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SUMMARY

Homeostatic plasticity, a form of synaptic plasticity,
maintains the fine balance between overall excitation
and inhibition in developing and mature neuronal
networks. Although the synaptic mechanisms of
homeostatic plasticity are well characterized, the
associated transcriptional program remains poorly
understood. We show that the Kleefstra-syndrome-
associated protein EHMT1 plays a critical and cell-
autonomous role in synaptic scaling by responding
to attenuated neuronal firing or sensory drive. Chronic
activity deprivation increased the amount of neuronal
dimethylated H3 at lysine 9 (H3K9me2), the catalytic
product of EHMT1 and an epigenetic marker for
gene repression. Genetic knockdown and pharma-
cological blockade of EHMT1 or EHMT2 prevented
the increase of H3K9me2 and synaptic scaling up.
Furthermore, BDNF repression was preceded by
EHMT1/2-mediated H3K9me2 deposition at the Bdnf
promoter during synaptic scaling up, both in vitro
and in vivo.Our findings suggest thatH3K9me2-medi-
ated changes in chromatin structure govern a repres-
sive program that controls synaptic scaling.

INTRODUCTION

Experience-dependent neuronal activity is crucial for promoting

long-lasting modifications at functional synapses during devel-

opment and in adulthood. To preserve neural network stability,

a mechanism exists that maintains firing rates within a physio-

logical range of activity. Neurons can continuously adapt their

firing rates through synaptic and intrinsic cellular mechanisms,

a process generally referred to as homeostatic plasticity (Turri-

giano andNelson, 2004; Turrigiano, 2012). Disrupted homeostat-

ic plasticity appears in several neurodevelopmental disorders,

including fragile X syndrome, Rett syndrome, and tuberous scle-

rosis, suggesting that improper circuit refinement during devel-
opment contributes to cognitive impairment (Cortés-Mendoza

et al., 2013; Soden and Chen, 2010; Zhong et al., 2012).

Synaptic scaling, a well-characterized form of homeostatic

plasticity, stabilizes neuronal network activity by balancing

excitation and inhibition. This occurs through bidirectional mod-

ulation of cell-wide synaptic strength, where prolonged unidirec-

tional neuronal activity receives negative feedback (Turrigiano,

2012). An important mechanism underlying synaptic scaling at

glutamatergic synapses involves regulated trafficking of AMPA

receptors into and out of the post-synaptic membrane (Diering

et al., 2014; Pozo and Goda, 2010; Turrigiano, 2012). Chronic

network activity elicits AMPA receptor removal, whereas chronic

suppression increases synaptic AMPA receptor abundance

(Goold and Nicoll, 2010). Mounting evidence indicates that the

intricate regulation of AMPA receptor trafficking during synaptic

scaling requires de novo gene transcription and depends on

intracellular Ca2+-signaling (Ibata et al., 2008; Thiagarajan et al.,

2005). Experiments have indeed shown that bidirectional scaling

is prevented by the transcription inhibitor actinomycin D (Goold

and Nicoll, 2010; Han and Stevens, 2009; Ibata et al., 2008).

Also, chronic neuronal activity or suppression respectively acti-

vates or inactivates calcium/calmodulin-dependent protein ki-

nase type IV (CaMKIV) (Goold and Nicoll, 2010; Ibata et al.,

2008). This indicates that gene transcription through CaMKIV

signaling plays a pivotal role in bidirectional scaling. Specifically,

transcriptional repression ofArc andBdnf is required for synaptic

scaling up during chronic network suppression (Béı̈que et al.,

2011; Gao et al., 2010; Rutherford et al., 1998; Shepherd et al.,

2006).

