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SUMMARY
Fragile X Syndrome (FXS), the most common genetic form of mental retardation and autism, is
caused by loss of function mutations in an RNA binding protein, Fragile X Mental Retardation Protein
(FMRP). Patients’ neurons, as well as those of the mouse model, Fmr1 knockout (KO), are
characterized by an excess of dendritic spines, suggesting a deficit in excitatory synapse elimination.
In response to neuronal activity, myocyte enhancing factor 2 (MEF2) transcription factors induce
robust synapse elimination. Here, we demonstrate that MEF2 activation fails to eliminate functional
or structural excitatory synapses in hippocampal neurons from Fmr1 KO mice. Similarly, inhibition
of endogenous MEF2 increases synapse number in wildtype, but not Fmr1 KO neurons. MEF2-
dependent synapse elimination is rescued in Fmr1 KO neurons by acute postsynaptic expression of
FMRP, but not RNA binding mutants of FMRP. Our results reveal that active MEF2 and FMRP
function together in an acute, cell autonomous mechanism to eliminate excitatory synapses.
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INTRODUCTION
The proper synaptic connectivity of neural circuits relies upon a dynamic process of synapse
formation and elimination (Hua and Smith, 2004). During early postnatal brain development,
synapse formation exceeds that of elimination which results in an excess of excitatory synapses.
Excess synapses are subsequently eliminated or pruned in the adolescent brain that leads to
fewer synapses in the adult (Rakic et al., 1986). Activity-dependent synapse elimination
contributes to experience-dependent refinement of neural circuits during brain development
(Hua and Smith, 2004; Sanes and Lichtman, 1999; Wiesel, 1982; Zuo et al., 2005) and may
also function as a homeostatic mechanism, where neurons adapt to changes in global patterns
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of synaptic activity by adjusting the strength and number of synapses (Chandrasekaran et al.,
2007; Turrigiano, 2008; Wierenga et al., 2006). Recent evidence indicates that neuronal activity
decreases synapse number in part through activation of the Myocyte enhancing factor 2 (MEF2)
family of transcription factors (Barbosa et al., 2008; Flavell et al., 2006; Pulipparacharuvil et
al., 2008). MEF2 factors are activated upon neuronal depolarization, postsynaptic Ca2+

increases and a signaling process that involves the Ca2+/Calmodulin effectors, calcineurin and
CaM kinase (Flavell et al., 2006; McKinsey et al., 2002; Pulipparacharuvil et al., 2008; Shalizi
et al., 2006). Selective activation of MEF2 dependent transcription results in a rapid and robust
synapse elimination and knockdown or gene deletion of MEF2 isoforms in either hippocampal
or striatal neurons results in increased synapse number, an effect that requires neuronal activity
(Barbosa et al., 2008; Flavell et al., 2006; Pulipparacharuvil et al., 2008). Importantly, recent
studies suggest that the MEF2-dependent synapse elimination process is critical for normal
learning and memory and behaviors associated with drug abuse (Barbosa et al., 2008; Li et al.,
2008; Pulipparacharuvil et al., 2008). However, the cellular and molecular mechanisms by
which MEF2 controls synapse number are currently unknown.

Fragile X Syndrome (FXS), a major genetic cause of mental retardation and autism, results
from loss-of-function mutations in the Fmr1 gene (Abrahams and Geschwind, 2008; Bassell
and Warren, 2008). Pyramidal neurons of FXS patients, as well as those of the mouse model
of FXS, Fmr1 KO mice, display increased dendritic spine number, suggesting that aspects of
FXS may be due in part to deficits in excitatory synapse elimination (Irwin et al., 2002; Irwin
et al., 2001). Fmr1 encodes an RNA binding protein, Fragile X Mental Retardation Protein
(FMRP) that associates with small messenger ribonucleoprotein complexes, as well as
polyribosomes in neurons and dendrites. Accumulating evidence supports a role for FMRP in
regulation of dendritic protein synthesis and plasticity of mature synaptic function (Bassell and
Warren, 2008). Although recent work demonstrates a direct and cell autonomous role for
FMRP in synapse elimination, it is unknown if or how FMRP interacts with other known
pathways that regulate synapse number or development (Pfeiffer and Huber, 2007). Here, we
report that MEF2 is incapable of regulating synapse number in Fmr1 KO neurons and provide
evidence that FMRP functions downstream of MEF2 mediated transcription in a common or
parallel, convergent pathway that is required for synapse elimination.

