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necessary for homeostatic synaptic depression
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Abstract

Neurons employ a set of homeostatic plasticity mechanisms to
counterbalance altered levels of network activity. The molecular
mechanisms underlying homeostatic plasticity in response to
increased network excitability are still poorly understood. Here, we
describe a sequential homeostatic synaptic depression mechanism
in primary hippocampal neurons involving miRNA-dependent
translational regulation. This mechanism consists of an initial
phase of synapse elimination followed by a reinforcing phase of
synaptic downscaling. The activity-regulated microRNA miR-134 is
necessary for both synapse elimination and the structural re-
arrangements leading to synaptic downscaling. Results from
miR-134 inhibition further uncover a differential requirement for
GluA1/2 subunits for the functional expression of homeostatic
synaptic depression. Downregulation of the miR-134 target Pumi-
lio-2 in response to chronic activity, which selectively occurs in the
synapto-dendritic compartment, is required for miR-134-mediated
homeostatic synaptic depression. We further identified polo-like
kinase 2 (PIk2) as a novel target of Pumilio-2 involved in the
control of GluA2 surface expression. In summary, we have
described a novel pathway of homeostatic plasticity that stabilizes
neuronal circuits in response to increased network activity.
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Introduction

It is well established that neurons employ a variety of mechanism to
homeostatically stabilize firing rates in response to bidirectional
perturbations of network activity that would deviate firing rates
from a defined set point. These mechanisms include regulation
of intrinsic excitability (Marder & Goaillard, 2006), shift in the
inhibition excitation balance (Maffei et al, 2004; Gonzalez-Islas &

Wenner, 2006), compensatory changes in excitatory synaptic
strength (Turrigiano & Nelson, 2004), and modulation of synapse
number (Kirov et al, 1999; Wierenga et al, 2006). Which form of
homeostatic response is used depends on the developmental stage
of the neurons, the form and time of stimulation and can involve
both cell-wide and local adaptations (Turrigiano, 2008; Yu & Goda,
2009). A large body of work has begun to elucidate the molecular
mechanisms of adaption to a chronic decrease in network activity,
as, for example, induced by the application of tetrodotoxin
(Turrigiano, 2012). However, little is known about the signaling
pathways underlying homeostatic compensation of increased network
activity, a mechanism which we refer to as homeostatic synaptic
depression (HSD). A transcriptional program that requires the
CAMKK/CAMKIV pathway is necessary for HSD in organotypic
hippocampal slices (Goold & Nicoll, 2010). During synaptic down-
scaling, activation of the polo-like kinase 2 (Plk2) is necessary for
the reduction of synaptic AMPA receptors (Seeburg et al, 2008). In
particular, it is not understood how different mechanisms contribut-
ing to homeostatic synaptic depression, such as synaptic downscaling
and synapse elimination, are coordinated in time and space. A
detailed understanding of homeostatic plasticity mechanisms is
particularly important since evidence accumulates that it plays an
essential role in vivo during the refinement of neuronal circuits, such
as during ocular dominance plasticity in the mammalian visual cortex
(Hengen et al, 2013; Keck et al, 2013). Furthermore, the failure
of neuronal homeostasis results in common neuropsychiatric
phenotypes, including mental retardation, autism, and schizophrenia
(Ramocki & Zoghbi, 2008). Neuronal microRNAs (miRNAs), small
non-coding RNAs that regulate translation of mRNAs by binding to
target sequences in the 3'UTR, are attractive candidates for molecules
that could regulate homeostatic plasticity mechanisms. First, miRNAs
are capable of fine-tuning the expression of hundreds of target
mRNAs, thereby globally buffering cellular protein production
(Bartel, 2004). Second, they have been shown to regulate key func-
tional and morphological parameters of neuronal physiology that are
hallmarks of homeostatic synaptic plasticity, including dendritic
arborization and dendritic spine morphogenesis. Lastly, several neuro-
nal miRNAs are regulated by synaptic activity as part of homeostatic
feedback control mechanisms at the transcriptional and post-
transcriptional level (Schratt, 2009). One of the best studied
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examples is the dendritically enriched miR-134 which negatively
regulates dendritic spine size (Schratt et al, 2006) and is required for
activity-dependent dendritogenesis in primary hippocampal neurons
(Fiore et al, 2009). MiR-134 activity and expression are regulated by
multiple activity-dependent mechanisms at the transcriptional and
post-transcriptional level (Schratt et al, 2006; Fiore et al, 2009;
Bicker et al, 2013). We therefore decided to study a potential contri-
bution of miR-134-dependent target gene regulation to homeostatic
adaptations in response to chronic elevation of network activity.

In this study, we show that miR-134 regulates key aspects of HSD
induced by a chronic increase in network activity. We provide first
evidence that HSD is a sequential process, consisting of an initial
phase of synapse elimination followed by a downscaling of the
unitary strength of remaining synapses at a later stage. MiR-134 is
specifically required for early synapse elimination and late structural
rearrangements of excitatory synapses, but not for functional down-
scaling. We identify the RNA-binding protein Pumilio-2 (Pum2), which
was previously implicated in the regulation of neuronal homeostasis,
as a key target for miR-134-dependent HSD. Pum2 downregulation is
limited to the synapto-dendritic compartment, suggesting an impor-
tant contribution of miR-134-dependent local translation of Pum2 to
HSD. Furthermore, we show that the PIk2 mRNA is bound by Pum2
and that the Pum2/Plk2 interaction is functionally involved in the
downscaling of GluA2 surface receptors in response to chronic
activity. Taken together, our results uncover a new translational
control mechanism which is essential for the expression of homeo-
static plasticity in response to increased neuronal activity.

Results
A two-stage mechanism of homeostatic synaptic depression

HSD in response to sustained activation of neural networks requires
functional and structural modification of excitatory synapses,
including both a uniform downscaling of synaptic strength and a
complete elimination of synapses (Seeburg et al, 2008; Goold &
Nicoll, 2010). The precise timing of these events however is unre-
solved. In order to characterize the time course of homeostatic rear-
rangements at synapses of primary hippocampal pyramidal
neurons, we induced chronic network activity by treating mature
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hippocampal cultures (days in vitro DIV18) with the GABA receptor
antagonist picrotoxin (Ptx, 100 uM) over a period of 48 h.

The impact of increased excitability on excitatory synapses was
evaluated by assessing morphological parameters for synaptic
strength (dendritic spine volume, size of GluA2-containing AMPA
receptor surface clusters) and synapse density (PSD-95/synapsin co-
clusters) in vehicle versus Ptx-treated, GFP-transfected pyramidal
neurons at 8 and 48 h after Ptx treatment (Fig 1A, C and E). As
expected, a 48-h Ptx treatment induced a significant reduction of all
morphological parameters examined compared to control conditions
(Fig 1B, D, F and G), indicating that neurons respond homeostatically
to increased excitability by reducing both the strength of individual
synapses and the number of excitatory synapses that form onto
these neurons. These results are in agreement with previous results
(Goold & Nicoll, 2010). Surprisingly, whereas homeostatic down-
scaling of synaptic strength was not observed after 8-h Ptx treatment
(Fig 1A-D), this treatment already led to a robust elimination of
synaptic co-clusters. Forty-eight hours of Ptx treatment had no
adverse effect on cell viability, as assessed by counts of total cells
and fragmented nuclei, suggesting that the observed synapse elimi-
nation upon Ptx was not due to toxic effects of the drug (Supple-
mentary Fig S1A). Together, these results indicate the presence of a
two-stage mechanism of HSD. First, a subset of excitatory synapses
is eliminated to reduce excitability. Second, remaining synapses are
downscaled, presumably to further strengthen the homeostatic
response. This so-called synaptic downscaling occurs later and was
first observed 24 h after Ptx treatment (Supplementary Fig S1B).