Since synaptic scaling requires gene transcription, a picture is

emerging that implicates epigenetic regulation in homeostatic

plasticity. Several studies have shown that DNA-methylation at

the Bdnf promoter is dynamically regulated in an activity-depen-

dent manner (Chang et al., 2010; Levenson et al., 2006; Lubin

et al., 2008; Martinowich et al., 2003). Also methyl-CpG binding

protein 2 (MeCP2) and Tet3 are required for synaptic scaling

(Blackman et al., 2012; Qiu et al., 2012; Zhang et al., 2014; Zhong

et al., 2012; Yu et al., 2015) and the RE1-silencing transcription

factor (REST)/neuron-restrictive silencer factor (NRSF) complex

is required for intrinsic homeostatic plasticity induced by sus-

tained electrical activity in hippocampal neurons (Pozzi et al.,
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Figure 1. EHMT1 Is Required for Network-Activity-Dependent H3K9me2 Dynamics
(A) Representative confocal images of H3K9me2 immunoreactivity in untreated (NT) neurons and neurons treated with PTX or TTX for 48 hr. Scale bar, 5 mm.

(B) Quantitative analysis of H3K9me2 levels in neurons (MAP2 positive) and glial (MAP2-negative) cells treated with PTX or TTX for 48 hr and untreated (NT). Data

are presented as mean ± SEM. ***p < 0.001; n = 34–41; n.s., non-significant; glia p > 0.05; one-way ANOVA.

(C) Quantitative analysis of time course of H3K9me2 levels in TTX-treated neurons. Data are presented as mean ± SEM. *p < 0.05; ***p < 0.001; n.s., non-

significant; n = 20–25; one-way ANOVA.

(D) Analysis of reversibility of TTX-induced H3K9me2 changes. H3K9me2 intensity expressed as mean ± SEM fold change from NT cultures. ***p < 0.001;

n = 23–27; one-way ANOVA.

(E) Quantitative analysis of H3K9me2 levels in conditions as indicated. Data are presented as mean ± SEM fold change from NT cultures. ***p < 0.001; n = 28–50;

n.s., non-significant; two-way ANOVA.

(F) Representative images of H3K9me2 immunofluorescence levels in neurons transfected with control vector, Ehmt1#1, Ehmt1#2, or Ehmt1#1 + Ehmt1-OE in

untreated (NT) neurons and neurons treated with TTX for 48 hr. Scale bar, 5 mm.

(G) Representative images of H3K9me2 immunofluorescence levels of untreated or TTX-treated neurons (48 hr) with UNC0638 (48 hr). Scale bar, 5 mm.

(legend continued on next page)
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2013).While evidence that epigeneticmechanisms are critical for

synaptic scaling is mounting, it is currently unknown which chro-

matin modifications are involved and how they are regulated.

Disrupted epigenetic regulation is commonly found in neuro-

logical disorders such as intellectual disability (ID) (Kleefstra

et al., 2014), autism spectrum disorder (ASD) (De Rubeis et al.,

2014), and schizophrenia (McCarthy et al., 2014). Haploinsuffi-

ciency of the euchromatic histone-lysine N-methyltransferase

1 (EHMT1) gene casues Kleefstra syndrome (Kleefstra et al.,

2006, 2009, 2012) and is associated with some cases of ASD

(Talkowski et al., 2012) and schizophrenia (Kirov et al., 2012).

EHMT1 (GLP), together with its paralog, EHMT2 (G9a), forms

a chromatin remodeling complex that catalyzes the dimethyla-

tion of histone H3 at lysine 9 (H3K9me2), a post-translational

modification associated with transcriptional repression (Tachi-

bana et al., 2005). Interestingly, H3K9me2 is an epigenetic

mark that is dynamically regulated in the hippocampus and nu-

cleus accumbens during contextual fear memory formation,

addiction, and stress (Boulle et al., 2014; Chase and Sharma,

2013; Covington et al., 2011; Gupta et al., 2010; Gupta-Agarwal

et al., 2012, 2014; Heller et al., 2014; Maze et al., 2010). Genetic

and pharmacological manipulations of EHMT1/2 in vivo have

also shown that EHMT signaling is important for long-term

memory formation both in mouse and Drosophila (Balemans

et al., 2013; Gupta-Agarwal et al., 2012; Kramer et al., 2011;

Schaefer et al., 2009).