RESULTS
MEF2-mediated, bidirectional regulation of hippocampal synapse number requires FMRP

To test whether MEF2-dependent synapse elimination requires FMRP, we generated mouse
organotypic hippocampal slice cultures from wild-type or Fmr1 KO littermates. Slice cultures
were then cotransfected with plasmids that express a tamoxifen-inducible, constitutively-active
form of MEF2 (MEF2-VP16-ER™) together with enhanced green fluorescent protein (GFP)
(Flavell et al., 2006). To activate MEF2-dependent transcription in transfected neurons, slice
cultures were treated with 4-hydroxytamoxifen (4OHT) or vehicle (0.1% EtOH) for 24–48
hours prior to simultaneous whole-cell patch-clamp recordings of transfected and untransfected
pyramidal neurons in the CA1 region to measure synapse function (Fig. 1A). Wildtype neurons
expressing activated MEF2-VP16-ER™ displayed a ~40% reduction in the amplitude of
evoked EPSCs and mEPSC frequency (Fig. 1B-C), consistent with a decrease in the number
of functional synapses. In contrast, mEPSC amplitudes were unchanged indicating that MEF2
activity did not alter the strength of individual synapses. Similar results were obtained with
brief (16–30 hr) transfection of a non-inducible, constitutively active form of MEF2 (MEF2-
VP16; without the ER™; Fig. 4A). Synaptic transmission in MEF2-VP16-ER™ transfected
neurons treated with vehicle was unchanged (Fig. S1A, B). Similarly, transfection of a mutant
form of MEF2 that lacks DNA-binding activity (MEF2ΔDBD-VP16-ER™) had no effect on
synaptic function implicating MEF2-DNA interactions and transcription in the observed
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phenotype (Flavell et al., 2006) (Fig. 1D). Furthermore, these results indicate that expression
of the VP16 transcriptional activator has no effect on synapse function. MEF2-induced
decreases in synaptic function may result from either a decrease in presynaptic release
probability, synapse silencing (Liao et al., 1995), or a reduction in synapse number. MEF2
activation did not alter presynaptic release probability as measured by paired-pulse facilitation
of evoked EPSCs (Fig. 1B2, C). MEF2 was effective in reducing isolated NMDA receptor-
mediated EPSCs to a similar extent as AMPAR EPSCs indicating that synapse silencing is
unlikely (Fig. 1B3, C). MEF2-VP16 also did not alter the decay kinetics of NMDAR EPSCs
(untransfected τ = 118 ± 8 msec; MEF2-VP16 transfected τ = 129 ± 9 msec; p = 0.28). These
latter two results suggest that synapse maturation is not altered by MEF2 activation. Therefore,
the decrease in synapse function by MEF2 is most consistent with a decrease in synapse
number.

To confirm that MEF2 activity caused a structural synapse elimination we examined the effect
of MEF2-VP16 on dendritic spine number in CA1 hippocampal neurons from wildtype slice
cultures. Consistent with the effects of MEF2-VP16 on synaptic function, as well as previous
work, we observed that brief expression of MEF2-VP16 (24–36h) lead to a ~30% decrease in
dendritic spine number (Fig. 1G,H) (Barbosa et al., 2008; Flavell et al., 2006). Together these
results indicate that postsynaptic activation of MEF2 leads to a structural and functional
synapse elimination in a cell autonomous manner.

To determine if FMRP is required for MEF2-induced functional synapse elimination, MEF2-
VP16-ER™ was expressed in Fmr1 KO neurons. In contrast to wildtype neurons, MEF2
activation in Fmr1 KO neurons had no effect on any measure of synapse function or structure,
including evoked AMPAR and NMDAR mediated EPSCs, mEPSC frequency and amplitude,
paired-pulse facilitation (Fig. 1E,F; Fig. 4B) and dendritic spine number (Fig. 1G,H). This
observation indicates that FMRP is required for MEF2-induced functional and structural
synapse elimination.