MiR-134 is necessary for homeostatic synapse elimination

Little is known regarding the molecular mechanisms underlying
HSD, in particular with regard to homeostatic synapse elimination
that we showed is the initial process in HSD. We considered an
involvement of miRNAs, since miRNAs were reported to control
cellular homeostasis in multiple systems (Herranz & Cohen, 2010).
The synaptic miRNA miR-134 appeared to be particularly promising,
since it is regulated by neuronal activity and it controls neuronal
morphogenesis (Schratt et al, 2006; Fiore et al, 2009). We first
assessed the effect of Ptx on the level and activity of miR-134 in
hippocampal cultures. Using qPCR, we found a small but reproduc-
ible induction of miR-134 expression after 8 h, but not 24 h of Ptx

Figure 1. Homeostatic synaptic depression involves synapse elimination followed by synaptic downscaling.

A Effect of different times of Ptx treatment on spine volume. DIV18 GFP-transfected hippocampal neurons were incubated for the indicated times with either 100 pM

Ptx or solvent, fixed and analyzed by confocal laser scanning microscopy. Pictures of representative dendrites are shown for each condition and time point. Scale bar:
20 pm.

Quantification of relative spine volume in Ptx-treated neurons as shown in (A). The spine volume from 8 cells for each condition was quantified for each experiment.
The average of 3 (8 h Ptx) to 4 (48 h Ptx) independent experiments + SD is shown. P = 0.0471 (8 h); P = 0.0054 (48 h).

Effect of different times of Ptx treatment on the size of GluA2-containing AMPA receptor surface clusters. The surface GluA2 subunit (red) was detected by
immunofluorescence in GFP-transfected (green) rat hippocampal neurons treated for the indicated time with Ptx. Pictures of representative dendrites are shown for
each condition and time point.

Quantification of the size of GluA2-containing surface AMPA receptor clusters as shown in (C). The size of the GIuA2 clusters from 10 cells for each condition was
quantified for each experiment. The average of 3 (8 h Ptx) to 4 (48 h Ptx) independent experiments £ SD is shown. P = 0.0074.

Effect of Ptx on the density of synaptic co-clusters. DIV18 GFP-transfected (green) hippocampal neurons were incubated for the indicated times with either 100 uM
Ptx or solvent, fixed, processed for immunofluorescence using antibodies against PSD-95 (red) and synapsin (blue), and analyzed by confocal laser scanning
microscopy.

Quantification of synaptic co-cluster density in Ptx-treated neurons as shown in (E). Twelve cells per condition were quantified for each experiment. The average of 3
(8 h Ptx) to 5 (48 h Ptx) independent experiments £ SD is shown. P = 0.0477 (8 h) P = 0.0196 (48 h).

Summary of the effect of different times of Ptx treatment on dendritic spine volume, GIuA2 cluster size, and synapse density. Data are presented as the average + SD
of the ratio for the indicated parameter between Ptx- and vehicle-treated cells.
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treatment (Fig 2A). The observed increase in mature miR-134 levels
translated into increased miR-134 activity, since 8 h, but not 24 h of
Ptx treatment resulted in an increased cleavage of a miR-134-
dependent fluorescent sensor construct (Fiore et al, 2009) in
hippocampal neurons (Fig 2B). As expected, Ptx bath application
induces a prolonged increase in polo-like Kinase 2 (Plk2) mRNA
levels (Supplementary Fig S2A), a kinase known to be induced by
sustained network activity. Together, our results are consistent with
an involvement of miR-134 in the regulation of early events during
HSD, in particular synapse elimination.

The EMBO Journal

The peak of miR-134 induction during chronic increase in
network activity coincides with the onset of synaptic elimination.
We thus tested whether perturbation of miR-134 function affected
the ability of hippocampal neurons to homeostatically adapt to
increased network activity, using three different parameters for
synapse density: dendritic spine, GluA2 surface cluster, and
PSD-95/synapsin co-cluster densities. We transfected primary rat
hippocampal neurons (DIV13) with a specific miR-134 inhibitory
oligonucleotide (anti-miR-134) or a corresponding control molecule
of unrelated sequence (anti-miR-control) and then measured the
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Figure 2. MiR-134 is necessary for homeostatic synapse elimination.

A

Ptx treatment increases mature miR-134 expression. Quantitative real-time PCR analysis of RNA extracted from DIV18 hippocampal neurons treated with either Ptx
or vehicle for the indicated times. The average fold induction relative to mock-treated neurons from 3 independent experiments + SD is shown.

Ptx treatment increases miR-134 activity. A miRNA sensor assay was performed in hippocampal neurons that were transfected with a miR-134 sensor construct and
treated with Ptx for the indicated times. After Ptx treatment, cells were fixed and scored as miR-134 positive if the miR-134-dependent fluorescent signal was absent.
The average from three independent experiments + SD is shown.

Representative pictures of neurons co-transfected with GFP and the indicated anti-miRs (10 nM) and stimulated with Ptx or vehicle at DIV18 for 48 h. Scale bar:

20 pm.

Quantification of the effect of miR-134 inhibition on spine density, the effect of Ptx is expressed as the ratio between the spine density in Ptx-treated neurons divided
by the spine density of mock-treated neurons. The average + SD of four independent experiments (eight cells per condition) is shown. P = 0.0206.

Neurons transfected with GFP and the indicated anti-miRs were processed as in Fig 1C to detect GluA2 surface clusters.

Quantification of the effect of miR-134 inhibition on GluA2 cluster density. The average + SD of four independent experiments (10 cells per condition) is shown.

P = 0.0411.

Neurons transfected with GFP and the indicated anti-miRs were processed as in Fig 1E to detect PSD-95/synapsin | co-clusters.

Quantification of the effect of miR-134 inhibition on PSD-95/synapsin | co-cluster density. The average + SD of five experiments (12 cells per condition) is shown.

P = 0.0028.

The EMBO Journal Vol 33| No 19 | 2014 © 2014 The Authors
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density of dendritic spines, GluA2-containing surface clusters, and
synaptic co-clusters. Since we observed that the effects on HSD
parameters (synapse downscaling and elimination) were most robust
48 h after the induction of chronic activity, we used 48-h Ptx treat-
ment (DIV18-20) for all following experiments. MiR-134 inhibition
completely abolished the reductions in the density of dendritic
spines, GluA2-containing AMPA receptor surface clusters, and
synaptic co-clusters induced by Ptx in transfected neurons (Fig 2C-H).
Thus, multiple lines of evidence suggest that miR-134 is required for
homeostatic synapse elimination in response to chronic Ptx treat-
ment. This function of miR-134 is restricted to excitatory synapses
since neither Ptx treatment nor miR-134 inhibition affected the
density of inhibitory synapses in primary neurons (Supplementary
Fig S1C). MiR-134 is required for homeostatic synapse elimination
already after 8 h of Ptx treatment, suggesting that miR-134-
dependent mechanisms are engaged in the early phase of HSD
(Supplementary Fig S3A).

