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SUMMARY

The MEF2 family of transcription factors restricts excitatory synapse number in an activity-
dependent fashion during development, yet MEF2 has not been implicated in long-term synaptic
depression (LTD), which is thought to initiate synapse elimination. Mutations in MEF2 pathways
are implicated in autism spectrum disorders, which include cerebellar dysfunction. Here, we test
the hypothesis that cerebellar LTD requires postsynaptic activation of MEF2. Knockdown of
MEF2D produces suppression of the transcription-dependent late phase of LTD in cultured
Purkinje cells. The late phase of LTD is also completely blocked in Purkinje cells derived from
MEF2A+MEF2D null mice and rescued with plasmids that drive expression of MEF2D but not
phosphatase-resistant mutant MEF2D S444D. Wild-type Purkinje cells transfected with a
constitutively active form of MEF2 show no alterations of synaptic strength. Thus, postsynaptic
activation of MEF2 by S444 dephosphorylation is necessary, but not sufficient, for the late phase
of cerebellar LTD.
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Arc (and other genes?)

=

Persistent cerebellar
long-term synaptic depression (LTD)

Neurodevelopmental disorders can reflect defects in synaptic pruning, which is thought to require
activity-dependent weakening of synapses, a process called long-term depression. Andzelm et al.
show that MEF2, which is important for neuronal development, is required for the late phase of
long-term depression in the cerebellum.

INTRODUCTION

The myocyte enhancer factor 2 (MEF2) family of transcription factors (consisting of
MEF2A through D) is highly expressed in the brain where it is activated in response to
neuronal activity (Mao and Wiedmann, 1999; Dolmetsch et al., 2001). This is accomplished
in part by activation of the Ca-dependent phosphatase calcineurin (Mao and Wiedmann,
1999) and consequent dephosphorylation of MEF2 isoforms (Flavell et al., 2006;
Pulipparacharuvil et al., 2008). In hippocampal or striatal neurons, constitutive MEF2
activation produced a strong reduction in the number of excitatory synapses, as indexed by
both immunocytochemistry for glutamatergic synaptic markers and recording of miniature
excitatory postsynaptic currents (MEPSCs) (Flavell et al., 2006; Pfeiffer et al., 2010; Barylko
et al., 2018). Conversely, inhibition of MEF2 activity through knockdown or gene deletion
increased the density of excitatory synapses (Flavell et al., 2006; Pfeiffer et al., 2010). In this
way, activity-driven MEF2 activation provides a mechanism by which sensory-motor
experience can drive programs of gene expression leading to synapse weakening and
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elimination beginning during the activity-dependent phase of brain development and
continuing through adulthood (Chang et al., 2017).

MEF2 target genes are numerous and several of them, including Arc, Syngap, Protocadherin
10, Homer 1a, and ubiquitin protein ligase E3A, act at excitatory synapses (Flavell et al.,
2008; Tsai et al., 2012; Wilkerson et al., 2014). In hippocampal pyramidal neurons, it has
been shown that synapse elimination triggered by persistent activation of the glutamate
receptor mGlu5 acts through MEF2-driven transcription and the subsequent dendritic
translation of two different mMRNAs. The first is Arc, a synaptic protein that weakens
synapses by engaging clathrin and dynamin-mediated endocytosis of AMPA receptors
(Wilkerson et al., 2014). The second is protocadherin 10, the translation of which is
regulated by the fragile X mental retardation protein (FMRP; Pfeiffer et al., 2010; Tsai et al.,
2012). Protocadherin 10 links the synaptic protein PSD-95 to proteasomes, thereby targeting
PSD-95 for degradation. When the interaction of protocadherin 10 and PSD-95 was blocked,
MEF2-driven synapse elimination was strongly attenuated (Tsai et al., 2012). This is an
important confluence of molecular signals because loss-of-function mutations in the genes
coding for FMRP (Hallmayer et al., 1994), protocadherin 10 (Morrow et al., 2008), and
MEF2C (Mikhail et al., 2011) have all been linked to autism spectrum disorders and the
associated failure of excitatory synaptic elimination in early postnatal life.

Long-term depression (LTD) of cerebellar parallel fiber-Purkinje cell synapses is induced
postsynaptically through an mGlul/protein kinase Ca (PKCa.) cascade and is initially
expressed by PICK1-dependent clathrin and dynamin-mediated endocytosis of GluA2-
containing surface AMPA receptors (Steinberg et al., 2006). A late phase of cerebellar LTD
in cultured Purkinje cells, beginning 45-60 min after induction, is blocked by chemical
transcription or translation inhibitors or by separating the synapses from the nucleus through
formation of a stable dendritic outside-out macropatch (Linden, 1996; Murashima and
Hirano, 1999). This transcription-dependent late phase does not require continued activation
of mGlul or PKCa nor does it require continued PICK1-GIuAz2 interaction (Linden, 2012).
It does, however, require persistent clathrin and dynamin-mediated endocytosis driven by the
synaptic protein Arc. Arc binds the key endocytotic proteins dynamin and endophilin
(Chowdhury et al., 2006) and is expressed in cultured Purkinje cells in response to LTD-
inducing stimuli (Smith-Hicks et al., 2010).