Here, we report that H3K9me2 is bidirectionally regulated by

chronic changes in neuronal activity. We show that EHMT1 and

EHMT2 are part of a complex that regulates a transcriptional

program essential for synaptic scaling. Specifically, EHMT1

and EHMT2 are required for the increase in H3K9me2 when

network activity is chronically inhibited and for synaptic scaling

up in vitro and in vivo. Moreover, we found that EHMT1 and

EHMT2 repressed Bdnf expression during synaptic scaling up

by increasing H3K9me2 at Bdnf promoter IV. We posit that

EHMT1 and EHMT2 act as cell-autonomous epigenetic regula-

tors that govern a repressive program required for synaptic

scaling up.

RESULTS

Neuronal Activity Elicits Dynamic Effects on Synaptic
Scaling via H3K9me2
We first investigated whether chronic neuronal network

manipulation alters the methylation levels of H3K4 (H3K4me1,

H3K4me3), H3K9 (H3K9me2), or H3K27 (H3K27me3). We treated

cultures of rat primary cortical neurons for 48 hr beginning

at 11 days in vitro (DIV) with either 1 mM tetrodotoxin (TTX) or

10mMpicrotoxin (PTX) to inducehomeostatic scalingupor scaling

down, respectively (Turrigiano et al., 1998). The fluorescence in-

tensity of immunolabeled H3K9me2 (Vedadi et al., 2011) revealed

that nuclear H3K9me2 increased significantly in TTX-treated

compared to untreated neurons, whereas H3K9me2 decreased
(H) Quantitative analysis of H3K9me2 levels in neurons transfected with control ve

neurons and neurons treated with TTX for 48 hr. Data are presented as mean ± SE

two-way ANOVA.

See also Figure S1.
significantly in neurons treated with PTX (Figures 1A and 1B).

In a mixed primary culture, H3K9me2 was most prominently

detected in MAP2-positive neurons (Figure 1A). Accordingly, we

did not observe any network activity-dependent changes in

H3K9me2withinMAP2-negative glial cells (Figure 1B), suggesting

that changes in H3K9me2 were restricted to neurons. Although

we did observe less pronounced changes in H3K4me3 and

H3K27me3, they were not bidirectionally correlated with synaptic

scaling up or down (Figure S1A).

Synaptic scaling is a progressive process that develops grad-

ually over a period of 48 hr (Ibata et al., 2008; Sutton et al., 2006).

To evaluate the temporal dynamics of H3K9 dimethylation

induced by TTX, we measured H3K9me2 fluorescence at

sequential time points after adding TTX. H3K9me2 fluorescence

was significantly elevated by 12 hr, further enhanced at 24 hr,

and plateaued from 36 to 48 hr after TTX treatment (Figure 1C).

Synaptic scaling is also a reversible process (Goel and Lee,

2007; Goel et al., 2011); therefore, we investigated the effect of

removing TTX on H3K9me2 in our neuronal cultures. Cultures

were first treated with TTX for 48 hr. The medium was then re-

freshed with pre-conditioned untreated culture medium, and

H3K9me2 fluorescence intensity wasmeasured 48 hr later. Inter-

estingly, after TTX was withdrawn, we found that H3K9me2 fluo-

rescence in treated neurons returned to an intensity equal with

untreated neurons (Figure 1D).

Various protocols that reduce Ca2+ influx are used to induce

synaptic scaling in cultured neurons. These include blocking

L-type calcium channels or AMPA receptor function, respec-

tively, with nimodipine or CNQX for 48 hr (Lee et al., 2013; Wier-

enga et al., 2005; Thiagarajan et al., 2005, Ibata et al., 2008).

Either nimodipine or CNQX alone increased H3K9me2 fluo-

rescence, but they occluded the TTX-induced increase in

H3K9me2 (Figures 1E and S1B). In contrast, blocking NMDA-

dependent calcium influx with APV for 48 hr did not increase

H3K9me2 nor was there a cumulative effect when combined

with TTX (Figures 1E and S1B) (Turrigiano et al., 1998). Further-

more, the TTX-induced increase in H3K9me2 was prevented

(Figures 1E and S1B) when endoplasmic reticulum calcium reup-

take was blocked by thapsigargin (Lee et al., 2013).

To identify Ca2+-dependent signaling pathways upstream of

H3K9me2, we pharmacologically blocked CaMK signaling.

