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Abstract

The inflexible repetitive behaviors and “insistence on sameness” seen in autism imply a defect in neural proc-
esses controlling the balance between stability and plasticity of synaptic connections in the brain. It has been
proposed that abnormalities in the Ras-ERK/MAPK pathway, a key plasticity-related cell signaling pathway
known to drive consolidation of clustered synaptic connections, underlie altered learning phenotypes in au-
tism. However, a link between altered Ras-ERK signaling and clustered dendritic spine plasticity has yet to be
explored in an autism animal model in vivo. The formation and stabilization of dendritic spine clusters is abnor-
mally increased in the MECP2-duplication syndrome mouse model of syndromic autism, suggesting that ERK
signaling may be increased. Here, we show that the Ras-ERK pathway is indeed hyperactive following motor
training in MECP2-duplication mouse motor cortex. Pharmacological inhibition of ERK signaling normalizes the
excessive clustered spine stabilization and enhanced motor learning behavior in MECP2-duplication mice. We
conclude that hyperactive ERK signaling may contribute to abnormal clustered dendritic spine consolidation
and motor learning in this model of syndromic autism.
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Introduction
It has been proposed that phenotypes of autism spec-

trum disorder (ASD) arise from an abnormal imbalance

between the stability and plasticity of synaptic connections
in the brain (Ramocki and Zoghbi, 2008). Syndromic autism
refers to a subgroup of ASD caused by genetic abnormal-
ities that cause autism at high penetrance (Sztainberg and
Zoghbi, 2016). Modeling these genetic abnormalities in
mice has led to the development of autism animal models
with improved validity (Sztainberg and Zoghbi, 2016).
Abnormal synaptic plasticity is a common feature in animal
models of autism (Bourgeron, 2015). Some autism mouse
models exhibit impaired synaptic plasticity whereas others
show enhanced synaptic plasticity (Bourgeron, 2015).
Understanding the molecular mechanisms underlying
these plasticity changes could open new avenues for ther-
apeutic intervention. Animal models for the methyl-
CpG-binding-protein 2 (MeCP2) disorders Rett syndrome
(MeCP2 loss-of-function) and MECP2-duplication syn-
drome (MeCP2 gain-of-function) in particular have led to a
wealth of findings on the molecular biological and neural
circuit underpinnings of ASD (Collins et al., 2004; Jiang et
al., 2013; Lyst and Bird, 2015; Lu et al., 2016; Sztainberg
and Zoghbi, 2016) and identified potential avenues for
treatment (Na et al., 2014; Hao et al., 2015; Sztainberg et
al., 2015; Achilly et al., 2021).
Enhanced repetitive motor learning on the rotarod is ob-

served in several autism mouse models with promi-
nent behavioral inflexibility, including MECP2-duplication
(Collins et al., 2004; Sztainberg et al., 2015), neuroligin-3
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Significance Statement

It has been proposed that autism-associated genetic mutations lead to altered learning phenotypes by per-
turbing cell signaling pathways that regulate synaptic plasticity in the brain. The Ras-ERK/MAPK signaling
pathway, which promotes stabilization of dendritic spine clusters, has been particularly implicated in autism
spectrum disorder (ASD). Here, we show that Ras-ERK signaling is increased in motor cortex following ro-
tarod training in the MECP2-duplication syndrome mouse model of autism, and that the abnormal motor
learning and excessive stabilization of clustered dendritic spines previously observed in MECP2-duplication
mice can be rescued by pharmacological inhibition of Ras-ERK signaling. This provides additional support
to hypotheses that autistic phenotypes arise from disrupted Ras-ERK signaling and synaptic plasticity and
suggest potential future paths for therapeutic intervention.
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(Rothwell et al., 2014), 15q duplication (Nakatani et al.,
2009), PTEN (Kwon et al., 2006), and CNTNAP2 mice
(Peñagarikano et al., 2011), providing a robust model be-
havior for studying the abnormal consolidation of repeti-
tive motor routines. It was previously reported that an
aberrant increase in the formation and stabilization of
dendritic spine clusters in the animal model of MECP2-
duplication syndrome correlated with an enhancement in
motor performance on the rotarod task (Ash et al., 2021).
The increased clustered-spine stability in the ;9- to 10-
mm proximity range that was observed is strikingly similar
to the range of a known BDNF-TrkB-Ras-ERK-dependent
form of clustered-spine plasticity (Harvey and Svoboda,
2007; Harvey et al., 2008; Makino and Malinow, 2011;
Niculescu et al., 2018). Ras-ERK/MAPK signaling in hip-
pocampal pyramidal neurons has been shown in vitro to
be involved in the cooperative potentiation of neighboring
dendritic spines (Harvey et al., 2008; Patterson et al.,
2010; Kwon and Sabatini, 2011). When a spine is acti-
vated, Ras enters its GTP-bound active state and diffuses
9–10mm down the dendrite to invade neighboring spines.
There it initiates the ERK phosphorylation cascade or-
chestrating a number of transcriptional and translational
changes associated with synaptic consolidation (Ye and
Carew, 2010).
Mutations in Ras-MAPK pathway genes are linked