While MEF2 activation has been linked to synaptic elimination (as well as synaptic
weakening without elimination; Elmer et al., 2013), which proceeds slowly over a period of
12-72 h, it has not been implicated in any form of long-term synaptic depression (LTD),
which is induced much more rapidly. This is surprising given that several forms of LTD are
triggered by activation of mGlul and mGlu5 (Collingridge et al., 2010), and it has been
hypothesized that impairment of mGlu-driven LTD underlies the failure of developmental
synapse elimination that is associated with autism spectrum disorders (Zoghbi and Bear,
2012; Piochon et al., 2016; Wilkerson et al., 2018). Here, we have sought to test the
hypothesis that MEF2 activation is necessary and sufficient for the transcription-dependent
late phase of cerebellar LTD.
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RESULTS

We used a well-established cell culture model system to investigate the expression
mechanism of the late phase of cerebellar LTD (Linden, 1996). Whole-cell voltage-clamp
recordings were made from Purkinje cells in cultures derived from embryonic mouse
cerebellum. On the first day after culture preparation, cultures were either transfected with
plasmids expressing various short hairpin RNAs (sShRNAs) or MEF2 proteins or infected
with a lentivirus that drives expression of Cre recombinase. Six to eight days later, two
iontophoresis electrodes filled with glutamate were used to stimulate separate dendritic
branches of a single Purkinje cell in an alternating fashion. Following acquisition of baseline
responses to test pulses of glutamate at these two sites, test pulses were halted at the
“control” iontophoresis electrode and LTD was induced by applying glutamate and
depolarization conjunctive stimulation at the “paired” electrode. This resulted in input-
specific induction of LTD as has been previously described (Linden, 1996).

We measured basal MEF2 activity in our cultured Purkinje cells by using a MEF2-activity
reporter consisting of a triple repeat of the MEF2-response element (MRE) fused to a
minimal fos promoter (Flavell et al., 2006) driving destabilized EGFP. The reporter was
introduced after 3 days in culture. Only 3/100 unstimulated Purkinje cells were EGFP-
positive (Table 1). When Purkinje cells were whole-cell voltage clamped with a somatic
electrode at a command potential of =70 mV for 40 min, 2/20 were EGFP-positive (the n is
lower because it takes much more time and effort to patch clamp Purkinje cells than to just
find them in a culture dish). After glutamate and depolarization paired stimulation (the
protocol that would normally be used to evoke LTD), nearly all of the cells were EGFP-
positive (19/20). However, neither repeated depolarization alone nor repeated glutamate
pulses alone produced substantial MEF2 activation (3/20 cells for each condition). Thus, in
our culture conditions, under either unrecorded or voltage-clamp conditions, basal MEF2
activity was low but could be activated by an LTD induction protocol.

This MEF2 reporter construct cannot distinguish between MEF2 isoforms; multiple family
members are capable of activating it. However, MEF2A/MEF2D brain-specific double
knockout mice have impaired locomotion as assessed by rotarod performance (Akhtar et al.,
2012), while MEF2A-only brain-specific knockout mice or MEF2C-only brain-specific
knockout mice displayed normal motor activity (Akhtar et al., 2012; Barbosa et al., 2008).
Because defects in locomotor activity have been associated with defects in Purkinje cell
plasticity (Vinueza Veloz et al., 2015), we reasoned MEF2A and MEF2D could be the
MEF2 family members required for Purkinje cell LTD. We examined the expression of
MEF2A and MEF2D in the cerebellum and confirmed that both family members were
expressed in Purkinje cells (Figure S1A and data not shown).

To test the hypothesis that MEF2A and MEF2D are required for the late phase of LTD,
Purkinje cells were first transfected with a plasmid expressing a MEF2A-degrading shRNA
(Figure 1A). As a control, Purkinje cells were transfected with an empty vector. The empty
vector and MEF2A shRNA Purkinje cells showed similar expression of the early phase of
input-specific LTD (control pathway: empty vector, 103% + 6.4% of baseline, n =7,
MEF2A shRNA, 102% + 7.6%, n = 6; paired pathway: empty vector; 54% + 7.1%; MEF2A
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SshRNA, 50% * 6.5%, all at t = 40 min; mean + SEM). Starting at about t = 65 min, the late
phase of LTD was slightly attenuated by MEF2A shRNA treatment, and this persisted until
the end of the recording (paired pathway: empty vector; 51% + 5.4%; MEF2A shRNA, 68%
+ 6.6% at t = 120 min). When Purkinje cells were transfected with a plasmid expressing
MEF2D-degrading sShRNA, normal early-phase LTD was seen and the late phase of LTD
was substantially, but not completely, attenuated (54% + 5.9% at t = 40 min and 82% * 6.5%
at t =120 min, n = 8) when compared with either an empty vector control (54% + 7.0% at t
=40 min and 51% * 5.4% at t = 120 min, n = 7) or a MEF2D shRNA with point mutations
that fails to target MEF2D (58% + 8.0% at t = 40 min and 57% + 7.2% at t = 120 min, n =
7). When Purkinje cells were transfected with both MEF2A and MEF2D shRNAs, a nearly
complete suppression of the late phase of LTD was produced (99% + 7.7% at t = 120 min, n
= 8). None of the ShRNAs used in this experiment altered morphological characteristics of
cultured Purkinje cells, including somatic area and dendritic spine density (Figure S2; Table
S1).

The response to iontophoretic pulses of glutamate cannot give an accurate measure of basal
postsynaptic strength. To assess the baseline level of postsynaptic function in MEF2A and
MEF2D shRNA-treated cells, we recorded miniature excitatory postsynaptic currents
(mEPSCs), which are mediated by AMPA-type glutamate receptors. After measuring
baseline mEPSCs, a global, chemical form of LTD was produced by a 10-min-long bath
application of the synthetic PKC activator phorbol-12,13-diacetate (PDA, 200 nM) (Figure
1B). The results were mostly consistent with those in which glutamate pulse and
depolarization pairing was used to induce LTD. Either MEF2D shRNA alone or MEF2A +
MEF2D shRNA dual treatment produced Purkinje cells with normal basal mEPSC
amplitude (MEF2D shRNA: 33 pA + 3.5 pA; MEF2A+2D shRNA: 35 pA+45pAatt=0
min, mean + SEM, n = 10 cells/group) and chemical LTD with an early phase but no late
phase (MEF2D shRNA: 16 pA £ 5.5 pA att =40 min, 34 pA £ 5.3 pA att = 90 min;
MEF2A+2D shRNA: 14 pA + 7.6 pA at t = 40 min, 31 pA £ 5.0 pA at t = 90 min). MEF2A
shRNA alone produced a small attenuation of the late phase (21 pA £ 5.2 pAatt =90 min, n
= 10) that was not substantially different from either the empty vector control (17 pA £ 5.5
pA att =90 min, n = 10) or the MEF2D nontargeting ShRNA control (15 pA+5.0pAatt=
90 min, n = 10).