MiR-134 is necessary for structural but not functional
homeostatic synaptic downscaling

Given the prominent function of miR-134 in synapse elimination, we
wanted to further determine the consequences of prolonged miR-134
inhibition on the later phase of HSD that is mainly characterized by a
unitary downscaling of synaptic strength of the remaining excitatory
synapses. The analysis of dendritic spine volume and GluA2-contain-
ing AMPA receptor surface cluster size in neurons transfected with
anti-miR-134 revealed that miR-134 was also necessary for the struc-
tural rearrangements associated with synaptic downscaling. Accord-
ingly, the decrease in both spine volume and GluA2-containing
clusters size was completely abolished upon miR-134 inhibition
(Fig 3A and B). Inhibition of miR-134 blocked the reduction in spine
volume induced by 48-h incubation with Ptx in DIV20 neurons with-
out affecting this parameter in vehicle-treated neurons. As expected,
anti-miR-134 had no effect on spines and GluA2 clusters upon 8 h of
Ptx treatment, a time when no significant morphological downscal-
ing of spine volume and GluA2 cluster size was observed (Supple-
mentary Fig S3B and C). To investigate the functional consequences
of these miR-134-dependent alterations in postsynaptic morphologi-
cal parameters, we measured miniature excitatory postsynaptic
currents (mEPSCs) at DIV20 (Fig 3C-E). The observed reductions in
synapse number should translate into reduced mEPSC frequency,
whereas synaptic downscaling is expected to result in lower mEPSC
amplitudes (Seeburg et al, 2008). In agreement, we observed in
control-transfected neurons a trend toward reduced mean mEPSC
frequencies (Fig 3D and Supplementary Fig S5) and a significant
reduction in mean mEPSC amplitudes (Fig 3E and see KS test in
Supplementary Fig S6) upon 48-h Ptx treatment. Importantly, in Ptx-
treated neurons, mEPSC frequencies were significantly higher in
anti-miR-134 compared to control-transfected neurons (Fig 3D and
Supplementary Fig S4), suggesting that functional synapse
elimination in chronically activated neurons is compromised
when miR-134 activity is blocked. Surprisingly, the Ptx-mediated
reduction in mEPSC amplitudes was still observed in anti-miR-
134-transfected neurons (Fig 3E and Supplementary Fig S5).
Accordingly, in contrast to mEPSC frequencies, mEPSC amplitudes
in anti-miR-134-transfected neurons did not significantly differ
between Ptx- and vehicle-treated cultures (Fig 3E). Two lines of

© 2014 The Authors
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evidence strongly suggest that miR-134 is regulating mEPSC
frequency postsynaptically. First, we previously found using a
very sensitive fluorescent in situ hybridization protocol that miR-
134 is enriched within the postsynaptic dendritic compartment of
hippocampal neurons (Schratt et al, 2006; Fiore et al, 2009).
Second, due to the low transfection efficiency, neurons in which
miR-134 activity was blocked and which we recorded from were
only connected with the presynaptic terminals of non-transfected
neurons. Thus, together with our morphological results, our data
argue that miR-134 is required in the postsynaptic cell during both
phases of HSD, being first necessary to reduce synapse density
and later on to trigger the structural rearrangements associated
with synaptic downscaling. The reduction in unitary synaptic
strength upon chronic activity, however, does not require miR-134
activity. Therefore, manipulating miR-134 activity allowed us to
uncouple mechanisms responsible for morphological and func-
tional synaptic downscaling.

MiR-134 differentially affects the surface expression of AMPA
receptor subunits

We next sought to investigate the mechanism underlying the differ-
ential requirement of miR-134 in functional and morphological
downscaling of excitatory synapses. Therefore, we considered differ-
ential regulation of AMPA receptor subunits as one possibility.
GluA2 has been shown to be involved both in the regulation of
synapse formation (Passafaro et al, 2003) and synaptic strength,
whereas there is no evidence for an involvement of GluAl in the
former process. We therefore reasoned that in contrast to GluA2,
GluAl surface expression could be independent of miR-134, provid-
ing a potential explanation for the absence of defects in functional
downscaling upon miR-134 inhibition. In this view, normal GluAl
internalization during miR-134 blockade would be sufficient to
induce a functional downscaling of excitatory synaptic strength.
Indeed, when we analyzed the response to chronic Ptx application
of GluAl-containing AMPA receptor surface clusters, we observed a
robust decrease in GluAl cluster size in response to Ptx (Fig 4A)
that, contrary to GluA2-containing AMPA receptors, was indepen-
dent of miR-134 activity (Fig 4B). This result suggests that parallel
and independent pathways control synaptic levels of the different
subunit of the AMPA receptors during homeostatic plasticity, a
miR-134-dependent pathway involved in the regulation of GluA2
and a miR-134-independent pathway responsible for GluAl. Two
lines of evidence further support the hypothesis that GluAl and
GluA2 are independently regulated during homeostatic plasticity.
First, a significant decrease in the total levels of GluAl but not
GluA2 protein was observed in Ptx-treated neurons compared to
control conditions (Fig 4C and D). Second, surface clusters formed
by a YFP-GluA2 fusion protein, in which YFP is located on the extra-
cellular surface and thus detectable by surface staining, did decrease
in size in response to chronic Ptx in a miR-134-dependent fashion
(Fig 4E and F). Since the expression vector does not include the
GluA2 3'UTR, this result further suggests that miR-134 indirectly
regulates GluA2 levels by controlling the expression of a gene
involved in the regulation of surface expression of this specific
AMPA receptor subunit. Using time-lapse imaging with a photo-
activable GFP-tagged GluA2 (paGFP-GluA2) construct (Tatavarty
et al, 2013), we further obtained preliminary data suggesting that
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Figure 3. MiR-134 is necessary for structural but not functional synaptic downscaling.

A Quantification of the effect of miR-134 inhibition on spine volume. The average + SD of four independent experiments (eight cells per condition) is shown.

P = 0.0232.

B Quantification of the effect of miR-134 inhibition on surface GluA2 cluster size. The average + SD from four independent experiments (10 cells per condition) is

shown. P = 0.0070.

C Representative traces of mEPSC recordings from DIV18 hippocampal neurons. Cells transfected with GFP and 10 nM of the indicated anti-miRs were treated for 48 h
with Ptx or vehicle and voltage clamped at —70 mV in the presence of tetrodotoxin and gabazine.
D Quantification of the median mEPSC frequencies from neurons treated as shown in (C). Data represent the average + SD of a total of 15 cells per group collected

from 4 independent experiments. P = 0.0125.

E Quantification of the median mEPSC amplitudes from neurons treated as shown in (C). Data represent the average + SD of a total of 15 cells per group collected

from 4 independent experiments.

the Ptx-mediated acceleration of GluA2 removal from dendritic
spines is also miR-134-dependent (Supplementary Fig S6). Taken
together, different physiological responses appear to be associated
with the control of GluAl and GluA2 subunits. MiR-134-
dependent control of GluA2 levels appears to be necessary for

The EMBO Journal Vol 33| No 19 | 2014

the regulation of synapse number during both the early phase of
HSD and the later morphological downscaling of excitatory
synapses, while GluA1 surface expression seems to be exclusively
linked to the late phase of functional downscaling of synaptic
strength.
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Figure 4. Differential regulation of GluAl and GluA2 AMPA receptor subunits during homeostatic synaptic depression.

A

Representative images of DIV20 GFP-transfected neurons treated for 48 h with vehicle or Ptx and processed as shown in Fig 1C to detect GluAl surface clusters. Scale
bar: 20 pm.