Increases in functional and structural synapse number are observed by decreasing MEF2
isoforms using RNA interference or in knockout mice (Barbosa et al., 2008; Flavell et al.,
2006; Pulipparacharuvil et al., 2008). Because this effect requires neuronal activity, this
suggests that tonic neuronal activity drives endogenous MEF2 transcription to suppress
synapse number. To determine whether endogenous MEF2 functions to suppress synapse
number in Fmr1 KO neurons, a dominant negative form of MEF2, MEF2-Engrailed (MEF2-
EN), was expressed in either wildtype or Fmr1 KO slice cultures. MEF2-EN consists of the
DNA-binding and dimerization domains of MEF2 fused to the potent transcriptional repressor
domain of Engrailed, which results in a dominant repression of MEF2-dependent transcription
(Fig. S2A,B) (Arnold et al., 2007; Shalizi et al., 2006). MEF2-EN expression in wild-type
neurons resulted in a robust (~70–80%) increase in evoked EPSC amplitude and mEPSC
frequency without affecting paired pulse facilitation (Fig. 2A, B). These results indicate that
acute inhibition of endogenous MEF2 activity is sufficient to increase functional synapse
number in wildtype neurons. In contrast, MEF2-EN transfection into Fmr1 KO neurons had
no effect on any measure of synapse function or number (Fig. 2C, D). These results indicate
that FMRP is required for both exogenous and endogenous MEF2 to suppress synapse number
and strongly suggest that MEF2-dependent synapse regulation is dysfunctional in FXS.

MEF2-dependent transcription is normal in Fmr1-KO neurons
Since MEF2 fails to regulate synapse number in Fmr1 KO neurons we considered the
possibility that MEF2 protein expression requires FMRP. On the contrary, expression levels
of the major MEF2 isoforms in CA1 neurons, MEF2A and D, are normal in Fmr1 KO
hippocampus (Fig. 3A,B). We also considered the possibility that FMRP is required for MEF2-
dependent transcriptional activity. To address this possibility, dissociated neuronal
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hippocampal cultures from either wild-type or Fmr1-KO mice were co-transfected with MEF2-
VP16-ER™ and MEF2 transcriptional reporter MRE-GFP. Induction of MEF2-VP16-ER™

activity with 4OHT induced equivalent, robust GFP expression in both genotypes (Fig. 3C,
D). Similarly, the magnitude and kinetics of activity-dependent induction of the endogenous
MEF2 target gene, Nurr77 (Flavell et al., 2006; Shalizi et al., 2006), is not different in Fmr1
KO slice cultures in comparison to wildtype, as determined by qRT-PCR (Fig. 3E). Taken
together, these data argue that MEF2 expression and transcriptional activity is largely normal
in Fmr1 KO mice and suggest that FMRP functions downstream of MEF2 transcription to
regulate synapse number.

As a downstream component of MEF2-dependent synapse elimination, MEF2 may directly or
indirectly regulate expression of FMRP to affect synapse elimination. Several studies have
examined gene promoter regions bound by MEF2 and none have observed binding of the
Fmr1 promoter nor activation of FMRP expression in hippocampal neurons by MEF2. (Flavell
et al., 2006; Flavell et al., 2008; Pulipparacharuvil et al., 2008). Similarly, we observed no
change in Fmr1 mRNA expression in PC12 cells following activation of MEF2-VP16-ER™

by 4OHT, whereas Nurr77 mRNA was robustly induced (Fig. 3F). Therefore, these data
suggest that existing FMRP may play an acute role together with MEF2 to mediate synapse
elimination.

Acute postsynaptic expression of FMRP restores MEF2-dependent functional synapse
elimination

To determine if FMRP plays an acute, postsynaptic role in MEF2 induced functional synapse
elimination, we expressed both MEF2-VP16 and N-terminal GFP tagged wildtype FMRP
(wtFMRP) in Fmr1 KO neurons (Darnell et al., 2005b; Pfeiffer and Huber, 2007). Prolonged
expression (3–7 days) of wtFMRP alone in Fmr1 KO neurons has been shown to modestly
suppress synapse number (~20%) (Pfeiffer and Huber, 2007). In contrast, brief periods (16–
48 hr) of wtFMRP expression have no effect on synaptic function (Fig. 4C). Acute co-
expression (16–30 hr) of wtFMRP together with MEF2VP16 in Fmr1 KO neurons induced
robust (~40%) functional synapse elimination, as revealed by a decrease in evoked EPSC
amplitude and mEPSC frequency (Fig. 4D). These results indicate that acute expression of
FMRP restores MEF2-induced synapse elimination in Fmr1 KO neurons, and suggest that
FMRP plays an acute role in MEF2-induced synapse elimination. Furthermore, because brief
expression of wtFMRP alone does not induce synapse elimination in Fmr1 KO neurons, this
result indicates that active MEF2 together with FMRP is necessary for rapid synapse
elimination.