As a further test of the hypothesis that MEF2 activation is required for the late phase of
cerebellar LTD, Purkinje cells were transfected with both MEF2A and MEF2D shRNA-
expressing plasmids together with rescue by plasmids designed to drive expression of
MEF2A and MEF2D (Figures 1C; Figure S1B). These plasmids were engineered with
mismatches so that their mRNA products would not be degraded by the corresponding
shRNAs (Flavell et al., 2006). Rescue with either MEF2D plasmid or MEF2D and MEF2A
plasmids together produced a complete rescue of the late phase of LTD as measured by
either glutamate and depolarization pairing (MEF2D rescue: 57% + 7.1% at t = 120 min, n =
6; MEF2A+2D rescue: 51% + 8.2% at t = 120 min, n = 7) or chemical LTD induction with
PDA (MEF2D rescue: 16 pA £ 4.2 pA att =90 min, n = 10; MEF2A+2D rescue: 16 pA
+4.9 pAatt =290 min, n=10). By contrast, rescue with the MEF2A plasmid alone
produced only a small late phase as measured with pairing (84% + 6.5% att = 120 min, n =
7) and no rescue of the late phase evoked with PDA (30 pA = 5.2 pA att =90 min; n = 10).
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We generated MEF2A+MEF2D double conditional mice by crossing previously made
MEF2D conditional mice (Andzelm et al., 2015) with newly generated MEF2A
conditionally targeted mice (Figure S3). Cerebellar cultures were prepared from MEF2A
+MEF2D double conditional mice, which were then infected by lentivirus expressing Cre
(MEF2A+2D double knockout [DKO]; Figures 2A and 2B). These mice have normal basal
mEPSC amplitude (31 pA £ 3.8 pA at t = 0 min, n = 10) and show normal early-phase LTD
but a complete abolition of late-phase LTD evoked by either glutamate and depolarization
pairing (100% + 7.9% at t = 120 min, n = 8) or PDA (34 pA £ 5.5 pA att =90 min, n = 10).
In these MEF2A+2D knockout Purkinje cells, the late phase of both forms of LTD was
completely rescued by transfection with a MEF2D plasmid (pairing: 50% + 7.1% at t = 120
min, n = 7; PDA: 16 pA £ 6.0 pA at t = 90 min, n = 10) but not an empty control plasmid
(pairing: 104% + 5.4% at t = 120 min, n = 6; PDA: 36 pA = 6.7 pA att = 90 min, n = 10).
Transfection with a MEF2A plasmid failed to produce substantial rescue of the late phase of
LTD evoked by either pairing or PDA (pairing: 90% = 6.4% at t = 120 min, n = 8; PDA: 33
pA £ 5.9 pA at t = 90 min, n = 10). Taken together with the sShRNA experiments, these
results indicate that MEF2D’s transcription factor activity is necessary for the late phase of
LTD but that MEF2A has only a minor role in this process.

The activation of MEF2 isoforms by excitatory neuronal activity requires dephosphorylation
of a particular serine by the Ca-activated phosphatase calcineurin (Mao and Wiedmann,
1999; Flavell et al., 2006), which is known to be expressed in Purkinje cells (Usuda et al.,
1996). For the MEF2D isoform, the key residue is serine 444 (ser-444) (Pulipparacharuvil et
al., 2008). To test the hypothesis that dephosphorylation of this calcineurin target is
important for the late phase of LTD, we used two mutant MEF2D plasmids, one harboring
the mutation S444D, which is phosphomimetic, and the other harboring the mutation
S444A, which cannot be phosphorylated (Figures 2C and 2D). When MEF2A+2D DKO
Purkinje cells were transfected with S444A plasmid, this produced a complete rescue of the
late phase of pairing and PDA-evoked LTD similar to that seen with wild-type MEF2D
transfection (pairing: 52% + 6.4% at t = 120 min, n = 6; PDA: 17 pA + 4.9 pA at t = 90 min,
n = 10). However, when the phosphomimetic S444D plasmid was used, there was a
complete failure to rescue the late phase of both pairing and PDA-evoked LTD (pairing:
105% * 7.5% at t = 120 min, n = 6; PDA: 36 pA £ 4.6 pA at t = 90 min, n = 10). Thus,
dephosphorylation of MEF2D ser-444 is necessary for the late phase of LTD.

Is MEF2 activation sufficient to produce LTD in Purkinje cells? To address this question, we
used a plasmid that drives expression of tamoxifen-inducible constitutively active MEF2
(Flavell et al., 2006). In this experiment, wild-type Purkinje cells were transfected with the
MEF2-VP16-ER plasmid followed by tamoxifen treatment 3 days later. Recordings were
made 16-26 h after tamoxifen (Figure 3). We validated this approach by transfecting
Purkinje cells with our MEF2 reporter (Table 1) and found that MEF2-VVP16-ER transfection
followed by tamoxifen treatment activated the MEF2 EGFP reporter in 100/100 cells. When
tamoxifen treatment was delivered alone, only 3/100 Purkinje cells responded. Likewise,
when a mutant form of MEF2-VP16-ER lacking the crucial DNA-binding domain was
delivered, followed by tamoxifen (MEF2-ADBD-VP16-ER), only 2/100 Purkinje cells were
EGFP-positive.
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In MEF2-VP16-ER-transfected Purkinje cells treated with tamoxifen, delivery of
depolarization alone (at t = 0 min), failed to evoke LTD (105% * 7.6% at t = 20 min, n = 8)
as is the case in untreated control Purkinje cells. When pairing stimulation was applied 20
min after depolarization alone, normal LTD was evoked with a robust early and late phase
(54% + 8.6% at t = 60 min and 56% * 6.8% at t = 120 min). Similar responses were seen in
Purkinje cells treated with the transcriptionally inactive DNA-binding domain mutant
construct MEF2-ADBD-VP16-ER plus tamoxifen (53% + 5.1% at t = 120 min, n = 7) or
tamoxifen alone (55% + 7.4% at t = 120 min, n = 6). Basal mMEPSC amplitude was normal in
MEF2-VP16-ER plus tamoxifen-treated Purkinje cells (34 56% + 6.8% at t = 120 min 4.2
pA at t = 0 min, n = 10), indicating that MEF2 activation is not sufficient to produce an
LTD-like effect nor did this treatment alter the subsequent chemical induction of LTD by
PDA application (17 pA £ 6.4 pA at t = 90 min, n = 10). Similar results were seen in the
tamoxifen-alone control group (15 pA + 6.0 pA att =90 min, n = 10) and in cells
transfected with MEF2-ADBD-VP16-ER and later treated with tamoxifen (16 £ 5.1 pA att
=90 min, n = 10). These experiments indicate that MEF2 activation is not sufficient for
induction of either the early or late phase of LTD nor can it replace either depolarization or
glutamate pulses in the induction protocol.