Quantification of the size of GluA1l-containing surface AMPA receptor clusters as shown in (A). The size of GluAl surface clusters from 10 cells for each condition was
quantified for each experiment. The average of 3 independent experiments + SD is shown.

GluAl but not GluA2 protein expression decreases after 48 h of Ptx treatment. Protein extracts were prepared from DIV20 hippocampal neurons and analyzed by
Western blot using antibodies directed against GIuAl and GluA2 or a-tubulin as a loading control. One representative blot is shown.

Quantification of multiple experiments performed as in (C). The intensity of the GluA1l and GluA2 bands was normalized to the a-tubulin band from the same blot for
each experiment. The average of 3 independent experiments £ SD is shown. P = 0.0078.

miR-134 is required for the downscaling of recombinant GluA2 surface clusters. DIV18 hippocampal neurons transfected with 100 ng of YFP-GIuA2 together with the
indicated anti-miRs (10 nM) were treated for 48 h with Ptx and processed for surface staining using an anti-GFP antibody. Pictures of representative dendrites are
shown for each condition. Scale bar: 20 pm.

Quantification of the size of YFP-GIuA2 clusters from neurons treated as in (E). The average + SD of 3 experiments is shown (10 cells per condition). P = 0.0159 (YFP-
GluA2 versus anti-miR-134), P = 0.0337 (anti-miR-134 versus anti-miR-control).

Source data are available online for this figure.

Pum2 is regulated by miR-134 under conditions of (Pum2, Limk1, and Creb1) for regulation by increased network activ-
increased activity ity. We first investigated whether any of the targets are regulated by

Ptx at the post-transcriptional level using destabilized luciferase

To begin to address the mechanism by which miR-134 controls 3'UTR reporter constructs. Only a reporter containing the 3'UTR of
synapse number during HSD, we tested known targets of this miRNA the RNA-binding protein Pumilio-2 (Pum2) reacted to Ptx in a manner
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consistent with miR-134-dependent regulation (Fig 5A and B, and
Supplementary Fig S2B and C). Pum2 is a known direct miR-134
target (Fiore et al, 2009) and represents an attractive candidate,
since it regulates spine morphogenesis and is involved in the control
of neuronal homeostasis in Drosophila and rodents (Mee et al, 2004;
Vessey et al, 2010; Driscoll et al, 2013). The activity of a wild-type
Pum2 reporter was significantly downregulated in DIV18 hippo-
campal neurons after 8 h of Ptx treatment, a time point corresponding
to the peak of miR-134 activity (Figs 5A and 1H and I). Accordingly,
no regulation of the reporter was observed after 24-h Ptx treatment,
a time point where no induction of miR-134 activity was observed.
Together, our data are consistent with an involvement of miR-134 in
the Ptx-mediated post-transcriptional downregulation of Pum2
expression. In further support for increased miR-134 activity as the
cause of Pum2 repression, mutating the miR-134 binding site in the
Pum2 3'UTR completely prevented Ptx-mediated downregulation of
the reporter (Fig 5A). Accordingly, anti-miR-mediated inhibition of
miR-134 suppressed downregulation of the wild-type Pum2 reporter
by Ptx, but had no effect on a reporter containing a mutated miR-134
binding site (Fig 5B). Taken together, these results strongly argue
that Pum2 expression is downregulated post-transcriptionally by
miR-134 upon chronic activity.

Both miR-134 and Pum2 mRNA were previously shown to be
dendritically localized (Schratt et al, 2006; Vessey et al, 2006; Siegel
et al, 2009), suggesting that at least part of the regulation could
occur locally in dendrites. We further confirmed dendritic enrich-
ment of the endogenous Pum2 isoform which contains the 3’'UTR
used in our luciferase reporter assay (Supplementary Fig S2D). In
order to determine the site of regulation of Pum2 protein during
HSD, we used a compartmentalized culture system that permits to
physically separate cell bodies from neuronal processes, primarily
consisting of dendrites (Bicker et al, 2013). Primary hippocampal
neurons were cultured for 18 days in the chambers and then both
compartments were incubated for 48 h with Ptx, since it was the
time point we used in the majority of our functional experiments.
Subsequently, protein extracts were prepared separately for both
compartments and analyzed for the presence of endogenous Pum2
protein by Western blotting. In cell bodies, Ptx treatment signifi-
cantly increased Pum2 protein levels, a result that is likely miR-134
independent and in agreement with previous results (Driscoll et al,
2013) (Fig 5C, shorter exposition time lane, and E). These data are
further supported by results obtained with whole-cell extracts, where
we observed upregulation of Pum2 protein and mRNA by an 8-h Ptx
treatment (Supplementary Fig S2E and F). Strikingly, the opposite
effect was observed in dendrites, where Ptx significantly decreased
Pum2 protein levels (Fig 5C and E). The dendritic regulation of
Pum2 by Ptx is specific, since another known miR-134 target, the
activity-dependent transcription factor Creb1, was specifically down-
regulated in the cell body compartment and not detectable in
dendrites. Together, these results suggest that miR-134 targets are
downregulated by Ptx in different compartments and point to a
possible dendritic function of the Pum2-miR-134 interaction in HSD.

Downregulation of Pum2 by miR-134 is necessary for
homeostatic synapse elimination

Next, we investigated the functional relevance of the miR-134-depen-
dent Pum2 regulation in the context of HSD. Therefore, we first
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assessed the effect of elevating Pum2 protein expression in Ptx-
treated neurons on synapse elimination. Overexpression of Pum2,
but neither of a constitutive active Crebl (Creb-VP16) nor its inactive
form (Creb-VP16m), did prevent synapse elimination induced by Ptx
(Fig 6A). Thus, Pum2 overexpression mimics miR-134 inhibition,
consistent with a role for miR-134-dependent downregulation of
Pum2 in HSD.

To more definitely assess if Pum2 is indeed working downstream
of miR-134 during homeostatic synapse elimination, we reduced
Pum2 protein levels in the context of miR-134 inhibition using a
previously described Pum2-shRNA (Fiore et al, 2009). We expected
that the Pum2-shRNA should rescue defective synapse elimination
induced by anti-miR-134. Consistent with our hypothesis, co-trans-
fection of anti-miR-134 together with the specific Pum2-shRNA but
not with a control-shRNA restored the reduction in both synapse and
spine density induced by a 48-h Ptx treatment (Fig 6B-D). Thus,
Pum?2 is a key component of the miR-134-dependent signaling path-
way triggered by increased network activity. Interestingly, it appears
that Pum2 levels have to be tightly regulated within a narrow
physiological range during HSD, since Pum2 knockdown results in a
phenotype similar to Pum2 overexpression (Supplementary Fig S7).