Previous studies showed that chronic network suppression

reduced CaMKIV- and CaMKK-mediated phosphorylation due

to decreased intracellular calcium (Thiagarajan et al., 2005;

Ibata et al., 2008). We used STO-609 to block CaMKK, which

in turn inhibits CaMKIV (Ibata et al., 2008). STO-609 treatment

increased H3K9me2, comparable to TTX treatment (Figures

1E and S1B), suggesting that TTX reduces CaMKK/CaMKIV

signaling and this pathway directly contributes to increased

H3K9me2 during synaptic scaling up. Collectively, these ex-

periments indicate that chronically increased or decreased

neuronal activity bidirectionally alters H3K9me2 levels in cortical

neurons.
ctor, Ehmt1#1, Ehmt1#2, Ehmt1#1 + Ehmt1-OE, or UNC0638 in untreated (NT)

M fold change from NT. *p < 0.05; ***p < 0.001; n = 21–41; n.s., non-significant;
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EHMT1 Is Required for the TTX-Dependent Increase in
Neuronal H3K9me2
Since EHMT1 catalyzes H3K9 dimethylation, we focused on the

role of EHMT1 in synaptic scaling up. We first evaluated whether

EHMT1 is required for the TTX-dependent increase in H3K9me2

by designing GFP-expressing constructs to encode small hairpin

RNA (shRNA) sequences (Ehmt1#1–4) that specifically knock

down EHMT1 in neurons (Figure S1C).

We sparsely transfected cortical cultures with either control

vector or shRNA-expressing vectors (Ehmt1#1 or Ehmt1#2) at

DIV 0. Cultures were then treated at DIV 11 with TTX for 48 hr.

H3K9me2 fluorescence was measured in transfected (GFP+)

and untransfected (GFP�) neurons and compared to untreated

neurons. As expected, we found that TTX increased H3K9me2

in GFP� and GFP+ neurons treated with the control vector.

Conversely, TTX did not increase H3K9me2 in neurons trans-

fected with either of the Ehmt1 hairpins (Figures 1F and 1H).

Moreover, we observed that basal H3K9me2 fluorescence,

before adding TTX, was significantly lower in neurons trans-

fected with the Ehmt1 hairpins (Figures 1F and 1H). Importantly,

co-transfection of Ehmt1#1, which targets the 30 UTR of the

endogenous Ehmt1 mRNA, together with a construct that over-

expresses mouse Ehmt1 cDNA (Ehmt1-OE), restored both basal

H3K9me2 levels and the TTX-induced increase (Figures 1F

and 1H).

Next, we pharmacologically blocked the methyltransferase

activity of EHMT1 and EHMT2 with UNC0638 (Vedadi et al.,

2011). We treated neurons with UNC0638 in the presence or

absence of TTX and measured the immunofluorescence inten-

sity of H3K9me2. UNC0638 blocked the increase in H3K9me2

by TTX (Figures 1G and 1H). We also found that UNC0638 alone

reduced the basal H3K9me2 levels, similar to Ehmt1#1 and

Ehmt1#2 (Figures 1F–1H). These results suggest that EHMT1,

through activity-dependent dimethylation of H3K9, functions

as an epigenetic regulator of homeostatic synaptic scaling up.

EHMT1 Is Required for the TTX-Dependent Increase in
mEPSC Amplitude
To determine if EHMT1 is required for homeostatic synaptic

scaling up, we recorded miniature excitatory postsynaptic

currents (mEPSCs) from untreated and TTX-treated neurons

that were transfected with Ehmt1#1, Ehmt1#2, or control

vector. Consistent with previous observations, TTX significantly

increased mEPSC amplitudes recorded from untransfected and

control neurons (Figures 2A and 2B), but not mEPSC frequency

(Figure S2A) (Hou et al., 2008; Kim and Ziff, 2014;Wierenga et al.,

2006). However, when EHMT1 was knocked down, mEPSC am-

plitudes did not increase in response to chronic TTX treatment
Figure 2. EHMT1 Is Required to Increase mEPSC Amplitudes and Surf

(A–F) Representative mEPSC traces, cumulative plots, and mean ± SEM ampli

Untransfected neurons (NT, TTX, n = 9–11), (B) neurons transfected with a control