Might various treatments that block or activate MEF2 have side effects on the immediate
signals necessary for LTD induction like depolarization-evoked Ca influx and glutamate-
evoked mGlul activation? There are two lines of evidence that suggest that these processes
are not impaired when MEF2 activity is perturbed. First, chemical LTD induction by PDA
directly activates PKC and thereby bypasses the requirements for mGlul activation and Ca
influx. Yet the effects of the MEF2 reagents used here are nearly identical for pairing and
PDA-evoked LTD. Second, we have measured Ca transients evoked by depolarization and
by application of the mGlul agonist (S)-3,5-Dihydroxyphenylglycine (DHPG). Both of
these were normal for all of the manipulations herein (Table S1).

DISCUSSION

The main findings of this study are that the induction of cerebellar LTD in cultured Purkinje
neurons is associated with stimulation of MEF2 family transcription factor activity in these
cells and that manipulations designed to interfere with MEF2D selectively blocked the late
phase of cerebellar LTD. In MEF2A+MEF2D null Purkinje cells, the late phase of LTD
could not be rescued by a mutant phosphomimetic form of MEF2D, MEF2D S444D, which
interferes with the dephosphorylation and subsequent activation of MEF2D by calcineurin.
The effects of all of these MEF2 manipulations were nearly identical for pairing-induced
and chemically induced LTD. Taken together, these results suggest that the late phase of
cerebellar LTD in cultured Purkinje cells requires MEF2D transcription factor activity that is
triggered by dephosphorylation of ser-444.

Constitutive activation of MEF2 alone neither produced an LTD-like phenomenon nor did it
interact with subsequent LTD induction. Thus, activation of MEF2D transcription factor
activity appears to be necessary, but not sufficient, for the induction of the late phase of
cerebellar LTD. In other neuronal types, MEF2 family transcription factors have been
implicated in slow developmental synaptic pruning (Flavell et al., 2006; Chang et al., 2017)

Cell Rep. Author manuscript; available in PMC 2019 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andzelm et al.

Page 8

through the transcriptional activation of Arc (Wilkerson et al., 2014) and protocadherin 10
(Tsai et al., 2012). However, to our knowledge, this is the first time that a MEF2 family
transcription factor has been implicated in any form of LTD in any location in the nervous
system.

There are several caveats that should be considered in interpreting these results. First, these
experiments were conducted in a cell culture model system, and it is possible that the
requirements for induction of cerebellar LTD in the intact brain of a behaving animal are
different. Second, there is a possibility that MEF2A may have a minor role in the late phase
of LTD. MEF2A knockdown produced a small attenuation of the late phase in pairing-
induced and chemically induced LTD, but this effect did not achieve statistical significance.
Similarly, in MEF2A+MEF2D null Purkinje cells, transfection with wild-type (WT) MEF2A
produced a small, partial rescue of the late phase of pairing-induced, but not chemically
induced, LTD. Third, while it is has been shown in biochemical assays that calcineurin is the
relevant phosphatase for dephosphorylation of ser-444 and the consequent activation of
MEF2D transcription factor activity, we have not directly demonstrated the involvement of
calcineurin in the late phase of LTD. Calcineurin inhibitors have basal effects on the strength
of parallel fiber-Purkinje cell synapses (Ajima and Ito, 1995; Eto et al., 2002) and are
reported to block cerebellar LTP as well (Belmeguenai and Hansel, 2005), and so
interpreting their potential effects on the late phase of LTD is not straightforward.

MEF?2 transcription factors upregulate and downregulate hundreds of genes, many of which
function at synapses (Flavell et al., 2008). Perhaps the most important MEF2-upregulated
gene for activity-dependent synaptic weakening is Arc. Arc binds the key endocytotic
proteins dynamin and endophilin (Chowdhury et al., 2006) and is expressed in cultured
Purkinje cells in response to LTD-inducing stimuli (Smith-Hicks et al., 2010). Knockdown
or deletion of Arc in cerebellar Purkinje cells produces a selective blockade of the late phase
of cerebellar LTD, similar to that seen here.

Overexpression of Arc in Purkinje cells drives endocytosis of surface AMPA receptors,
thereby producing synaptic depression. This depression occludes subsequent pairing and
chemically induced LTD (an effect similar to that seen in hippocampal neurons: Plath et al.,
2006; Rial Verde et al., 2006; Waung et al., 2008). Overexpression of mutant forms of Arc
that were deficient in dynamin or endophilin binding failed to produce this LTD-like effect
(Smith-Hicks et al., 2010). There are two possible interpretations of this result. One is that
Arc expression is indeed sufficient to produce the late phase of LTD. The other is that the
LTD-like effect produced by Arc is an artifact of Arc overexpression and would not be seen
with natural levels of Arc at the synapse. It will be of interest to determine if overexpression
of Arc rescues the defect in late LTD that is observed in the absence of MEF2s.