The miR-134-Pum?2 regulation is upstream of the Plk2 pathway
in HSD

Having determined that Pum2 regulation by miR-134 is necessary
for excitatory synapses elimination, we next assessed whether this
interaction is also important for the control of GluA2 surface levels
during HSD. Downregulating Pum2 protein levels in the context of
miR-134 inhibition restored downscaling of GluA2 receptor clusters
after Ptx treatment, demonstrating that Pum2 mediates both aspects
of miR-134-dependent HSD, synapse elimination and downscaling
(Fig 7A). We went on to identify Pum2-regulated mRNAs involved
in the control of GluA2 surface levels. Therefore, we inspected the
DoRiNA database (Anders et al, 2012) which contains genome-wide
data for Pum2-RNA interactions obtained from a Pum2 PAR-CLIP
study performed in HeLa cells (Hafner et al, 2010). By focusing on
candidate genes involved in AMPA receptor trafficking, we detected
a Pum2 CLIP tag in a highly conserved region the 3'UTR of the
human Plk2 mRNA (Fig 7B). Plk2 promotes homeostatic synaptic
downscaling by targeting SPAR for degradation and by sequestering
the GluA2-interacting protein NSF (Seeburg et al, 2008) (Evers et al,
2010). We therefore reasoned that downregulation of Pum2 by
miR-134 could result in an activation of Plk2 pathways, thereby
inducing GluA2 internalization. We first verified by UV cross-linking
immunoprecipitation (CLIP) that the PlIk2 mRNA is bound by Pum2
in DIV20 rat hippocampal neurons. The Pum2 antibody used for
CLIP specifically immunoprecipitated endogenous Pum2 protein in
(Fig 7C). Within the Pum2 immunoprecipitate,
observed a specific enrichment of Plk2 mRNA relative to control IgG
immunoprecipitates as assessed by qPCR (Fig 7D). To verify the
specificity of this enrichment, we determined the levels of RNAs
devoid of Pum2 CLIP tags in the Pum2 and IgG immunoprecipitates
(U6, Limkl, GAPDH) using qPCR. The highly abundant GAPDH
mRNA and the dendritically enriched LimK1 mRNA were readily
detected in the input but neither in Pum2 nor IgG immunoprecipi-
tates. The highly expressed non-coding RNA U6 was detectable in
the Pum2 immunoprecipitate, but strongly depleted there compared

neurons we
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Figure 5. Pum2 expression is regulated by miR-134 during homeostatic synaptic depression.

A

E

Downregulation of a Pum2 luciferase reporter by Ptx requires a functional miR-134 site. Hippocampal neurons were transfected with 50 ng of a destabilized
luciferase reporter gene bearing the wild-type 3’UTR of Pum2 (pGL4-Pest-Pum2-Long) or a reporter gene containing mutations in the seed region of the Pum2
miR-134 binding site (pGL4-Pest-Pum2-Long) and treated with Ptx at DIV18 for the indicated times. The ratio of normalized luciferase activities between Ptx-treated
and untreated neurons is shown. Data represent the mean of three independent experiments + SD. P = 0.0244.

Downregulation of a Pum2 luciferase reporter by Ptx is miR-134-dependent. Hippocampal neurons were transfected with the indicated reporters and anti-miRs

(8 nM) before Ptx or vehicle was applied for 8 h at DIV18. The average + SD of 3 experiments is shown. P = 0.0006 (**), P = 0.0235 (*).

Pum?2 expression is differentially regulated by Ptx in the cell body and process compartment. Protein extract from the cell body (C) and process (P) compartment were
prepared from DIV20 hippocampal neurons that were cultured in compartmentalized chambers and treated for 48 h with Ptx or vehicle. Extracts were analyzed by
Western blot using antibodies directed against Pumz2, Crebl, and a-tubulin as a loading control. Two different exposition times of the Pum2 detection are shown to
demonstrate upregulation of Pum2 in cell bodies and downregulation in processes.

Quantification of Crebl signal intensities from multiple blots as shown in (C). The intensity of the band was normalized to the a-tubulin band from the same blot for
each experiment. The average of three experiments & SD is shown. P = 0.0400.

Quantification of Pum2 signal intensities from multiple blots as shown in (C). The average of 3 experiments + SD is Shown. Pceji bodies = 0.0407; Pyendrites = 0.0064.

Source data are available online for this figure.
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Figure 6. Pum2 downregulation is necessary for miR-134-dependent synapse elimination.

A Pum2 but not Crebl overexpression prevents homeostatic synapse elimination. Hippocampal neurons were transfected with GFP alone or in combination with
100 ng of the indicated expression vectors. At DIV18 neurons were treated for 48 h with Ptx or vehicle, fixed and processed for immunofluorescence to detect
PSD-95/synapsin | co-clusters. The average + SD from 4 independent experiments (12 cells per experimental condition) is shown. P = 0.0349 (*); P = 0.0038 (**).

B Pum2 knockdown rescues the miR-134 loss-of-function phenotype in Ptx-treated hippocampal neurons. Neurons transfected with the indicated vectors and anti-
miRs were processed as in Fig 1E to detect PSD95/synapsin 1 co-clusters; representative images of Ptx-treated dendrites are shown. Scale bar: 20 pum.

C Quantification of synaptic co-cluster density from neurons treated as shown in (B). The average + SD from 4 experiments (12 cells per experimental condition) is

shown. P = 0.0078 (**); P = 0.0112 (*).

D Quantification of spine density from neurons treated as shown in (B). The average + SD from 3 experiments is shown (8 cells per experimental condition). P = 0.0401

(GFP versus control-shRNA), P = 0.0433 (control-shRNA versus Pum2-shRNA).

to the IgG immunoprecipitate (Fig 7D). Taken together, the absence
(Limk1l, GAPDH) or depletion (U6) of three different negative
control RNAs from Pum2 immunoprecipitates supports the specificity
of our highly stringent CLIP protocol.

Our CLIP results suggest that in unstimulated hippocampal
neurons, Pum2 interacts with Plk2 mRNA, thereby potentially

The EMBO Journal Vol 33| No 19 | 2014

repressing Plk2 translation. If Pum2 indeed represses Plk2, one
would expect that Pum2 expression should abolish Ptx-mediated
degradation of the Plk2 target SPAR. We used a previously charac-
terized SPAR antibody to determine endogenous SPAR levels in
neurons using immunocytochemistry followed by confocal micro-
scopy (Pak et al, 2001). In agreement with previous publications

© 2014 The Authors
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(Pak & Sheng, 2003; Seeburg et al, 2008), Ptx induced a significant
decrease in the average intensity of the SPAR immunofluorescent
signal in hippocampal neurons transfected with GFP alone or in
combination with the Creb-VP16m control construct. In contrast,
overexpression of Pum2-YFP completely prevented the decrease in
SPAR levels induced by Ptx (Fig 7E and F), consistent with the idea
that the miR-134 target Pum2 regulates Plk2 activity during HSD.
Lastly, we directly tested whether Pum2-dependent inhibition of
Plk2 is functionally required for HSD. Therefore, we asked whether
Plk2 expression was sufficient to reinstate the downscaling of GluA2
surface receptors in the context of Pum2 overexpression. As
expected, downscaling of GluA2 surface cluster size induced by Ptx
was abrogated upon Pum2-YFP expression. More importantly,
GluA2 downscaling was fully reinstated when Pum2-YFP was
overexpressed together with Plk2, consistent with Pum2 acting as
an upstream inhibitor of Plk2 expression. GluA2 downscaling was
also attenuated when Plk2 was overexpressed alone due to the
already reduced levels of surface GluA2 in the absence of Ptx
(Supplementary Fig S7B). Taken together, multiple lines of evidence
suggest that Plk2 is an important downstream component in the
miR-134-Pum?2 regulatory pathway during HSD.