TTX, n = 10–11), (D) neurons transfected with hairpin Ehmt1#2 (NT, TTX, n = 8–8),

(F) UNC0638-treated neurons (NT, TTX, n = 10–10) are shown. ***p < 0.001; n.s., n

(G) Representative images of GluA1 and GluA2 surface immunoreactivity in contro

(48 hr). Scale bar, 5 mm. Immunoreactivity intensity quantification analysis express

control vector NT, TTX n = 8–10; Ehmt1#2 NT, TTX, n = 8–8. GluA2: control vect

See also Figure S2.
(Figures 2C and 2D). We also found that neurons co-transfected

with Ehmt1#1 and Ehmt1-OE had increased mEPSC amplitudes

after TTX treatment, similar to control neurons (Figure 2E). There-

fore, specific knockdown of EHMT1 appears to prevent synaptic

scaling up. We then recorded mEPSCs from neurons treated

with either UNC0638 alone or in combination with TTX. Inhibiting

EHMT1/2 with UNC0638 alone for 48 hr had no effect on either

mEPSC amplitude or frequency compared to untreated neurons,

whereas synaptic scaling up was impeded in neurons co-treated

with UNC0638 and TTX (Figure 2F). Collectively, these findings

provide further evidence that EHMT1 is required for homeostatic

scaling up.

Interestingly, we found that pharmacological inhibition or ge-

netic knockdown of Ehmt1, despite reducing basal H3K9me2

fluorescence (Figures 1F–1H), did not affect basal mEPSC

amplitude or frequency (Figure S2A). To investigate whether

increasing H3K9me2 levels was sufficient to scale up synapses,

we used the class-1 HDAC inhibitor MS-275. When used in com-

bination with cocaine, MS-275 was shown to enhance Ehmt1/2

expression and subsequently raise H3K9me2 levels in the nu-

cleus accumbens (Kennedy et al., 2013). Treating neurons with

MS-275 alone for 48 hr significantly increased H3K9me2 fluores-

cence (Figure S2B); however, it did not increase mEPSC ampli-

tude (Figure S2C). We therefore propose that EHMT1 acts as an

epigenetic regulator that represses a genetic program required,

but not sufficient, for homeostatic synaptic scaling up.

EHMT1 Is Required for Surface AMPA Receptor
Expression upon TTX Induction
Previous studies have shown that neurons increase their mEPSC

amplitudes by increasing the surface expression of AMPA re-

ceptors GluA1 and GluA2 (Diering et al., 2014; Gainey et al.,

2009). We performed live-cell fluorescent labeling of surface

GluA1 and GluA2 and compared the signal between control

and TTX-treated neurons (Wierenga et al., 2005). TTX caused a

significant increase in fluorescent puncta in control neurons (Fig-

ure 2G), but not in Ehmt1#2-transfected neurons (Figure 2G). We

conclude that Ehmt1 knockdown prevents increased surface

expression of AMPA receptors during synaptic scaling up, which

supports our notion that EHMT1 protein is required for this

process.

EHMT1/EHMT2 Complex Is Required for Synaptic
Scaling Up
EHMT1 interacts with EHMT2 to form a functional complex that

catalyzes H3K9 dimethylation (Tachibana et al., 2008; 2005).

Thus, the TTX-mediated increase in H3K9me2 may be caused

by the modulation of gene or protein expression levels of
ace AMPA Receptor Expression in Response to TTX

tude bar graphs of untreated (NT) or TTX-treated (48 hr) cortical neurons. (A)

vector (NT, TTX, n = 10–11), (C) neurons transfected with shRNA Ehmt1#1 (NT,

(E) neurons co-transfected with Ehmt1#1+Ehmt1-OE (NT, TTX, n = 11–14), and

on-significant; two-way ANOVA. Vertical scale, 25 pA; horizontal scale, 50 ms.

l vector and Ehmt1#2 transfected neurons, untreated (NT) or TTX treated (TTX)

ed as fold change from NT. *p < 0.05; ***p < 0.001; n.s., non-significant. GluA1:

or NT, TTX n = 8–8; Ehmt1#2 NT, TTX, n = 8–8; two-way ANOVA.
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Figure 3. EHMT1 Interacts with EHMT2 dur-

ing Synaptic Scaling Up

(A) Representative immunoblot images of EHMT1,

EHMT2 short and long isoform (s and l) and ARC in

untreated and TTX-treated neurons (48 hr).