FMRP interacts with RNA through several RNA-binding motifs, including two hnRNP-K
homology domains (KH domains, KH1 and KH2), and an arginine/glycine-rich RNA-binding
motif (RGG box). The RGG box mediates a high affinity interaction with RNAs that form a
tertiary structure termed a “G-quartet”, whereas the KH2 domain associates with a “kissing
complex” RNA structure (Darnell et al., 2005a; Darnell et al., 2001; Schaeffer et al., 2001). A
single point mutation in the KH2 domain of FMRP (I304N) abolishes FMRP interactions with
“kissing complex” RNAs, as well as polyribosomes (Darnell et al., 2005a; Darnell et al.,
2005b; Feng et al., 1997a; Laggerbauer et al., 2001). Notably, the I304N mutation occurs in a
single patient with a severe form of FXS, implicating FMRP interactions with KH2 domain
targets and polyribosomes in the disease (De Boulle et al., 1993). To determine if RNA
interactions or translational control by FMRP is necessary for synapse elimination, we tested
the ability of I304N FMRP or ΔRGG-FMRP (in which the entire RGG-box was deleted) to
support MEF2-dependent synapse elimination in Fmr1 KO neurons. Although I304N FMRP
and ΔRGG-FMRP were expressed similarly to wtFMRP when transfected into CA1 neurons
(Pfeiffer and Huber, 2007), they failed to rescue MEF2VP16-induced synapse elimination in
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Fmr1 KO neurons, thus implicating FMRP-mediated translational control in synapse number
regulation (Fig. 4E, F).

Our results implicate FMRP directly in a MEF2-dependent postsynaptic mechanism that
regulates synapse number in a cell autonomous fashion. Synapse elimination requires the DNA
binding capacity of MEF2 as well as the ability of FMRP to interact with RNA and
polyribosomes. MEF2 resides mostly in the nucleus and FMRP is predominantly in the
cytoplasm. FMRP shuttles in and out of the nucleus and may have the opportunity to interact
with MEF2 (Feng et al., 1997b; Flavell et al., 2006; Pulipparacharuvil et al., 2008). However,
we failed to observe a co-association between endogenous MEF2 and FMRP proteins in
hippocampal slice cultures under several mild co-immunoprecipitation conditions (Fig. S3A).
Similarly, MEF2A, 2C or 2D overexpressed in HEK293T cells did not co-IP with either
exogenously-expressed GFP-wtFMRP or endogenous FMRP (Fig. S3B-D), suggesting that
MEF2 and FMRP do not likely function as a complex to promote synapse elimination. More
likely, FMRP regulates the processing, transport and/or translation of MEF2 generated
transcripts; a scenario where FMRP and MEF2 function in the same pathway to elicit synapse
elimination (Fig. S4A). Equally as plausible, FMRP and MEF2 may function in independent
pathways to regulate expression of distinct transcripts that are each necessary for synapse
elimination (Fig. S4B). In the future, the identification the MEF2 generated transcripts, as well
as the FMRP-regulated mRNAs that mediate synapse elimination will help to differentiate
between these possibilities. Because FMRP has been implicated in transport and translational
control of mRNAs in the dendrite (Bassell and Warren, 2008), our results suggest that local or
synaptic translation of MEF2-induced transcripts regulates synapse number and may provide
a mechanism to eliminate specific subsets of synapses.