Discussion
HSD requires both synapse elimination and downscaling

We have characterized the temporal dynamics of the structural and
functional synaptic rearrangements that underlie homeostatic plas-
ticity following chronic activation of the neuronal circuit. We did
uncover a mechanism of homeostatic synaptic depression that
requires first the reduction of the densities of dendritic spines and
synaptic puncta after 8 h of Ptx bath application. The remaining
neuronal connections are then downscaled homogeneously if activa-
tion of the neuronal network persists for more than 24 h. Our
results are in agreement with data from organotypic hippocampal
slices where individual neurons chronically activated by an opto-
genetic approach undergo synaptic depression by decreasing both
the frequency and amplitude of mEPSCs (Goold & Nicoll, 2010). We
consider it unlikely that synapse elimination is due to developmental
competition between synapses since at the time of our pharmacolog-
ical treatments (DIV18-20) hippocampal cultures were already fully
mature. It is well established that changes in postsynaptic parame-
ters are accompanied by corresponding changes in presynaptic func-
tion (Burrone et al, 2002). Although our experimental setup
strongly argues that postsynaptic miR-134 function is initially
required for homeostatic synapse elimination and structural down-
scaling, it is conceivable that postsynaptic miR-134 regulates a retro-
grade signal that indirectly influences presynaptic functions. Future
experiments will address a potential role of miR-134-dependent
presynaptic rearrangements in certain aspects of HSD.

Molecular pathways involved in HSD
As indicated in the introduction, our current knowledge about mole-
cules involved in HSD is relatively sparse. Calcium influx is likely to

be the common starting event to eliminate and scale down
synapses, since it is necessary for both synapse up- and downscaling

© 2014 The Authors
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(Ibata et al, 2008; Seeburg et al, 2008; Goold & Nicoll, 2010). In
organotypic slices, synaptic depression requires somatic calcium
influx and a transcriptional program activated by the CAMKK/
CAMKIV pathway (Goold & Nicoll, 2010). In hippocampal neurons,
synaptic downscaling activates also the Plk2/CDK2 pathway that
further bifurcates in two downstream branches. First, P1k2 phospho-
rylates the AMPA receptor scaffolding protein SPAR, thereby inducing
SPAR degradation and GluAl/2 internalization. Second, Plk2 associ-
ates with the GluA2-interacting protein NSF, thereby sequestering it
away from GluA2 and rather specifically promoting GluA2 internali-
zation (Seeburg & Sheng, 2008; Seeburg et al, 2008; Evers et al,
2010). We now show that miRNA-dependent regulation of mRNA
translation is another important process regulating HSD insofar as
miR-134 acts upstream of the Plk2 pathway via translational inhibi-
tion of Pumz2, which in turn inhibits Plk2 expression. In contrast to
transcription, translational pathways offer the possibility of spatial
control in the cytoplasm, for example, within the synapto-dendritic
compartment of neurons. The dendritic localization of miR-134 and
Pum2 mRNA, as well as the selective dendritic downregulation of
Pum?2 protein expression by Ptx, provide support for a specific role
of local protein synthesis in this form of homeostatic plasticity,
similar to observations made from activity-deprived neurons (Sutton
et al, 2006). Conclusive evidence for a role of dendritic miR-134 in
the regulation of synapse-specific HSD will require further experi-
ments with local manipulation of miR-134 activity. In this regard, it
is interesting to note that P1k2 engages different homeostatic mecha-
nisms in proximal versus secondary dendrites (Evers et al, 2010).
This raises the possibility that specific aspects of Plk2 signaling are
regulated post-transcriptionally by the miR-134 pathway in the
dendritic compartment.

MiR-485 is the only other miRNA that has been previously impli-
cated in the regulation of homeostatic synaptic plasticity (Cohen
et al, 2011). However, based on the results from this study, there
are several important differences between the function of miR-485
and miR-134. In contrast to miR-134, miR-485 already regulates
synapse number in unstimulated neurons, suggesting that this
miRNA has a more general function in synapse formation that is not
limited to activity-dependent homeostatic synapse elimination.
Accordingly, neurons in which miR-485 function was blocked main-
tained their ability to homeostatically reduce their number of
synapses to a similar relative extent compared to control cultures.
Thus, while miR-134 is clearly required for the induction and
expression of homeostatic synaptic depression, miR-485 likely plays
a more modulatory role in this process. In addition, miR-485 regu-
lates the expression of a presynaptic synaptic vesicle protein
(SV2A), which is more consistent with a presynaptic function of this
miRNA. Therefore, it is possible that miR-134 and miR-485 control
independently the pre- and postsynaptic functional and structural
rearrangements necessary for this form of plasticity.

Differential regulation of AMPA receptor at synapses during HSD

The regulation of AMPA receptor accumulation at synapses as a
central event of homeostatic plasticity is well established
(Turrigiano, 2012). Our results with miR-134 inhibitors show that
the GluAl and GluA2 subunits are independently regulated during
HSD and therefore likely control different aspects of this form of plas-
ticity. Our results concerning GluA2 are most consistent with the
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idea that internalization of this subunit is necessary for early synapse occurs independently of miR-134, arguing that trafficking of this
elimination. A role of GluA2 in the regulation of synapse number is AMPA receptor subunit does not play a major role in synapse
in agreement with the observation that the N-terminal domain of elimination. Rather, GluAl seems to be specifically required for
GluA2 is able to induce dendritic spine formation (Passafaro et al, functional synaptic downscaling at later time points of HSD.
2003). Conversely, GluAl internalization in response to activity Furthermore, control of GluAl synaptic levels involves not only
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Figure 7. PIk2 is a direct Pum2 target and functions downstream in Pum2-regulated downscaling of GluA2 surface receptors.

A Pum2 knockdown rescues defective Ptx-mediated downscaling of GIuA2 surface receptors caused by miR-134 inhibition. Quantification of the average GluA2 surface
cluster size in hippocampal neurons transfected with indicated shRNA constructs and anti-miR-134, depicted in principle as in Fig 1C. The average + SD from 3
experiments (10 cells per experimental condition) is shown. P = 0.0140 (GFP versus control-shRNA), P = 0.0139 (control-shRNA versus Pum2-shRNA).

B Position and conservation of the Pum2 CLIP tag in the 3'UTR of the human PIk2 mRNA according to Hafner et al (2010). The genomic location of the CLIP tag is
indicated at the bottom (human assembly hg19). A sequence element fulfilling the Pum2 consensus binding site is highlighted with a dashed box.

C A polyclonal rabbit anti-Pum2 antibody specifically immunoprecipitates endogenous Pum2 protein. Western blot analysis for Pum2 using either anti-Pum2 (IgPum2)
or control IgG immunoprecipitates. 10% of the input material before immunoprecipitation is shown for comparison.

D The PIR2 transcript is specifically enriched in the IgPum2 immunoprecipitates. qPCR analysis for the indicated genes using RNA purified from IgPum2 and 1gG
immunoprecipitates shown in (C). Values are shown as fold enrichment of IgPum2 RNA relative to IgG control RNA from 3 independent experiments + SD, P = 0.0138.

E Pum2 overexpression interferes with Ptx-induced SPAR degradation. DIV18 hippocampal neurons transfected with 100 ng of GFP together with the indicated
expression vectors (100 ng each) were treated for 48 h with Ptx and processed for immunostaining (red) using an anti-SPAR antibody. Photographs of representative

dendrites are shown for each condition. Scale bar: 5 um.

F Quantification of the average SPAR intensity of neurons treated as in (E). Values are plotted as ratio between Ptx- and vehicle-treated neurons. The average + SD of
three independent experiments is shown (8 cells for each experimental condition), P = 0.0003 (**), P = 0.0197 (*).