The promoter region of the Arc gene has a cluster of cis-regulatory elements, binding sites
for the transcription factors CREB, MEF2, and SRF, within a short stretch of DNA located
approximately 6.9 kb upstream of the transcriptional start site. Kawashima et al. (2009) have
confirmed that these three transcription factors do indeed bind at these clustered sites. They
have named this region the synaptic activity response element (SARE) and have shown that
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it can confer regulated, activity-dependent expression upon a fluorescent reporter and that its
structure is well conserved across mammalian species.

Previous work has shown that in addition to being blocked by inhibition of MEF2, the late
phase of cerebellar LTD is selectively blocked by expression of a dominant-negative form of
CREB (Ahn et al., 1999) or by either knockdown or deletion of SRF in Purkinje cells.
Furthermore, mutation of the SRF-binding site, called SRE6.9, within the SARE region of
the Arc promoter in Purkinje cells can also selectively block the late phase of LTD (Smith-
Hicks et al., 2010). We propose that convergent MEF2D, CREB, and SRF binding in this
SARE region is required for Arc transcription in Purkinje cells and that, as a result, this
triple binding is necessary and possibly sufficient for the late protein synthesis-dependent
phase of cerebellar LTD.

Cerebellar motor signs are seen in approximately 80% of children with autism spectrum
disorder (Fournier et al., 2010). In addition, alterations in cerebellar morphology such as
hypoplasia of the vermis are among the most reliable neuroanatomical correlates of autism
spectrum disorders (Courchesne, 1997). A copy number variation model of autism in the
mouse (patDp/+) showed a deficit in the early phase of parallel fiber LTD and a concomitant
impairment of many-to-one climbing fiber maturation in early postnatal life (Piochon et al.,
2014)

How might disruption of the MEF2-dependent late phase of LTD result in these alterations
of cerebellar structure and function? One likely possibility is that disruption of MEF2-
mediated persistent LTD results in developmental miswiring of the cerebellum (see Piochon
et al., 2016 for a review of this general hypothesis). For example, when the key MEF2 target
gene, Arc, was knocked down only in cerebellar Purkinje cells, this resulted in a failure of
activity-dependent maturation of the climbing fiber-Purkinje cell synapse, resulting in
persistent multiple innervation, ataxia, and the failure of perisomatic synapses to translocate
to the distal dendrite (Mikuni et al., 2013). LTD of both climbing fiber and parallel fiber
synapses on Purkinje cells are mGlul (Hansel and Linden, 2000; Linden et al., 1991,
Conquet et al., 1994) and Arc dependent (Smith-Hicks et al., 2010), and it is likely that a
MEF2-dependent deficit in persistent LTD would impair both parallel fiber and climbing
fiber functional connectivity in the activity-dependent early postnatal phase of cerebellar
development.

STAR*METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, David Linden (dlinden@jhmi.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mutant Mice—Targeting of the Mef2a locus was carried out by sequential targeting of ES
cells with homologous recombination (Figure S3). First, the second exon of Mef2a was
flanked with loxP sites and these mice were successfully generated. Then, ES cells from
these mice were obtained and a loxP site was inserted at the 3" end of the Mef2a coding

Cell Rep. Author manuscript; available in PMC 2019 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andzelm et al.

Page 10

sequence. Targeting was verified by Southern blotting. Successfully targeted ES cells were
transfected with Cre to remove the neomycin selection cassette and then injected into
pseudo-pregnant females, and subsequent progeny were assessed for successful germline
transmission of the targeted allele. Homozygous conditional Mef2a mice were generated and
crossed to Nestin-cre for immunoblot validation of the targeting approach. The floxed mice
(without Cre) were then crossed with the previously described Mef2d conditional mice
(Andzelm et al., 2015) to generate the double conditional knockout lines used in this study.

For routine experimentation, animals were genotyped using a PCR-based strategy.
Conditional knockout animals were genotyped for the presence of the loxP site, which shifts
the size of the PCR product. All experiments described here were performed using animals
derived from a sv129/C57BL/6 hybrid genetic background, with the mutation backcrossed in
the C57BL/6 background (Charles River Laboratories) between 3 and 8 generations. The
Institutional Animal Care and Use Committees at Harvard University and Johns Hopkins
University approved all of the experiments in this study. Embryos of both sexes were used to
derive the tissue for cell culture experiments

METHOD DETAILS

Recording and Ca Imaging—Cell culture and whole-cell patch-clamp recording were
performed as previously described (Smith-Hicks et al., 2010). Briefly, patch electrodes were
filled with a solution containing (in mM) 135 CsCl, 10 HEPES, 0.5 EGTA, 4 Nay-ATP, and
0.4 Na-GTP, adjusted to pH 7.35 with CsOH. Cells were bathed in 140 NaCl, 5 KCI, 2
CaCls, 0.8 MgCl,, 10 HEPES, 10 glucose, 0.0005 TTX, and 0.3 picrotoxin, adjusted to pH
7.35 with NaOH, which flowed at a rate of 0.5 ml/min. Electrodes were pulled from N51A
glass and polished to yield a resistance of 2 — 4 MQ. lontophoresis electrodes (1 pm tip
diameter) were filled with 10 mM glutamate (in 10 mM HEPES, pH 7.1) and were
positioned ~20 um away from large-caliber dendrites. Test pulses were delivered using
negative current pulses (300-900 nA, 30—70 msec duration). LTD-inducing pairing stimuli
consisted of six, 3 s-long depolarizations to 0 mV, each delivered together with a test pulse
of glutamate.