Loss of function mutations in FMR1 lead to mental retardation and autism in humans, and our
data suggest that these disorders may arise from a deficit in activity- and MEF2-dependent
refinement of synaptic connections. Consistent with this notion, neurons of adult Fmr1 KO
mice and Fragile X patients display an excess of dendritic spines, similar to what is observed
with knockout or knockdown of MEF2 isoforms (Barbosa et al., 2008; Flavell et al., 2006;
Irwin et al., 2002; Irwin et al., 2001; Pulipparacharuvil et al., 2008). Interestingly, we did not
observe a increase in spine number between developing Fmr1 KO and wildtype hippocampal
neurons unless they were transfected with MEF2 (Fig. 1G,H). However, this is an early stage
for spine formation (P12–14), and unlike functional synapses formed on the dendritic shaft,
differences in spine density might not occur until later stages of development (Busetto et al.,
2008; Sorra and Harris, 2000). This interpretation is consistent with previous reports of normal
neocortical dendritic spine density in Fmr1 KO mice at 2–4 weeks of age (Nimchinsky et al.,
2001), but excess spines in adult Fmr1 KO neurons (Galvez and Greenough, 2005). Excess
dendritic spine number as a result of a deficit in MEF2 dependent synapse elimination may
accumulate over the course of brain maturation and reach significant differences in the adult.
Alternatively, additional mechanisms may maintain proper spine number in developing
neurons independent of FMRP.

While mutations in MEF2 genes haven’t been reported in autism patients, MEF2 has been
indirectly linked to autism. For example, the MEF2C gene is repressed by methyl-CpG binding
protein 2 (MeCP2), the gene mutated in Rett Syndrome, an autism spectrum disorder (Chahrour
et al., 2008). In addition, several activity- and MEF2-dependent transcripts, such as DIA1
(deleted in autism-1 or c3orf58), PCDH10 (protocadherin10), and Ube3A (E3 ubiquitin-protein
ligase) display mutations or copy number variations in autistic patients (Glessner et al.,
2009; Morrow et al., 2008; Wang et al., 2009). Therefore, dysfunction of MEF2 or MEF2-
regulated transcripts may contribute to other forms of autism in addition to FXS.
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EXPERIMENTAL PROCEDURES
Hippocampal Slice Cultures and Transfections

Organotypic hippocampal slice cultures were prepared from postnatal day (P) 6–7 WT or
Fmr1 KO mice bred from the congenic C57BL/6 mouse strain using previously published
protocols (Pfeiffer and Huber, 2007; Stoppini et al., 1991). Cultures were biolistically
transfected at 3 DIV (McAllister, 2004). pcDNA1-MEF2-VP16 and pcDNA3-MEF2-VP16-
ER™ and MRE-Luc constructs have been described previously (Flavell et al., 2006; Molkentin
et al., 1996). MEF2-EN was provided by Dr. Eric Olson (UT Southwestern Medical Center)
and has been previously described (Arnold et al., 2007; Shalizi et al., 2006). MRE-GFP reporter
plasmid contains three copies of a canonical MEF2 DNA binding element upstream of a
transcriptional start site and the open reading frame of EGFP. MRE-GFP was generated from
the MRE-Luc plasmid (Flavell et al., 2006) by removing the open reading frame of firefly
luciferase using NcoI and SacI restriction sites and subcloning the coding region of EGFP and
the polyadenylation sequence of human growth hormone from pAAV-shRNA
(Pulipparacharuvil et al., 2008) using the same restriction sites. All FMRP-GFP constructs
were obtained from Dr. Jennifer Darnell at Rockefeller University, are driven by the human
FMR1 promoter and have been described previously (Darnell et al., 2005b; Pfeiffer and Huber,
2007). wtFMRP-GFP, I304N FMRP-GFP and ΔRGG-FMRP-GFP were expressed at
comparable levels as measured by fluorescence intensity of the neuron soma and dendrite
(Pfeiffer and Huber, 2007).

For slice cultures transfected with MEF2-VP16-ER™, 4-hydroxytamoxifen (4OHT; 1 μM in
0.1% EtOH) was applied 24–48 hours after transfection to induce rapid nuclear transport of
MEF2-VP16-ER™, and MEF2-dependent transcription. For experiments with MEF2-VP16-
ER™ or MEF2-VP16, neurons were cotransfected with GFP (pC3-EGFP) or MRE-GFP. MRE-
GFP allowed the visualization and confirmation of MEF2 activated transcription in individual
recorded neurons. MEF2-EN was expressed for 24–48 hrs.

Electrophysiology
Simultaneous whole-cell recordings were obtained and analyzed from CA1 pyramidal neurons
in slice cultures visualized using IR-DIC and GFP fluorescence to identify transfected and non-
transfected neurons as described (Pfeiffer and Huber, 2007). See Supplemental Data.