to several forms of autism (Stornetta and Zhu, 2011;
Wen et al., 2016; Vithayathil et al., 2018), and both pa-
tients and animal models of autism demonstrate abnor-
mal Ras-MAPK signaling (Ebert and Greenberg, 2013;
Cheng et al., 2017; Rosina et al., 2019). Ras-MAPK
genes have also been shown to be dysregulated in
MECP2-duplication mice (Chahrour et al., 2008). We
therefore hypothesized that hyperactive ERK signaling
could contribute to the abnormal plasticity phenotypes
observed in our animals.
Here, we show that Ras-ERK signaling is upregulated in

the motor cortex of MECP2-duplication animals after
motor training, and both excessive synaptic clustering
and enhanced motor learning can be reversed by pharma-
cological normalization of ERK signaling. These data link
a structural dendritic spine phenotype to a specific au-
tism-associated cell-signaling pathway in a mouse model
of autism, in vivo.

Materials and Methods
Animals
FVB-background MECP2-duplication (Tg1) mice

(Collins et al., 2004), were crossed to C57 thy1-GFP-M
homozygotes obtained from The Jackson Laboratory,
to generate F1C57;FVB MECP2-duplication;thy1-GFP-
M mice and thy1-GFP-M littermate controls. Males
and females were used in experiments. Animals were
housed in a 12/12 h light/dark cycle (lights on from 7 A.
M. to 7 P.M.). All experiments with animals were con-
ducted in accordance with the National Institutes of
Health guidelines for the care and use of laboratory ani-
mals and were approved by the institution’s Institutional
Animal Care and Use Committee.

Blinding
In data reported in Figure 1, mice from each genotype

were randomly assigned to the drug or vehicle condition.
Material to be injected was placed into individual tubes
for each animal, then mice were injected without knowl-
edge of the test tube’s contents. Mice were trained, motor
cortex was harvested, and Westerns were run and ana-
lyzed blind to condition. In Figure 2 data, imaging, rotarod
training, drug/vehicle injection, and data analysis were
performed blinded to experimental condition.

In vivo two-photon imaging
Experiments were performed as in Ash et al. (2021). At

least two weeks before the first imaging session (;12- to
14-week-old mice), a 3-mm-wide opening was drilled
over motor cortex, centered at 1.6 mm lateral to bregma
based on (Tennant et al., 2011), and a glass coverslip was
placed over the exposed brain surface to allow chronic
imaging of neuronal morphology (Mostany and Portera-
Cailliau, 2008, 2011). Dendritic spines were imaged using
a Zeiss in vivo two-photon microscope with Zeiss
20� 1.0NA water-immersion objective lens. High-quality
craniotomies had a characteristic bright-field appearance
with well-defined vasculature and pale gray matter. Under
two-photon scanning fluorescent dendrites were reliably
clear and visible with low laser power (,20 mW on the
pia) and photomultiplier tube voltage.
Only high-quality preparations (low background noise

across all time points, ,5-pixel (0.25mm) motion artifact,
and dendrites well isolated from other fluorescent struc-
tures) were used in the blinded analysis. Green fluores-
cent protein (GFP)-labeled neurons were first imaged at
low resolution (620� 620 mm FOV, 0.6mm/pixel in XY,
2.5-mm Z-step size) down to 600–700mm to capture all of
the cell’s dendritic processes and assay cell subtype by
morphology, primary apical bifurcation depth, and soma
depth (Holtmaat et al., 2006). The apical dendrites from
complex-tufted neurons, the corticospinal neurons pro-
jecting to the spinal cord and thalamus in M1, were se-
lected based on their large highly ramified dendritic trees,
deep primary apical bifurcation, and thick dendrites, and
re-imaged at high resolution (310� 310 to 420� 420 mm
FOV, 0.1 mm/pixel, 1 mm Z-step size) to adequately cap-
ture individual dendritic spines. Laser power was main-
tained under 20 mW (average ;10 mW) during image
stack acquisition.