G PlIk2 expression rescues defective downscaling of GluA2 surface receptors caused by Pum2 overexpression. Quantification of the average GluA2 surface cluster size in
hippocampal neurons transfected with indicated expression vectors, depicted in principle as in Fig 1C. The average + SD from 3 experiments (10 cells per
experimental condition) is shown. P = 0.0043 (Pum2-YFP versus GFP), P = 0.0022 (Pum2-YFP versus Pum2-YFP/PIk2), P = 0.022 (Pum2-YFP versus Creb-VP16 m).

Source data are available online for this figure.

trafficking of this subunit but also regulation of cellular protein
levels. The downstream signaling pathway components that differ-
entially regulate GluA1l and GluA2 trafficking and whose activities
are modulated by chronic network activation will have to be fully
delineated in future studies. In particular, it will be interesting to see
whether the Plk2-NSF interaction, which specifically regulates
GluA2 internalization in a kinase-independent manner (Evers et al,
2010), is primarily affected by manipulations in miR-134 activity.

Pum2 is a key miR-134 target during HSD

Our results indicate that the RNA-binding protein Pum2 is a key
miR-134 target during homeostatic plasticity. Intriguingly, Pum2 has
been previously associated with the control of homeostatic plasticity
in mammalian neurons (Driscoll et al, 2013). In this study, Pum2 was
shown to be required for the homeostasis of membrane excitability,
another important homeostatic plasticity mechanism. Consistent with
our findings, Pum2 protein was upregulated by increased activity at
the whole neuron level. Pum2 upregulation, which likely occurs in the
neuronal soma independent of miR-134, was necessary to suppress
translation of the voltage-gated sodium channel transcript Na,1.6 in
order to decrease intrinsic excitability (Driscoll et al, 2013). On the
other hand, we found that activity reduces Pum2 expression locally in
the dendritic compartment, and it is tempting to speculate that this
spatial control is important for both miR-134-dependent elimination of
specific synapses and removal of GluA2-containing AMPA receptors
from the surface of the neuronal membrane. In the future, it will be
interesting to determine the relative contribution of somatic upregula-
tion and dendritic downregulation of Pum2 to the stabilization of
neuronal fire rates in response to chronically elevated activity.

(Patho)physiological role of miR-134

The physiological significance of miR-134-dependent regulation of
HSD remains to be determined. MiR-134 has recently been shown to
be necessary for the expression of LTP, a classical from of Hebbian
plasticity, in the hippocampus (Gao et al, 2010). Since storing infor-
mation within a circuit through differences in synaptic strength is
no longer possible in the absence of homeostatic mechanisms that
limit unrestrained potentiation (Abbott & Nelson, 2000), abnormal

© 2014 The Authors

LTP in the absence of miR-134 might in fact be caused by the inabil-
ity to express homeostatic plasticity. Defective homeostatic plasticity
likely contributes in an important way to the etiology of epilepsy.
For example, it has been shown that prolonged epileptiform activity
in organotypic hippocampal slices triggers a homeostatic response
that is crucial to reduce membrane excitability and the potentiation
of synaptic strength (Seeburg & Sheng, 2008). Intriguingly, silencing
miR-134 in vivo has neuroprotective and seizure suppressive effects
during status epilepticus (Jimenez-Mateos et al, 2012). It will be
interesting to determine to what extent the here described functions
of miR-134 in homeostatic plasticity contribute to the beneficial
effects of miR-134 inhibition in epilepsy.

Taken together, our results define a novel function of the
miR-134-Pum2 pathway in homeostatic synaptic depression. More
generally, they point to a prominent role of miRNA-regulated mRNA
translation in neuronal homeostasis with important implications for
activity-dependent neuronal development and neurological disorders.

Materials and Methods

DNA constructs

The vectors Pum2 3'UTR-luc wild type and mutant, pSuper—Pumz2-
shRNA, and control-shRNA have been described previously (Fiore
et al, 2009). The expression vector YFP-GluR2 and PA-GFP-GluA2
were a kind gift of G. Turrigiano (Brandeis University, USA; Ibata
et al, 2008; Tatavarty et al, 2013); Pum2-YFP expression vector is a
kind gift of M. Kiebler (Ludwig-Maximilians-University, Munich,
Germany; Vessey et al, 2006). CREB-VP16 and CREB-VP16m have
been provided by M.E. Greenberg (Harvard Medical School, Boston,
USA). The Plk2 expression vector (Plk2-myc) has been provided by
M. Sheng (The Picower Institute for Learning and Memory,
Cambridge, USA) and D.T. Pak (Georgetown University Medical
Center, Washington, USA; Seeburg et al, 2008).

Cell culture and transfection of primary neurons

The culture and transfection of dissociated primary cortical and
hippocampal neurons from embryonic day 18 (E18) Sprague-Dawley
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rats (Charles River Laboratories, Sulzfeld, Germany) were as
described (Schratt et al, 2004).

For compartmentalized neuron cultures, dissociated hippo-
campal neurons were plated onto 1-um pore and 30-mm diameter
polyethylene tetra-phthalate (PET) membrane filter inserts (Milli-
pore) that were matrix-coated with poly-L-lysine (Sigma-Aldrich)
and Laminin (BD Biosciences) on the top and bottom (Poon et al,
2006).

Transfections of primary neurons at DIV13 using Lipofectamine
2000 (Invitrogen) were performed as described (Siegel et al, 2009).
For stimulation, DIV18 neurons were treated either with picrotoxin
(Ptx; 100 pm final concentration, Sigma) or solvent (ethanol abso-
lute) for the indicated times.

Luciferase assay

Primary neurons were transfected in duplicates with 50 ng of pGL4
firefly reporter constructs and equal amounts of empty Renilla
reporter as transfection control, alone or with 10 nM of the appro-
priate pLNA (Exiqon). Luciferase assays were performed 5 days
post-transfection using the Dual-Luciferase reporter assay system
(Promega) on the GloMax R96 Microplate Luminometer (Promega).
P-values were calculated with Student’s t-test (two-tailed, type 2)
for one-way comparisons and with ANOVA followed by post hoc
test (Student’s t-test, two-tailed, type 2) for multi-way comparisons.

Immunofluorescence

For immunostaining of endogenous proteins, hippocampal neurons
were fixed for 20" at room temperature in paraformaldehyde/sucrose,
rinsed in PBS, and sequentially incubated with primary antibody and
Alexa-conjugated secondary antibodies (dilution 1:1,000), both diluted
in 0.02% gelatin—0.5% Triton X-100-PBS. For surface staining of
GluA2- and GluAl-containing AMPA receptors, the primary antibody
was added to the culture medium prior to fixation and the neurons
were incubated for 3 h at 37°C in 5% CO,. Four washes with Neuroba-
sal medium were followed by fixation for 15" in paraformaldehyde/
sucrose and then the cultures processed as described above. The
following primary antibodies were used: monoclonal anti-PSD-95
(1:300 dilution, Thermo Scientific), rabbit polyclonal anti-Synapsin 1
(1:500 dilution, Millipore), monoclonal anti-GluA2 (1.6 pg/ml final
concentration, Millipore), rabbit polyclonal anti-GluAl (2 pg/ml final
concentration, Calbiochem), rabbit polyclonal anti-SPAR (kind gift of
D.T. Pak). Alexa-546- and Alexa-647-conjugated secondary antibodies
(1:2,000 dilution, Invitrogen) were used for detection.