Two-photon laser scanning microscopy and spine image analysis
To image dendritic spines, hippocampal slice cultures (3 DIV) were biolistically transfected
with pA1-GFP (with or without MEF2-VP16) that expresses GFP and a myristolated form of
GFP from two transcriptional start sites to better fill the dendritic spines. After 24–36h, apical
dendrites of transfected CA1 neurons were imaged live using a Zeiss LSM 510 two-photon
laser scanning microscope with an excitation wavelength of 920 nm. The two-photon excitation
source was a Chameleon-Ti: sapphire standard laser. Secondary apical dendrites (150–200
μm from the cell body) were imaged with a 63X/0.9 n.a. water immersion lens (image field,
133 × 133 μm). Optical sections were taken at 1.0 μm spacing. Spine density was measured in
consecutive sections using LSM510 (Zeiss) and ImageJ (NIH) software by an observer who
was blind to transfection condition.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MEF2 activation induces functional and structural synapse elimination in wildtype, but
not Fmr1 KO neurons
A Experimental recording configuration. Organotypic hippocampal slice cultures from p6–7
wild-type (WT) or Fmr1 KO mice were biolistically transfected with MEF2-VP16-ER™ and
treated with 4-hydroxytamoxifen (4-OHT) for 24–48 hours to induce MEF2-VP16-ER™