Analysis of structural plasticity
Raw z stacks were denoised by a custom polyno-

mial interpolation method (Jiang et al., 2013). Spine
formation, elimination, and stabilization were quanti-
fied with a custom MATLAB user interface and ImageJ
(MicroBrightField). Terminal dendrite segments which
were well-visualized at all time points were chosen for
analysis. Sections of dendrite occluded by other fluo-
rescent structures or blood vessels were excluded
from the analysis. Because of in vivo two-photon mi-
croscopy’s relatively poor resolving power in the z-
axis, only structures protruding laterally along the X-Y

Research Article: New Research 3 of 11

July/August 2021, 8(4) ENEURO.0056-21.2021 eNeuro.org



Figure 1. Normalization of enhanced motor learning by pharmacological inhibition of elevated Ras-ERK signaling in MECP2-dupli-
cation mice. a, A simplified schema of the Ras-MAPK signaling pathway and how it is hypothesized to contribute to clustered-spine
stabilization. Genes transcriptionally upregulated in MECP2-overexpressing mice are underlined. Known autism-associated genes
are denoted with an asterisk. b, Rotarod training (six to eight trials) induces enhanced Ras-MAPK signaling (ERK phosphorylation) in
MECP2-duplication mice relative to WT littermates, despite equivalent baseline levels before training. Representative Western blot-
tings and densitometric quantification of ERK activation (p-ERK T202/Y204/total ERK immunoreactivity; 42- and 44-kDa bands
summed in quantification) at baseline (n=6 mice/genotype; unpaired two-sided t test: p=0.9, t(10) = 0.17) and after training (n=10
WT and 12 MECP2-duplication mice; unpaired two-sided t test: **p=0.004, t(20) = 3.2). Data are presented as fraction of the WT
mean for illustration purposes. Statistical tests were performed on raw per-animal p-ERK immunoreactivity/total-ERK immunoreac-
tivity values. Time spent on the rotarod did not explain differences between genotypes (see text). c, The MEK inhibitor SL327 nor-
malizes rotarod performance in MECP2-duplication mice. SL327 or vehicle was injected intraperitoneally 30min before training on
each training day. Mean 6 SEM of the peak performance on each day plotted for vehicle-treated MECP2-duplication (dark orange,
n=8 mice), vehicle-treated WT (black, n=7), SL327-treated MECP2-duplication (pale orange, n=9), and SL327-treated WT (gray,
n=9) mice. For illustration purposes, rotarod performance for each animal was normalized to the mean first-day performance of the
WT littermates in that animal’s cohort before averaging across animals, to account for systematic variability in performance across
cohorts because of animal weight and age; ***p=10�6, genotype � drug interaction, Fgenotype � treatment(1,1,29) = 21.6; Fgenotype(1,29) =
6.4, p=0.01; Ftreatment(1,29) = 4.9, p=0.027; Ftrial(15,29) = 15.8, p=10�6; mixed effects repeated-measures ANOVA. Statistical analysis
was performed on raw per-trial rotarod performance values. Litter was included as an interacting variable to control for across-litter
variability in performance. d, Consistent with a role for elevated ERK signaling in the mutant’s enhanced motor learning phenotype,
32mg/kg SL327 treatment blocked the training-dependent increase in M1 ERK phosphorylation in MECP2-duplication mice.
Representative Western blottings and densitometric quantification of ERK activation in vehicle-treated versus SL327-treated WT
and MECP2-duplication mice (n=3 mice/genotype/treatment group; *p, 0.05, Fgenotype(1,8) = 6.7, Ftreatment(1,8) = 5.9, Finteraction(1,1,8)
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continued
= 3.7, two-way ANOVA with Tukey’s post hoc correction for multiple comparisons. Normalization of data points as in b. Mice in the ve-
hicle-treated condition are also included in b. Error bars represent SEM. Circles show data points from individual animals. Example full
length Western blottings are shown in Extended Data Figure 1-1a,b. For blinding procedure, see Materials and Methods.