(B) Quantification of protein levels of EHMT1,

EHMT2 (s, l and total bands) and ARC in untreated

and TTX-treated neurons expressed as mean ±

SEM fold change from NT cultures. **p < 0.01; ***p <

0.001; n.s., non-significant; n = 3–5; t test.

(C) H3K9 dimethyltransferase enzymatic assay

expressed as mean ± SEM fold change from NT

cultures. **p < 0.01; n = 3, t test.

(D) Western blot of EHMT1 and EHMT2 input (1%)

and after co-immunoprecipitation of nuclear cell

lysates with antibody against EHMT1 and a mouse

IgG, from NT or TTX-treated (48 hr) cortical cultures.

Quantification of EHMT2/EHMT1 ratio expressed as

mean ± SEM. ***p < 0.001; n = 7; t test.

(E) Representative images of H3K9me2 immuno-

fluorescence levels in transfected neurons with

hairpins Ehmt2#1 and Ehmt2#3. Scale bar, 5 mm.

(F) Quantitative analysis of H3K9me2 levels in indi-

cated conditions, expressed as mean ± SEM fold

change from NT cultures. ***p < 0.001; n.s., non-

significant; control vector NT, TTX, n = 41-41;

Ehmt2#1 NT, TTX, n = 30-34; Ehmt2#3 NT, TTX,

n = 49–50; two-way ANOVA.

(G and H) Representative mEPSC traces (1 s),

cumulative plots, and mEPSC amplitude bar graphs

expressed as mean ± SEM from Ehmt2#1 and

Ehmt2#3 transfected neurons, untreated (NT) or

TTX treated (TTX) (48 hr). Vertical scale, 25 pA;

horizontal scale, 50 ms. Control vector NT, TTX,

n = 10–10 (Figure 2B); Ehmt2#1 NT, TTX, n = 10–10;

Ehmt2#3 NT, TTX. n.s., non-significant; n = 9–8;

two-way ANOVA.

See also Figure S3.
EHMT1, EHMT2, or both. Alternatively, neuronal activity could

change the subcellular distribution of EHMT1/2, similar to his-

tone deacetylases such as HDAC4 (Sando et al., 2012). To

assess these possibilities, we analyzed the distribution of

EHMT1 and EHMT2 after TTX treatment. EHMT1 and EHMT2

were primarily expressed in the nucleus under normal condi-

tions, and TTX treatment did not change their subcellular locali-

zation (Figures S3A and S3B). Next, we examined EHMT1 and

EHMT2 protein andmRNA levels before and after TTX treatment.

TTX caused a significant increase in both the short and long iso-

forms and total EHMT2 protein levels, but EHMT1 protein levels
346 Neuron 91, 341–355, July 20, 2016
were unaffected (Figures 3A and 3B).

Consistent with previous studies (Bateup

et al., 2013a; Shepherd et al., 2006), we

found that ARC protein levels were signifi-

cantly reduced after TTX treatment (Fig-

ures 3A and 3B).

Transcriptional regulation has been

shown to occur as early as 4 hr after TTX

treatment (Ibata et al., 2008). To determine

when changes in EHMT1/2 occur, we pro-

filed Ehmt1 and Ehmt2 mRNA expression
at two time points after TTX treatment (4 and 48 hr). Ehmt2

mRNA levels were significantly increased after 48 hr, but not after

4 hr (Figure S3C). Ehmt1 expression, however, did not change

and was comparable to untreated neurons at both time points

(Figure S3C).

Since EHMT1 dimerizes with EHMT2 to form a functional com-

plex (Tachibana et al., 2005, 2008), we hypothesized that the

TTX-dependent increase in H3K9me2 levels may result from an

enhanced interaction leading to higher enzymatic activity. First,

we measured enzymatic activity using an ELISA-based assay

for histone methyltransferase (HMT) and found increased HMT



activity in nuclear extracts from TTX-treated neurons (Figure 3C).