Membrane currents were recorded with an Axopatch 200A amplifier, and digitized at 10
kHz for exogenous glutamate responses and 20 kHz for mEPSCs. Signals were lowpass
filtered at 5 kHz (1 kHz for mEPSCs) and acquired using Axograph X software (Axograph
Scientific, Sydney, Australia). Recordings in which Rinpyt O Rgeries Varied by more than
15% were excluded from the analysis. For analysis of mEPSCs, Axograph X mini analysis
software was used. This detected events based on closeness of fit of the mEPSC to a sliding
template. Events smaller than —4 pA were discarded. A separate template was created for
each recording by averaging 30 of its most unambiguous mEPSCs as selected by eye.

Bis-fura-2 ratio imaging of intracellular free Ca?* in the dendrites of cultured Purkinje cells
was accomplished by measuring the background corrected fluorescence ratio at 340 and 380
nm excitation using a cooled CCD camera system as described (Linden, 1996). In these
experiments, EGTA was removed from the internal saline and replaced with 100 uM bis-
fura-2 (Invitrogen).
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Viruses, Plasmids and Drugs—Lentiviral infections of the FUGW-Cre lentivirus were
performed on the day after cultures were prepared, which was applied at 0.55 pg/ml (1.1 pg/
culture plate).

The MRE-d2EGFP plasmid was generated by replacing luciferase by destabilized EGFP
(Kawashima et al., 2009) in a previously described MRE-luciferase plasmid (Flavell et al.,
2006). The MEF2D expression plasmids (WT-RNA. Resistant (RIR), S444A-RIR, S444D-
RIR) were generated by subcloning previously used plasmids (Pulipparacharuvil et al.,
2008) into the pCAG-ires-GFP vector (Matsuda and Cepko, 2004). To determine expression
levels pCAG (empty), pPCAG-MEF2D-ires-GFP, pCAG-MEF2DS444A-ires-GFP and
pCAG-MEF2DS444D-ires-GFP were transfected into 293t cells using calcium phosphate.

For plasmid delivery of MEF2A/MEF2D shRNAs, MEF2 gene expression constructs or the
MEF2 reporter, MRE-d2EGFP, a gold/glycerol mixture was first prepared as follows: 20 mg
of 0.6 um gold microcarriers were washed once in 70% ethanol, 3 times in sterile deionized,
distilled water, and resuspended in 0.5 mL of sterile 50% glycerol. For each transfection into
Purkinje cell cultures, 5 pg of plasmid cDNA, 1 ug of pCAG-DsRed2 cDNA, 50 pL of 2.5 M
CaCly, and 10 pL of 1 M spermidine were sequentially added to 50 pL of the gold/glycerol
mixture. The preparation was gently vortexed for 15 minutes, after which the gold particles
were centrifuged down and washed once with 70% ethanol and once with 100% ethanol.
Washed gold particles were resuspended in 60 pL of 100% ethanol and pipetted onto
macrocarrier disks (9 pL/disk). Following vortexing and an ethanol wash, microcarrier—
containing solution was evaporated on the surface of six macrocarrier discs and delivered to
the cerebellar cultures (at 4-7 DIV) using the Helios Gene Gun System (Bio—Rad) operating
at a pressure of 450 psi and a vacuum of 20 in—-Hg. Conditioned medium was aspirated from
the surface of the cell culture immediately before transfection and was returned immediately
thereafter. Cultures were then returned to the incubator prior to electrophysiological
recording. Transfected Purkinje neurons were identified by imaging dsRed signals with 543
nm illumination.

The compound (S)-3,5-Dihydroxyphenylglycine (DHPG) was purchased from Tocris.
Glutamate, tetrodotoxin, 4-OH-tamoxifen and the various salts were purchased from Sigma.
4-OH-tamoxifen (Sigma H7904) was applied 18-22 hours before recording. It was prepared
as a 10mM stock in EtOH and used at 1/10,000 dilution to achieve a final concentration of
1uM in the culture media.

Immunoblotting and Immunohistochemistry—For immunoblotting of MEF2A,
brains from Mef2a brain-specific knockout mice and littermate controls without cre were
homogenized in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 10 mM NaF, 1 mM sodium orthovanadate,
complete protease inhibitor cocktail tablet (Roche)) and equal volumes of protein sample
were loaded on a gel. Conventional western blotting used enhanced chemiluminescence and
HRP-conjugated secondary antibodies. A previously described anti-MEF2A antibody was
used to detect MEF2A (Andzelm et al., 2015) as well as an anti-beta actin antibody as a
loading control (Abcam).
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For the MEF2D overexpression constructs, 293t cells were harvested 2 days after
transfection and processed using NUPAGE sample buffer (Life Technologies). Equal
volumes of protein sample were loaded on a NUPAGE gel (Life Technologies). Fluorescence
based immunoblotting was performed using Odyssey (Li-Cor). Antibodies used were mouse
anti-MEF2D (BD Biosciences) and chicken anti-GFP (Aves).

For immunohistochemistry (IHC) of MEF2, mice were perfused with 4% formaldehyde in
phosphate buffered saline (PBS), their brains were removed, subjected to successive sucrose
gradients and finally frozen in a 1:1 solution of 30% sucrose in 1xPBS:Tissue Tek O.C.T
(Sakura). 20 um sagittal cryo-sections were generated on a Leica CM1950 cryostat and
mounted on slides. Sections were incubated in block solution (10% goat serum and 0.25%
Triton X-100 in 1XPBS)for 1 hour and then incubated with primary antibodies in block
solution for 2 hours at room temperature or 4°C overnight. Alexa dye-conjugated secondary
antibodies were used at 1:500 dilutions in block solution (Life Technologies). Primary
antibodies were anti-MEF2D (BD biosciences), anti-GFP (Aves), anti-Calbindin (Swant)
and anti-MEF2A (rabbit 1:1000; Andzelm et al., 2015). DAPI was used to stain nuclei (Life
Technologies).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assessed for the endpoints of LTD experiments were performed
using the Mann-Whitney U test with Bonferroni correction for multiple comparisons as
implemented in GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Knockdown or deletion of postsynaptic MEF2 blocks the late phase of
cerebellar LTD