Image analysis

All image analysis was performed with the scientist blinded to the
experimental conditions. Images were taken with a confocal laser
scanning microscope (Zeiss LSM 5 or Leica SP5) using a 64x objec-
tive at a resolution of 1,024 x 1,024 pixel corresponding to an image
size of 144.72 x 144.72 um (Leica Sp5) or 142.86 x 14286 um (Zeiss
LSM 5), the pinhole was set to 1 AU and the interval to 0.4 um. For
spine analysis, high-resolution z-stack images of GFP-positive
neurons displaying pyramidal morphology for each condition were
chosen. Spine volumes were subsequently analyzed with the ImageJ
software as described (Schratt et al, 2006). Synapse density was
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determined by calculating the density of PSD-95/Synapsin-1 co-clus-
ter in GFP-transfected neurons, using ImageJ following a described
method (Paradis et al, 2007). For each independent experiment 12
neurons for condition were selected. The size of GluAl and GluA2-
containing cluster was determined after applying the threshold
function to images in ImageJ and then using the analyzed particle
function. Threshold was kept constant between experimental
conditions, and particles with a size smaller than 0.1 um® were
excluded from the analysis. The photoactivation protocol is
described in the Supplementary Methods.

Statistics

Unless otherwise stated, three independent experiments were
performed for each data set. The number of neurons analyzed for
each experimental condition in each experiment is indicated in the
respective figure legend. Error bars represent standard deviations.
P-values were calculated with Student’s t-test (two-tailed, type 2)
for one-way comparisons and with ANOVA followed by post hoc
test (Student’s t-test, two-tailed, type 2) for multi-way comparisons.

Quantitative real-time PCR

Total RNA from cultured hippocampal and cortical neurons was
isolated using mirVana miRNA isolation kit (Ambion). Genomic
DNA contamination was eliminated with TURBO DNase (Ambion).
RNA was reverse-transcribed with the iScript cDNA synthesis kit
(Bio-Rad) according to manufacturer’s instructions. Quantitative
real-time PCR was performed with the StepOnePlus Real-Time
PCR System (Applied Biosystems), using iTag SYBR Green
Supermix with ROX (Bio-Rad) for detection of mRNA and TagMan
MicroRNA Assay kits (Applied Biosystems) for detection of mature
miRNAs.

Preparation of protein extracts and Western blotting

Protein extracts from compartmentalized chambers were prepared by
gently scraping first the cell bodies and then the dendrites from the
opposite faces of the membrane in warm 1x D-PBS using a plastic
cell scraper (Costar # 3010). The different cell fractions were trans-
ferred in 1.5-ml Eppendorf tubes on ice and spun down at 250 x g for
2 min at 4°C. The supernatant was removed, and the cells in each
insert were lysed in 100 pl for modified RIPA buffer (50 mM Tris—
HCl, 150 mM NaCl, 0.5% NP-40, 0.1% SDS, pH 7.4) containing
Complete Protease Inhibitor Cocktail EDTA-free (Roche) for 20 min
on ice. Samples were centrifuged at maximum speed for 5 min at
4°C, and the supernatant was collected and used for Western blotting
after the measurement of protein concentration. Western blotting
was performed as described previously (Siegel et al, 2009). The
following primary antibodies were used: polyclonal rabbit anti-Pum2
(1:4,000 dilution, Novus Biologicals), rabbit polyclonal anti-tubulin
(1:7,500 dilution, Cell Signaling), rabbit polyclonal anti-GluAl
(1:1,000 dilution, Thermo Scientific), rabbit anti-GluA2 (1:2,000 dilu-
tion, Millipore), monoclonal anti-Creb1 (1:1,000 dilution, Cell Signal-
ing). Primary antibodies were recognized by either a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit antibody (1:20,000;
401,315; Calbiochem) or an HRP-conjugated rabbit anti-mouse anti-
body (1:20,000; 402,335; Calbiochem). Secondary antibodies were
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detected by enhanced chemiluminescence with the ECL Plus Western
Blotting Detection System (GE Healthcare).

UV cross-linking immunoprecipitation

A total of 5.6 million of cells were plated on two 6-well plates and
treated at DIVS with fluorodeoxyuridine (FUDR) to stop proliferation
of non-neuronal cells. At DIV20 cells were cross-linked in 1x PBS
on ice using an UV-Strata linker (Stratagene) at 400 mJ. Cells were
lysed using 2.4 ml of lysis buffer (50 mM Tris—HCI, 150 mM NaCl,
0.5% NP-40, 5 mM MgCl,, 1 mM DTT, Protease inhibitors (Roche),
RNAsin Ribonuclease Inhibitor (Promega) for 10 min on ice under
gentle shaking. Lysates were then centrifuged for 10 min at 4°C at
16,000 x g, and the supernatant was transferred to new tubes. Prior
to immunoprecipitation, 7.5 pg of antibodies (rabbit anti-Pumz2,
Novus Biologicals; rabbit-IgG, Santa Cruz Biotechnology) was
coupled to 25 pl each of protein-G Dynabeads (Invitrogen) by incu-
bating for 60 min at room temperature in 500 pl of lysis buffer on
an orbital shaker. Antibody/bead complexes were then washed
three times with 1 ml lysis buffer. Ten percent of the lysates were
stored for RNA and protein analysis and the remaining were divided
equally between the antibody beads and incubated for 2 h at 4°C on
an orbital shaker. The beads were washed three times with 1 ml of
Washing buffer (lysis buffer with 500 mM NaCl) and two times in
1 ml of lysis buffer. After the last wash, the beads were split equally
in two new tubes. Beads to be used for Western blot analysis were
resuspended in 60 pl of lysis buffer/1x loading buffer, boiled for
5 min at 95°C, and the supernatant was collected. For RNA isola-
tion, beads were resuspended in 50 pl of lysis buffer + 0.1% SDS
and treated with 0.4 pg/ul Proteinase K (New England Biolabs) for
30 min at 50°C. Total RNA was purified using the mirVana RNA
isolation kit according to the manufacturers’ instructions.

Electrophysiology

Miniature excitatory postsynaptic currents (mEPSCs) were recorded
in whole-cell configuration of the patch clamp technique from DIV20
GFP-transfected rat spinal hippocampal neurons. For recordings,
cover slips were constantly superfused with bath solution at RT,
containing (in mM): 140 NacCl, 3 KCl, 2 CaCl,, 1 MgCl,, 15 glucose,
10 HEPES, pH 7.4, 315 mOsm. Pipette solution contained (in mM):
120 potassium gluconate, 15 KCI, 5 NaCl, 2 MgCl,, 10 EGTA, 10
HEPES, 4 MgATP, 0.1 NaGTP, pH: 7.25, 300 mOsm. EPSCs were
isolated by tetrodotoxin (TTX, 1 uM) and gabazine (5 uM). Currents
were recorded in voltage clamp mode at —70 mV using borosilicate
glass pipettes (2-4 MQ) and an EPC-7 amplifier (HEKA, Lambrecht,
Germany). They were filtered at 3 kHz and digitized with a CED
1,401 interface (CED, Cambridge, UK; sample frequency: 20 kHz).
Data were evaluated off-line with Spike7 software (CED, Cambridge,
UK) using custom made routines. Numbers are given as mean +
SEM. After testing for normality, statistical significance was tested
by Student’s two-tailed t-test (GraphPad Software, San Diego, USA).
Statistical significance of cumulative amplitude and interval distribu-
tions were tested by a two sample Kolmogorov—-Smirnov test (Origin-
Pro 8.6 Software; OriginLab Corporation, Northampton, USA).

Supplementary information for this article is available online:
http://emboj.embopress.org
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