Figure 2. Normalization of excessive clustered spine stabilization in MECP2-duplication mice by pharmacological Ras-ERK inhibi-
tion. a, Sample images of dendritic segments imaged before rotarod training (left), following 4 d of training (middle), and 4d after the
end of training (right) demonstrating decreased clustered spine stabilization in SL327-treated (bottom) versus vehicle-treated (top)
MECP2-duplication mice. b, Total spines formed (left bars) and spines stabilized (right bars) per 100mm in vehicle-treated (black,
n=4 animals, 57 spines formed, 30 dendritic segments) and SL327-treated (gray, n=7 animals, 49 spines formed, 49 dendritic seg-
ments) littermate control mice. c, Clustered and isolated new-spines stabilized per 100 mm in vehicle-treated (black) and SL327-
treated (gray) littermate control mice. d, Total spines formed (left bars) and spines stabilized (right bars) per 100 mm in vehicle-
treated (dark orange, n=7 animals, 184 spines formed, 54 dendritic segments) and SL327-treated (light orange, n=8 animals, 143
spines formed, 50 dendritic segments) MECP2-duplication mice. e, Clustered and isolated spines stabilized per 100 mm in vehicle-
treated (dark orange) and SL327-treated (light orange) MECP2-duplication mice. Note that there are significantly fewer stabilized
clustered spines in SL327 treated animals; *p, 0.05, **p, 0.01, specific p values reported in the figure, Mann–Whitney U test.
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plane were included in the analysis, following the
standard in this field (Holtmaat et al., 2009). For a pro-
trusion to be selected for analysis it had to project out
of the dendritic shaft by at least 4 pixels (;0.4 mm),
which corresponds approximately to 2 SDs of the
noise blur on either side of the dendritic shaft. Spines
were initially identified at one time point, by moving
up and down through individual slices in each Z stack,
and the same region of dendrite was examined at
other time points to identify the first (formation) and
last (elimination) time that the spine was present.
Custom MATLAB routines analyzed the stability/sur-
vival of each formed spine. Filopodia, which are rare
at the analyzed age, were identified morphologically,
based on their long length (usually .4 mm), curved
shape, and lack of a distinct head (Zuo et al., 2005)
and excluded from the analysis as in Yang et al.
(2009). Each spine was classified as either clustered
or isolated by calculating the distance to its nearest-
neighbor stabilized learning-associated spine as in Fu
et al. (2012) and Ash et al. (2021).

Motor training
The Ugo Basile mouse rotarod was used for motor

training. At least 2 h after imaging sessions, in the late
afternoon, mice were placed on the rotarod, and the rotar-
od gradually accelerated from 5 to 80 rpm over 3min. Up
to five littermate mice with intermixed genotypes were
trained in parallel. Single-trial rotarod performance was
quantified as the time right before falling or holding on
to the dowel rod for two complete rotations without re-
gaining footing. A 5- to 10-min rest period occurred be-
tween each trial. Four trials were performed per day.
For immunoblot experiments measuring M1 ERK phos-
phorylation with rotarod training, training-naive mice
were trained six to eight times consecutively (Fig. 1b,d).
For the pharmacology experiments demonstrating the
effect of the specific MEK inhibitor SL327 on rotarod
performance, the peak performance of each animal on
each day, normalized to the vehicle-treated wild-type
(WT) mean to account for across litter variability in per-
formance, was used in the analysis (median perform-
ance yielded similar statistically significant results).

Pharmacological Ras-MAPK inhibition
The centrally-acting selective MEK inhibitor SL327

(Atkins et al., 1998; Axonmedchem #1122) was in-
jected intraperitoneally at 32mg/kg (in 16mg/ml DMSO)
30min before rotarod training (Bureau et al., 2010). This
dose was selected to be low as it is known to minimally
affect motor performance in WT animals (Bureau et al.,
2010).

Immunoblots
Deeply anesthetized (isoflurane) four- to five-month-

old MECP2-duplication mice and littermate controls
were killed 30min after training and their brains were
rapidly dissected on a glass plate over ice. The motor
cortex from each hemisphere was isolated from the

remaining cortical tissue and lysed in ice-cold homoge-
nization buffer (200 mM HEPES, 50 mM NaCl, 10% glyc-
erol, 1% Triton X-100, 1 mM EDTA, 50 mM NaF, 2 mM

Na3VO4, 25 mM b -glycerophosphate, and 1� EDTA-
free complete ULTRA protease inhibitor cocktail tab-
lets; Roche). Insoluble material was removed by centrif-
ugation at 14,000 � g for 10min at 4°C. Protein
concentration of the resulting supernatant was deter-
mined by Bradford assay (Bio-Rad, reagent 500-0006)
and lysates were then diluted in 2� Laemmli Buffer. A
total of 30 mg protein/sample was resolved by SDS-
PAGE (12.5% acrylamide) and gel contents were trans-
ferred to nitrocellulose membranes. Membranes were
blocked 30min in 5% milk, 0.2% Tween 20 tris-buffered
saline (TBST). To assess ERK phosphorylation, mem-
branes were first probed overnight at 4°C with phos-
pho-specific rabbit anti-phospho-p44/42 MAPK/Erk1/2
(Cell Signaling Technology, #4370, 1:1000). Blots were
then incubated with HRP-conjugated goat anti-rabbit
secondary antibody (Jackson ImmunoResearch, 111-
035-144, 1:5000) for 1 h at room temperature followed
by incubation in Super-Signal West Femto kit substrate
(Thermo Scientific, 34096) per the manufacturer’s in-
structions. Film was exposed to the Super-Signal-
treated membranes and then developed. Membranes
were then stripped (1.5% glycine and 2.9% NaCl,
pH2.8), blocked with 5% milk TBST, then re-probed
overnight with rabbit anti-MAPK/ERK1/2 (Cell Signaling
Technologies, #9202, 1:1000) to assess total ERK pro-
tein levels. b -Actin levels were measured as an addi-
tional loading control (mouse anti-b -actin, Millipore,
MAB1501, 1:5000). The goat anti-mouse secondary
antibody was diluted 1:10,000 for the b -actin blots.
Band density was quantified in ImageJ (NIH).