Purkinje cells transfected with active MEF2 show normal synaptic strength

Activation of MEF2 is necessary, but not sufficient, for the late phase of LTD
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Figure 1. MEF2A and MEF2D Knockdown with shRNA Blocks the Late Phase of Cerebellar
LTD, and This Blockade Is Completely Rescued by the Co-expression of ShRNA-Resistant

MEF2D

(A) Purkinje cells were transfected with plasmids designed to express various shRNAs, and
recordings were made 1-3 days later. Test pulses of glutamate were applied to two non-
overlapping sites on the Purkinje cell dendrite. Pulses were alternated at 10 s intervals. To
induce LTD, at t = 0 min, six 3-s-long depolarizing commands to 0 mV were coupled with
glutamate pulses delivered only to the paired pathway at t = 0 min, as indicated by the
horizontal bar. The control pathway received only somatic step depolarization at t = 0 min.
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Alternate test pulses were then resumed for the duration of the experiment. Exemplar traces
are single (unaveraged) responses, and they correspond to the points indicated on the time
course graph. Plot points indicate the mean = SEM in this and all subsequent graphs.
MEF2A shRNA, n = 8; MEF2D shRNA, n = 8; MEF2A+2D shRNA, n = 8; empty vector, n
= 7; nontargeting MEF2D shRNA, n = 7. Scale bars represent 2 s, 100 pA. When compared
with the empty vector paired pathway, the late phase of LTD measured at t = 120 min was
significantly different from the paired pathway responses in the MEF2A shRNA group (p <
0.05), the MEF2D shRNA group (p < 0.01), and the MEF2+2D shRNA group (p < 0.001)
but not the nontargeting MEF2D shRNA group (p > 0.20). Statistics by Mann-Whitney U
test with Bonferroni correction for multiple comparisons in this and all following LTD
figures.

(B) Purkinje cells were treated with ShRNAs as described above and recordings of mMEPSCs
were made in the presence of tetrodotoxin (TTX) and picrotoxin. After measuring baseline
mMEPSCs, a global, chemical form of LTD was produced by a 10-min-long bath application
of the synthetic PKC activator phorbol-12,13-diactate (PDA, 200 nM, indicated by the
horizontal bar), and mEPSC recording was continued. n = 10 cells/group. When compared
with the empty vector pathway, the late phase of chemical LTD measured at t = 90 min was
significantly different from the paired pathway responses in the MEF2D shRNA group (p <
0.05) and the MEF2A+2D shRNA group (p < 0.05) but not the nontargeting MEF2D shRNA
group (p > 0.20) or the MEF2A shRNA group (p > 0.20).

(C) Exemplar traces are single (unaveraged) responses, and they correspond to the points
indicated on the time course graph. MEF2A+2D shRNA, n = 8(these are the same data
shown in Figure 1A, re-plotted here to allow for comparison with rescue treatments); empty
vector, n = 7; nontargeting MEF2D shRNA, n = 7; MEF2A+2D shRNA, MEF2A rescue, n =
7: MEF2A+2D shRNA, MEF2D rescue, n = 6; MEF2A+2D shRNA, MEF2A+2D rescue, n
= 7. Scale bars represent 2 s, 100 pA. When compared with the MEF2A+2D shRNA group
with no rescue plasmid, paired pathway late LTD responses were significantly different from
the MEF2D rescue group (p < 0.001) and the MEF2A+2D rescue group (p < 0.001) but not
the MEF2A rescue group (p > 0.10).

(D) mEPSC recordings and chemical LTD induction by PDA were performed as indicated
for Figure 1B. n = 10 cells/group. When compared with the MEF2A+2D shRNA group with
no rescue plasmid, late chemical LTD responses were significantly different from the
MEF2D rescue group (p < 0.05) and the MEF2A+2D rescue group (p < 0.05) but not the
MEF2A rescue group (p > 0.20).

See also Figures S1 and S2 and Table S1.
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Figure 2. The Late Phase of LTD Is Abolished in Cre-lentivirus-Infected Purkinje Cells Derived
from MEF2A+2D Double Conditional Mice and Is Completely Rescued by a WT MEF2D
Expression Construct but Not a Phosphomimetic Point Mutant, MEF2D S444D

(A) Exemplar traces are single (unaveraged) responses, and they correspond to the points
indicated on the time course graph. MEF2A+2D DKO, n = 8; MEF2A+2D DKO, MEF2D
rescue, n = 7; MEF2A+2D DKO, MEF2A rescue, n = 8; MEF2A+2D DKO, empty plasmid,
n =7. Scale bars represent 2 s, 100 pA. When compared with the MEF2A+2D DKO paired
pathway, the late phase of LTD measured at t = 120 min was significantly different from the
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paired pathway responses in the MEF2D rescue group (p < 0.001) but not the MEF2A
rescue group (p > 0.10) or the empty plasmid control group (p > 0.20).

(B) mEPSC recordings and chemical LTD induction by PDA were performed as indicated
for Figure 1B. n = 10 cells/group. When compared with the MEF2A+2D DKO paired
pathway, the late phase of chemical LTD measured at t = 90 min was significantly different
from the responses in the MEF2D rescue group (p < 0.05) but not the MEF2A rescue group
(p > 0.20) or the empty plasmid control group (p > 0.20).

