
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difference between the two groups. Data were pooled across trained and untrained 581 

animals. c, Clustered and isolated spines formed per micron in each genotype. * 582 

P=0.015, Mann-Whitney U test. d, clustered and isolated spines stabilized per micron in 583 

each genotype. ** P=0.001. e, Percentage of newly formed clustered and isolated 584 

spines that stabilized. Animals that formed fewer than 4 clustered spines were excluded 585 

from the analysis because the percentage measure shows large variability with small 586 

numbers of spines. n=11 WT, n=14 MECP2-duplication mice. * P=0.02. f, Stabilization 587 

of dendritic spine clusters correlates with enhanced rotarod performance in MECP2-588 

duplication mice (orange) and WT controls (black). ** P=0.004, r2=0.38, n=20 mice 589 

pooled across genotypes, Pearson correlation, student’s t test. g, Stabilization of 590 

isolated new spines does not correlate with rotarod performance (r2=0.02, P=0.55), 591 

suggesting that clustered spine stabilization is a better predictor of behavioral 592 

performance. See Extended Data Fig. 3-1 for visualization of data as mean±s.e. with 593 

individual data points plotted as circles (untrained) and squares (trained). 594 

 595 

 596 

Fig. 4 Dendritic spine structural plasticity in primary visual cortex (V1) in MECP2-597 

duplication mice and littermate controls. a-e, Spine formation and stabilization in 598 

visual cortex. Orange: MECP2-duplication. Data are plotted as a Gardner-Altman 599 

estimation plot to visualize the results using estimation statistics as in (Ho et al., 2019). 600 

The left axis of each panel shows individual data points for WT (black) and MECP2-601 

duplication (orange) animals. The right axis shows the bootstrapped distribution (light 602 

orange) and 95% confidence interval (vertical black line) of the estimated difference 603 
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between the two groups. WT: n=5 mice, 60 spines formed, 33 branches; MECP2-604 

duplication: n=4 mice, 60 spines formed, 31 branches. All animals in this condition were 605 

trained on the rotarod. a, New spines formed between D1 and D5 per 100μm in visual 606 

cortex in each genotype.  b, New spines stabilized (still present at D9) per 100μm in 607 

visual cortex in each genotype. c, Clustered spines formed per 100μm in visual cortex in 608 

each genotype. * P=0.03, Mann-Whitney U test. d, Clustered spines stabilized per 100 609 

μm in visual cortex in each genotype. * P=0.03. e, Isolated spines stabilized per 100μm 610 

in each genotype. Error bars indicate mean ± s.e.m. 611 

 612 

Extended Data Figure 1-1 Dendritic spine structural plasticity estimation 613 

statistics. a-e, Same as Fig.1 panels g-k, but plotted as a Gardner-Altman estimation 614 

plot to visualize the results using estimation statistics as in (Ho et al., 2019). The left 615 

axis of each panel shows individual data points for WT (black) and MECP2-duplication 616 

(orange) animals. The right axis shows the bootstrapped distribution (light orange) and 617 

95% confidence interval (vertical black line) of the estimated difference between the two 618 

groups. * P < 0.05, ** P < 0.01, *** P < 0.001, Mann-Whitney U test. 619 

 620 

Extended Data Figure 3-1 Clustered and isolated spine stabilization supplemental 621 

plots. a-c, Same as Fig. 3 panels c-e, but plotted as mean±error bars, with individual 622 

animal data points plotted as squares (trained) and circles (untrained). 623 

 624 



29 
 

29 
 

Movie 1. Example Z Stack of Raw Data Acquired by In Vivo Structural Imaging, 625 
Demonstrating Characteristic Sparse, Brightly Fluorescent, L5 Pyramidal Neuron 626 
Dendrites with Clearly Resolvable Dendritic Spines. 627 
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