Image presentation
Dendritic spine images are displayed as “best” projec-

tion mosaics (Holtmaat et al., 2009). Extraneous fluores-
cence is masked and images are slightly smoothed for
illustration purposes only.

Statistical tests
Statistical significance between unpaired normal

samples was assessed by Mann–Whitney U test or two-
way ANOVA, except where noted, using MATLAB.
Enhanced rotarod performance in MECP2-duplication
mice in Figure 1 was tested by repeated-measures
ANOVA. Effect of SL327 on rotarod performance in
MECP2-duplication mice compared with littermate con-
trols was evaluated by determining the genotype �
treatment interaction term using a mixed effects
repeated-measures ANOVA in R statistics software.
Statistical analysis was performed on raw per-trial ro-
tarod performance values. Litter was included as a term
to control for across-litter variability in performance;
*p� 0.05, **p� 0.01, ***p� 0.001. All results are re-
ported as mean6 SEM, unless otherwise noted.
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Results
ERK signaling has been shown to promote cooperative

plasticity between dendritic spines located at close prox-
imity (9–10 mm) to each other along the dendrite (Harvey
and Svoboda, 2007; Harvey et al., 2008). This led us natu-
rally to hypothesize that it mediates the enhanced clus-
tered dendritic spine stabilization previously observed in
MECP2-duplication animals (Ash et al., 2021). The experi-
ments described below were targeted a-priori to examine
this primary hypothesis.

Enhancedmotor learning inMECP2-duplication mice
is normalized by Ras-ERK inhibition
A simplified sketch of ERK signaling in clustered-spine

plasticity is illustrated in Figure 1a, adapted from (Harvey
et al., 2008; Ye and Carew, 2010). Several genes in
the ERK pathway are associated with autism (Stornetta
and Zhu, 2011; Fig. 1a, asterisks) and MECP2-duplica-
tion mice overexpress several genes in this pathway
(Chahrour et al., 2008; notably, Bdnf, Nmdar1, and Ras;
Fig. 1a, underlined). To directly test whether ERK sig-
naling is increased in motor cortex of MECP2-duplica-
tion mice, we performed Western blot analyses on M1
protein extracts isolated from mutant mice and WT lit-
termates at baseline and immediately following rotarod
training (Fig. 1b; Extended Data Fig. 1-1a, six to eight
consecutive trials in previously-untrained animals). We
found that marked hyperphosphorylation of the MAP ki-
nase ERK1/2 (T202/Y204) in MECP2-duplication mouse
area M1 occurred with rotarod training (p=0.004, n=10
WT M1 extracts from 10 mice, 12 MECP2-duplication M1
extracts from 12 mice, two-tailed unpaired t test; Fig. 1b).
In contrast the phosphorylation state of ERK was not sig-
nificantly altered in mutant M1 lysates without training
(p=0.87, n=6 mice per genotype, two-tailed unpaired t
test; Fig. 1b), as reported previously for untrained Mecp2-
null and MECP2-duplication animals (Pitcher et al., 2015).
Note that the increase in ERK phosphorylation in area M1
after motor training in MECP2-animals could not be ex-
plained solely by increased time spent on the rotarod, as
the level of phosphorylation did not correlate with the la-
tency to fall from the rotarod (r =�0.17, p = 0.53). This sug-
gests the induction of ERK phosphorylation by training is
exuberant in the motor cortex of MECP2-duplication
animals.
Training-induced ERK hyperphosphorylation (Fig. 1b)

coupled with the increased clustered-spine stabilization
previously observed in MECP2-duplication animals (Ash
et al., 2021) implicated elevated ERK signaling in the en-
hanced motor learning phenotype of the MECP2-duplica-
tion syndrome mouse model (Collins et al., 2004; Harvey
et al., 2008). To test this hypothesis, in a new round of ex-
periments we administered a low dose (32mg/kg, i.p.) of
the specific centrally-acting MEK inhibitor SL327 or
DMSO vehicle 30 min before rotarod training on each day
(Bureau et al., 2010), and trained the animals for four con-
secutive trials daily for four days in a row (Collins et al.,
2004; Ash et al., 2021). This dose was chosen to ensure
effects on locomotor function in WT are minimal (Antoine
et al., 2013; but see Bureau et al., 2010). Accordingly, the

performance of WT mice was not affected, whereas
SL327 reversed the enhanced motor learning in mutants
(p=10�6, genotype � drug interaction, Fgenotype � treatment =
21.6, n=7–9 mice per group, mixed effects repeated-meas-
ures ANOVA; Fig. 1c). Furthermore, M1 ERK phosphoryla-
tion was normalized in SL327-treated mutants versus
vehicle-treated mutants (Fig. 1d; Extended Data Fig. 1-1b,
p,0.05, n=3 mice/group, two-way ANOVA with Tukey’s
post hoc correction for multiple comparisons), confirming
the effectiveness of the inhibitor in reducing ERK phospho-
rylation levels.