activation. Synaptic function was measured using dual simultaneous whole-cell patch clamp
recordings of transfected and neighboring untransfected CA1 neurons. B1,B2, Representative
traces of mEPSCs (B1; scale bar = 10 pA/500 ms.) and evoked AMPAR mediated EPSCs
(B2; scale bar = 50 pA/10 ms) from a simultaneous recording from an untransfected and a
neighboring MEF2-VP16-ER™ transfected WT neuron. B3 Pharmacologically isolated
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NMDAR mediated EPSCs from untransfected and neighboring MEF2-VP16 transfected WT
neurons (scale bar = 50 pA/50 ms). C. Average mEPSC frequency, mEPSC amplitude, evoked
AMPAR-mediated EPSC amplitude, and paired-pulse ratio (amplitude EPSC2/EPSC1) from
untransfected WT and MEF2-VP16-ER™ transfected cells. Group data of pharmacologically
isolated, evoked, NMDAR mediated EPSC amplitudes from untransfected and neighboring
MEF2-VP16 transfected WT neurons. In this and all figures, averages are plotted + SEM and
n (# of cell pairs) is indicated on each bar. * p< 0.05. D. Transfection of WT slice cultures with
MEF2ΔDBD-VP16-ER™, a DNA binding-deficient mutant of MEF2, and treatment with
4OHT does not alter excitatory synaptic transmission. Plotted are average mEPSC frequency,
mEPSC amplitude, evoked EPSC amplitude, and paired-pulse ratio from untransfected and
MEF2ΔDBD-VP16-ER™ transfected Fmr1 KO neurons. E, F. MEF2-VP16-ER™ transfection
into Fmr1 KO slice cultures. E1, E2. Representative traces of mEPSCs (E1; scale bar = 10 pA/
500 ms.) and evoked EPSCs (E2; scale bar = 50 pA/10 ms) from a simultaneous recording of
an untransfected and neighboring MEF2-VP16-ER™ transfected Fmr1 KO neuron. E3
Pharmacologically isolated NMDAR mediated EPSCs from untransfected and neighboring
MEF2-VP16 transfected Fmr1 KO neurons (scale bar = 50 pA/50 ms). F. Plotted are average
mEPSC frequency, mEPSC amplitude, evoked AMPAR mediated EPSC amplitude, and
paired-pulse ratio from untransfected and MEF2-VP16-ER™ transfected Fmr1 KO neurons.
Group data of pharmacologically isolated, evoked, NMDAR mediated EPSC amplitudes from
untransfected and neighboring MEF2-VP16 transfected Fmr1 KO neurons., G. MEF2-VP16
reduces average dendritic spine number of wildtype neurons, but not of Fmr1 KO neurons.
*** p< 0.001. H. Representative images of apical dendrites from wildtype or Fmr1 KO CA1
pyramidal neurons in slice cultures transfected with GFP alone or MEF2-VP16 + GFP for 36
hours. Scale bar = 10 μm.
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Figure 2. Inhibition of endogenous MEF2 function enhances synapse number in wildtype, but not
in Fmr1 KO neurons
A, Representative traces of mEPSCs (upper; scale bar = 10 pA/500 ms.) and evoked EPSCs
(lower; scale bar = 50 pA/10 ms) from a simultaneous recording from an untransfected and
neighboring MEF2-Engrailed (MEF2-EN) transfected WT neuron. B. Average mEPSC
frequency, mEPSC amplitude, evoked EPSC amplitude, and paired-pulse ratio from
untransfected WT and MEF2-EN transfected cells. Averages are plotted + SEM and n (# of
cell pairs) is indicated on each bar. * p< 0.05. C, D MEF2-EN transfection into Fmr1 KO slice
cultures. C. Representative traces of mEPSCs (upper; scale bar = 10 pA/500 ms.) and evoked
EPSCs (lower; scale bar = 50 pA/10 ms) from a simultaneous recording of an untransfected
and neighboring MEF2-EN transfected Fmr1 KO neuron. D. Average mEPSC frequency,
mEPSC amplitude, evoked EPSC amplitude, and paired-pulse ratio from untransfected and
MEF2-EN transfected Fmr1 KO neurons.
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Figure 3. MEF2 levels and MEF2-induced transcription are normal in Fmr1 KO hippocampal
neurons
A Hippocampal lysates from WT and Fmr1 KO littermates (P12–14) were probed for the major
MEF2 isoforms, MEF2A and MEF2D. B. Quantification of MEF2A and MEF2D levels
(normalized to β-tubulin) WT and Fmr1 KO hippocampi (N = 6 mice from each genotype).
C. Dissociated hippocampal neurons (7–8 days in vitro) from WT and Fmr1 KO mice were
transfected with MEF2-VP16-ER™, the MEF2 transcriptional reporter, MRE-GFP, and
mCherry (transfection indicator), treated 16–24hr with vehicle or 4-OHT, then imaged live.
Scale bar = 100 μm. D. Group data of tamoxifen induced MRE-GFP positive WT and Fmr1
KO neurons expressed as a ratio of total number of transfected (mCherry-positive) neurons
(mean±SEM; *** p < 0.001). The number of cells per condition >200 for each condition, n =
3 cultures. E. Neuronal depolarization of hippocampal slice cultures from WT and Fmr1 KO
was induced for the indicated times with high K+ (55 mM KCl), isotonic media which activates
MEF2 mediated transcription (Flavell et al., 2006). Quantitative real time PCR reveals similar
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activity-dependent induction of the MEF2 transcript Nurr77 in WT and Fmr1 KO cultures (n
= 3 cultures (mice) for each time point). F. PC12 cells were transfected with MEF2-VP16-
ER™ and treated with tamoxifen for the indicated times. Endogenous mRNA levels of
Nurr77 and Fmr1 were determined by quantitative RT_PCR. MEF2 activation of PC12 cells
effectively induces Nurr77 transcription (F1), but not Fmr1 (F2), indicating that Fmr1 is not
a target gene regulated by MEF2 activation over the 8 hour time period analyzed..
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Figure 4. Acute postsynaptic coexpression of MEF2 and FMRP are required for functional synapse
elimination
A. Acute transfection of constitutively-active MEF2 (MEF2-VP16) into wildtype (WT)
hippocampal slice cultures results in a decrease in synaptic transmission 16- 30 hrs post-
transfection as measured by evoked EPSCs and mEPSC frequency. B. In contrast, acute
transfection of MEF2-VP16 into Fmr1 KO hippocampal slice cultures has no effect on any
measure of synapse function. C. Transfection of Fmr1 KO slice cultures with wildtype (wt)
FMRP-GFP alone for 16–48 hours had no effect on evoked EPSCs or mEPSC frequency. D.
Co-transfection of wtFMRP-GFP together with MEF2-VP16 into Fmr1 KO neurons (16–30
hrs) reduced EPSC size and mEPSC frequency. E, F. Co-transfection of I304N FMRP (E) or
ΔRGG-FMRP (F) together with MEF2-VP16 (16–30 hrs) had no effect on evoked EPSCs or
mEPSCs. For all experiments (A-F) mEPSC amplitudes and paired-pulse facilitation of evoked
EPSCs were unaffected by transfection. *p< 0.05; **p< 0.01; *** p < 0.001.
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