(C) Exemplar traces are single (unaveraged) responses, and they correspond to the points
indicated on the time course graph. MEF2A+2D DKO, MEF2D rescue, n = 7 (these are the
same data shown in Figure 2A, re-plotted here to allow for comparison with the point
mutants); MEF2A+2D DKO, MEF2D S444D rescue, n = 6; MEF2A+2D DKO, MEF2D
S444A rescue, n = 6. Scale bars represent 2 s, 100 pA. When compared with the MEF2A
+2D DKO, MEF2D rescue paired pathway, the late phase of LTD was significantly different
from the paired pathway responses in the MEF2D S444D rescue group (p < 0.001) but not
the MEF2D S444A rescue group (p > 0.10) or the empty plasmid control group (p > 0.20).
(D) mEPSC recordings and chemical LTD induction by PDA were performed as indicated
for Figure 1B. n = 10 cells/group. When compared with the MEF2A+2D DKO, MEF2D
rescue group, the late phase of chemical LTD was significantly different from the paired
pathway responses in the MEF2D S444D rescue group (p < 0.01) but not the MEF2A
S444A rescue group (p > 0.20).

See also Figures S1-S3 and Table S1.
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Figure 3. MEF2 Activation Is Not Sufficient to Produce LTD in Purkinje Cells
Cultured Purkinje cells were transfected with a plasmid that drives expression of tamoxifen-

inducible constitutively active MEF2 (MEF2-VP16-ER) or an inactive version that fails to
bind DNA (MEF2-VP16-ER-ADBD). Wild-type Purkinje cells were transfected with the
MEF2-VP16-ER plasmid and then received tamoxifen treatment 3 days later. Recordings
were then made 16-26 h after the application of tamoxifen.

(A) Exemplar traces are single (unaveraged) responses, and they correspond to the points
indicated on the time course graph. The downward arrow at t = 0 min indicates the delivery
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of depolarizing pulses alone, without paired glutamate pulses at either pathway. The
horizontal bar at t = 20 min indicates glutamate and depolarization pairing delivered to the
paired pathway. MEF2-VP16-ER, 16-26 h tamoxifen, n = 8; MEF2-ADBD-VP16-ER, 16—
26 h tamoxifen, n = 7; tamoxifen alone, 16-26 h, n = 6. Scale bars represent 2 s, 100 pA.
When compared with the MEF2-VP16-ER + tamoxifen paired pathway, the late phase of
LTD measured at t = 120 min was not significantly different from the paired pathway
responses in the MEF2-ADBD-VP16-ER + tamoxifen group (p > 0.20) or the tamoxifen-
alone control group (p > 0.20).

(B) mEPSC recordings and chemical LTD induction by PDA were performed as indicated
for Figure 1B. n = 10 cells/group. When compared with the MEF2-VP16-ER + tamoxifen
paired pathway, the late phase of LTD measured at t = 90 min was not significantly different
from the responses in the MEF2-ADBD-VP16-ER + tamoxifen group (p > 0.20) or the
tamoxifen-alone control group (p > 0.20).

See also Figure S2 and Table S1.
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Both LTD Induction by Glutamate + Depolarization Pairing and Transfection with a Tamoxifen-Inducible
MEF2 Construct Activated MEF2 Transcriptional Activity as Measured Using an MEF2 Reporter Plasmid

Manipulation

MEF2 Reporter Positive Purkinje Cells (>4x Background) at t = 40 Min

Patched Cells

Vhold = -70 mV 2/20
Depolarization 3/20
Glutamate pulses 3/20
Depolarization + glutamate pulses 19/20
Vhold = ~70mV (MEF2A+2D DKO) 1/20
Depolarization + glutamate pulses (MEF2A+2D DKO)  0/20
Non-patched Cells

No treatment 3/100
MEF2-VP16-ER, 16-26 h tamoxifen 100/100
MEF2-ADBD-VP16-ER, 16-26 h tamoxifen 2/100
Tamoxifen, 16-26 h 3/100
Phorbol-12,13-diacetate, 200 nM, 10 min 97/100
MEF2D S444A 2/100

A MEF2-activity reporter was created consisting of a triple repeat of the MEF2-response element (MRE) fused to a minimal promoter of the fos
gene (that does not itself confer glutamate or depolarization responsiveness; Flavell et al., 2006) inserted in front of destabilized EGFP. Using a
gene gun, this reporter plasmid was delivered to Purkinje cells, together with a separate dsRedexpress2 plasmid as a marker, 3 days after the culture
was prepared. Measurements were then made 7-10 days after transfection.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-calbindin-D28k Swant Cat# CB38; RRID:AB_10000340
Chicken anti-GFP Aves Labs Cat# GFP1202; RRID:AB_2734732

Rabbit anti-MEF2A

M.E. Greenberg lab

Andzelm et al., 2015

Mouse anti-MEF2D

BD Biosciences

Cat# 610774, RRID:AB_398095

Rabbit anti-beta-actin

Abcam

Cat# 1854-1; RRID:AB_764434

Bacterial and Virus Strains

FUGW Cre-lentivirus

R. Huganir Lab

N/A

Experimental Models: Organisms/Strains

Mef2d flox/flox mice

M.E. Greenberg lab

Andzelm et al., 2015

Mef2a flox/flox mice

M.E. Greenberg lab

This paper

Oligonucleotides

MEF2A shRNA

M.E. Greenberg lab

Flavell et al., 2008

MEF2D shRNA

M.E. Greenberg lab

Flavell et al., 2008

Recombinant DNA

MRE-d2EGFP plasmid

M.E. Greenberg lab

This paper

MEF2D-ires-GFP RNA. resistant expression plasmid

M.E. Greenberg lab

This paper

MEF2D-S444A-ires-GFP RNA. resistant expression plasmid

M.E. Greenberg lab

This paper

MEF2D-S444D-ires-GFP RNA.i resistant expression plasmid

M.E. Greenberg lab

This paper

pCAG-dsRed2 plasmid

Addgene

Plasmid #15777

MEF2-VVP16-ER plasmid

M.E. Greenberg lab

Flavell et al., 2006

MEF2-ADBD-VP16-ER plasmid

M.E. Greenberg lab

Flavell et al., 2006

Software and Algorithms

ImageJ

https://imagej.net/

RRID:SCR_003070

Axograph X

https://axograph.com

N/A

GraphPad Prism

https://www.graphpad.com

RRID:SCR_002798
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