Enhanced clustered spine stabilization inMECP2-
duplicationmice is normalized by Ras-ERK inhibition
Lastly, we measured the effect of MEK inhibition on

clustered spine stabilization in MECP2-duplication mice
and littermate controls crossed to the thy1-GFP M line,
which sparsely expresses GFP in layer 5 pyramidal neu-
rons (Feng et al., 2000). As in Ash et al. (2021), chronic
cranial windows were implanted over primary motor cor-
tex (M1) in MECP2-duplication mice and littermate con-
trols, and apical dendrites from GFP-expressing L5
pyramidal neurons were imaged with in vivo two-photon
microscopy (Holtmaat et al., 2009). Spine analysis was
performed on terminal dendritic branches of the apical
tuft of these neurons. We first identified baseline spines,
then animals were trained on the rotarod task (four trials
per day) for 4 d (Fig. 2A). Animals were randomized to re-
ceive SL327 32mg/kg or vehicle (DMSO) injected intra-
peritoneally 30min before training across the four rotarod
training days. On the fifth day, dendrites were imaged
again to identify new spines formed. Following 4 d of rest,
dendrites were once again imaged to identify the new
spines that stabilized. The follow-up imaging time point
was chosen in line with prior studies showing that the vast
majority of newly formed dendritic spines which persist
for at least 4 d form an electron-microscopy-verified syn-
apse (Knott et al., 2006). Each stabilized spine was classi-
fied as clustered or isolated based on its proximity to
another newly-formed spine on the same dendrite (clus-
tered: ,9 mm interspine distance; isolated: �9-mm inter-
spine distance, following Ash et al., 2021).
As observed previously (Ash et al., 2021), clustered

spine stabilization was increased in vehicle-treated
MECP2-duplication mice compared with controls (WT
1.160.2 stabilized per 100mm, n =4 animals, 30 dendritic
segments; MECP2-duplication: 2.26 0.4 stabilized per
100mm, n=7 animals, 54 dendritic segments, p=0.04,
Mann–Whitney U test; two-way ANOVA effect of geno-
type: p=0.03, F(1,22) = 5.5). Overall spine formation/stabili-
zation as well as clustered and isolated spine stabilization
were not significantly affected by MEK inhibition in control
mice (all p values. 0.09, Mann–Whitney U test, n=4 vehi-
cle-treated WT mice, 7 SL327-treated WT mice; Fig. 2b,
c), as expected given the low dose of SL327 (Antoine et
al., 2013). In contrast, in MECP2-duplication animals
overall spine stabilization was significantly reduced by
SL327 (effect on stabilization: p=0.029, Mann–Whitney U
test; two-way ANOVA effect of SL327: p = 0.02, F(1,22) =
6.2; interaction: p=0.4; n=7 vehicle-treated MECP2-
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duplication mice, n=8 SL327-treated MECP2-duplication
mice; Fig. 2d), back to levels similar to that of WT controls
(SL327-treated mutant spine stabilization rate: 1.06 0.2
per 100 mm; vehicle-treated WT spine stabilization rate:
1.060.3 per 100 mm, vehicle-treated mutant spine sta-
bilization rate: 1.76 0.2). Separating stabilized spines
into clustered and non-clustered subgroups revealed
that this SL327-induced decrease in spine stabilization
was mediated entirely by a reduction in the stabilization
of clustered spines (p = 0.009, Mann–Whitney U test,
Cohen’s d = 1.65; two-way ANOVA effect of SL327:
p = 0.01, F(1,22) = 7.7, effect of SL327; effect of geno-
type: p = 0.01, F(1,22) = 7.7; Interaction: p = 0.06, F(1,22) =
3.7; n = 7 vehicle-treated MECP2-duplication mice,
n = 8 SL327-treated MECP2-duplication mice; Fig. 2e).
SL327 had a negligible effect on the stabilization of iso-
lated new-spines in mutants (p = 0.61, Mann–Whitney U
test, Cohen’s d = 0.3) and also did not affect signifi-
cantly overall spine formation (effect on mutant forma-
tion: p = 0.19, Mann–Whitney U test; two-way ANOVA
effect of SL327: p = 0.09; effect of genotype: p = 0.0006,
F(1,22) = 15.9; interaction: p = 0.9; Fig. 2d). Interestingly,
there was a trend toward decreased stabilization of iso-
lated spines in SL327-treated WT mice not seen in mu-
tants (genotype � SL327 interaction: p = 0.03, F(1,22) =
5.2), although this trend did not survive pairwise com-
parison (p. 0.1, Mann–Whitney U test). These observa-
tions suggest that elevated ERK signaling contributes
to the structural stabilization of training-associated
clustered synapses in the MECP2-duplication mouse.

Discussion
In summary, we found that the ERK pathway, a major

regulator of clustered spine stabilization (Harvey et al.,
2008; Frank et al., 2018), is hyperactive following training
in MECP2-duplication mouse motor cortex, and both in-
creased spine-cluster stabilization and enhanced motor
learning in MECP2-duplication mice can be reversed by
ERK-specific pharmacologic inhibition.
Our results build on a growing evidence base impli-

cating Ras-ERK/MAPK signaling in ASD (Vithayathil et
al., 2018). Mutations in Ras-MAPK pathway genes in-
cluding NF1, Ras, MEK, and RSK, together referred to
as Rasopathies, cause syndromic autism (Stornetta and
Zhu, 2011). Pathway analyses of large scale genome
sequencing data confirm that Ras-MAPK pathway mu-
tations are enriched in idiopathic autism (Wen et al.,
2016; Mitra et al., 2017), and upregulations in Ras-
MAPK pathway activity correlate with symptom severity
in autism patients (Rosina et al., 2019). Multiple animal
models of autism demonstrate abnormalities in Ras-
MAPK signaling including Rett syndrome (Mellios et al.,
2018), BTBR strain (Seese et al., 2014; Cheng et al.,
2017), 16p11del (Pucilowska et al., 2015), fragile X syn-
drome (Soong et al., 2008), neurofibromatosis type 1
(Costa et al., 2002), Noonan syndrome (Lee et al.,
2014), Costello syndrome (Schreiber et al., 2017), car-
dio-cutaneo-facial syndrome (Anastasaki et al., 2009),
and SynGAP1 syndrome (Rumbaugh et al., 2006).
Autism-associated phenotypes have been shown to be

rescued by inhibition of Ras-ERK signaling in many of
these animal models (Wang et al., 2012; Pucilowska et
al., 2018; Moreau et al., 2020; Mullins, 2020). Our re-
sults provide the first evidence that Ras-ERK signaling
is upregulated following training in the mouse model for
MECP2-duplication syndrome, and that its abnormally
enhanced motor learning phenotype can be rescued by
inhibiting ERK signaling (Fig. 1).
Essentially all autism models that have been formally

tested exhibit changes in synaptic plasticity and learning
(Bourgeron, 2015), including MECP2-duplication mice
(Collins et al., 2004; Na et al., 2012; Jiang et al., 2013; Ash
et al., 2018). In prior work, it was shown that clustered
spine consolidation is abnormally enhanced in MECP2-
duplication animals (Ash et al., 2021). Here, we show that
MECP2-duplication clustered spine consolidation re-
turned to WT-like levels after normalizing ERK signaling
with the specific pharmacological inhibitor SL327 (Fig. 2).
Furthermore, this occurred at a dose that did not alter the
rate of new spine formation or the rate of new isolated
spine consolidation after training, so the observed effect
appears to be specific to co-operative spine consolida-
tion. These observations forge a link between increased
ERK signaling, increased clustered spine consolidation,
and enhanced learning phenotype in the MECP2-duplica-
tion mouse model of syndromic autism.
Our results align with converging evidence on the role

of ERK signaling in dendritic spine clustering and autism
pathophysiology. Multiple links in the Ras-ERK pathway
including BDNF, TrkB, Ras, and ERK are required for clus-
tered spine consolidation ex vivo (Harvey et al., 2008;
Niculescu et al., 2018), and CCR5-mutant animals engi-
neered to have hyperactive Ras-ERK signaling exhibit in-
creased clustered spine plasticity (Frank et al., 2018). Our
contribution adds to this work, showing that the excessive
clustered spine stabilization previously observed in the
MECP2-duplication syndrome mouse model (Ash et al.,
2021) can be normalized in vivo with a pharmacological
inhibitor of ERK signaling.
One remaining puzzle is the fact that excessive clus-

tered spine stabilization in MECP2-duplication animals
occurs both with and without training (Ash et al., 2021),
whereas excessive ERK phosphorylation occurred with
training but not without training (Fig. 1b; Pitcher et al.,
2015). It is possible that a subtle elevation in Ras-MAPK
signaling (ERK phosphorylation) may be present without
training, but not be enough to be detected by Western
blot analysis (White and Wolf-Yadlin, 2016), as any differ-
ence at baseline would likely be small given our data (Fig.
1b). Other nonexclusive possibilities include that down-
stream effectors of p-ERK are nonlinearly affected by
Ras-ERK activity in MECP2-duplication mice, and/or they
can still be activated through ERK-independent mecha-
nisms without training. Finally, Ras-ERK inhibition may
modulate motor learning and spine consolidation through
mechanisms other than Ras’s role in dendritic spines.
Ras-ERK modulates learning and plasticity in the brain
through multiple presynaptic and postsynaptic mecha-
nisms in both excitatory and inhibitory neurons (Ryu and
Lee, 2016). It is not inconceivable, for example, that MEK
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inhibition could downregulate spontaneous activity or
alter modulatory neurotransmitter release (Ding et al.,
2011; Borges et al., 2017), which would in turn indirectly
normalize enhanced learning and clustered spine
consolidation.
Importantly, we note that we have not conclusively

shown that clustered spine stabilization drives enhanced
learning, although others previously showed a correlation
between spine clustering and learning across animals
(Frank et al., 2018; Ash et al., 2021). The fact that the MEK
inhibitor normalized motor performance in MECP2-dupli-
cation mice even on the first day of training (Fig. 1c), at
which point clustered spine stabilization is unlikely to play
a significant role, suggests that excessive Ras-MAPK sig-
naling boosts learning in mutants through multiple mech-
anisms. Verifying a causal link between clustered spine
consolidation and learning is an important goal of future
work. Finally, we note that in our preparation 32mg/kg
SL327 did not significantly affect WT rotarod perform-
ance or M1 ERK phosphorylation, which aligns with
(Antoine et al., 2013) but disagrees somewhat with
(Bureau et al., 2010), who reported that 30mg/kg SL327
was sufficient to decrease rotarod performance in WT
mice and decrease ERK phosphorylation in the stria-
tum. It is possible that subtle differences in the rotarod
training parameters (four trials per day for 4 d, acceler-
ating from 5 to 80 rpm in 3min in our paradigm, vs 10 tri-
als per day for 4 d, from 4 to 40 rpm in 5min in their
paradigm) and probing for ERK in different brain areas
could explain these discrepancies, but this requires fol-
low-up experimental assessment to determine under
which conditions SL327 does or does not affect WT
learning and memory.
Although enhanced motor learning is not observed in

human patients (Ramocki et al., 2010), it is possible that
the structural abnormality we describe in mice is also op-
erating in the humans, but manifests with a different de-
velopmental trajectory of motor deterioration because of
species-specific differences in motor system develop-
ment and function (Collins et al., 2004; Ramocki et al.,
2009). We note again here that several autism mouse
models including MECP2-duplication, neuroligin-3, 15q
duplication, PTEN, CNTNAP2, and CCR5 have enhanced
motor learning and plasticity (Etherton et al., 2011;
Piochon et al., 2014; Rothwell et al., 2014; Frank et al.,
2018), while several other mouse models including Rett
syndrome, fragile X, and Angelman (15q deletion), have
impaired motor learning and plasticity (Li et al., 2002;
Asaka et al., 2006; Van Woerden et al., 2007; Kondo et al.,
2008; Padmashri et al., 2013). In particular, opposite to
our findings in the MECP2-duplication mice, it was re-
cently reported that fragile X mice have impaired motor
learning and decreased clustered spine stabilization
(Bhattacharya et al., 2012; Padmashri et al., 2013; Reiner
and Dunaevsky, 2015). Building on other studies positing
an axis of synaptic pathophysiology in syndromic autism
(Auerbach et al., 2011), these findings together suggest
that certain forms of syndromic autism defined by en-
hanced plasticity and prominent behavioral inflexibility
could be particularly amenable to Ras-MAPK modulating
agents.

Our results provide in vivo evidence that ERK signaling
is involved in learning-associated synaptic stabilization
and synaptic clustering and suggest that a training-de-
pendent increase in M1 ERK signaling facilitates proce-
dural motor memory consolidation in MECP2-duplication
animals. Our findings provide additional support to hy-
potheses that learning phenotypes in autism arise from
disrupted Ras-ERK signaling and synaptic plasticity
(Bourgeron, 2015; Vithayathil et al., 2018). In the future, it
will be fruitful to study the regulation of upstream and
downstream mediators of ERK signaling in MECP2-dupli-
cation mice and explore how excessive ERK signaling
contributes to excessive clustered spine stabilization in
this mouse model (Alonso et al., 2004; Im et al., 2010; Ye
and Carew, 2010; Stornetta and Zhu, 2011; Ebert and
Greenberg, 2013; Niculescu et al., 2018). In the future,
modulation of structural plasticity through Ras-MAPK in-
hibitors could provide a potential therapeutic avenue for
behavioral inflexibility and other phenotypes in the
MECP2-duplication syndrome (Sandweiss et al., 2020).
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