Next, using nuclear protein lysates, we co-immunoprecipitated

EHMT2 with an EHMT1 antibody. Similar to previous findings

(Tachibana et al., 2005), EHMT2 co-immunoprecipitated with

EHMT1 (Figure 3D). Interestingly, western blot analysis showed

that TTX treatment significantly increased the interaction be-

tween EHMT1 and EHMT2 (Figure 3D).

Based on these results, we hypothesized that EHMT2 is

also required for the functional expression of homeostatic

scaling up. We designed and validated two independent

shRNAs (Ehmt2#1 and Ehmt2#3) to downregulate endogenous

EHMT2 (Figure S3E). Chronic TTX treatment failed to increase

H3K9me2 levels and scale up in neurons transfected with either

Ehmt2#1 or Ehmt2#3 (Figures 3E–3H). Interestingly, we found

that knocking down Ehmt2 specifically reduced mEPSC fre-

quency but did not affect amplitude in basal conditions (Fig-

ure S3F), suggesting a specific function for EHMT2 in early

synapse formation. Indeed, EHMT2-deficient, but not EHMT1-

deficient, cortical neurons showed fewer juxtaposing PSD-95/

VGLUT puncta and hence fewer synapses (Figure S3F). How-

ever, neither Ehmt1 knockdown nor Ehmt2 knockdown affected

neurite outgrowth (Figure S3G). Collectively, our data suggest

that chronic network deprivation activates a repressive pro-

gram whereby upregulated EHMT1-EHMT2 complex increases

H3K9me2 and scales up synapses.

EHMT1 Is Required for TTX-Induced Gene Repression
Next, we sought to decipher the genetic program that is associ-

ated with synaptic scaling up. We generated strand-specific

RNA sequencing (RNA-seq) libraries from wild-type (WT) and

Ehmt1#2 transduced neuronal cultures, with and without TTX

treatment. In Ehmt1#2 neurons, Ehmt1 transcript was signifi-

cantly downregulated (DEseq2, p < 0.026, log2(fc) = �0.61),

whereas Ehmt2 transcript remained unaffected (DEseq2, p <

0.43, log2(fc) = �0.21). In the absence of TTX treatment,

Ehmt1#2 exhibited differential expression of a relative small num-

ber of genes, with an equal amount of down and upregulated

genes (89 upregulated genes, and 88 downregulated genes,

DEseq2 p < 0.01; Figure 4A). TTX-treatment of WT neurons

induced a larger change in the number of genes, and Spearman

correlations sharply segregated the untreated and TTX-treated

conditions (301 genes; Figure 4B). TTX treatment of WT neurons

mostly triggered gene repression, since the number of downre-

gulated genes was �7-fold higher than upregulated ones (263

against 38; Figure 4C). Also TTX treatment of Ehmt1#2 neurons

led to a significant downregulation, but only a partial overlap

was foundwith the genes downregulated inWT neurons (Figures

4C, left, S4A, andS4B). Upregulated geneswere few in both con-

ditions, and the overlap was low (Figure 4C, right). Interestingly,

we found a significant reduction in the global TTX-induced

repression of Ehmt1#2 neurons as compared to control neurons

(p < 5.8e-13; Figure 4D). Moreover, in Ehmt1#2 neurons, the TTX

responsive genes showed significantly higher basal expression

level (Figure 4E), suggesting that these genes are directly or indi-

rectly controlled by EHMT1. Overall, these data indicate that in

Ehmt1#2 neurons the TTX-induced repression is impaired and

suggest that a subset of TTX-responsive genes is EHMT1depen-

dent.When looking in greater detail at individual genes, we found
that�30%of thegenesnormally repressed inWTneuronsbyTTX

were not repressed in EHMT1-deficient neurons (Figures 4F and

S4C). This subset of genes can therefore be categorized as

EHMT1 dependent. We performed Gene Ontology (GO) enrich-

ment analysis to gain insights into the functional properties of

TTX-responsive genes (Figure 4G). Genes downregulated by

TTX treatment are implicated in a number of processes, including

cholesterol biosynthesis (p < 2e-6), potassium ion channels (p <

6e-7), calcium signaling (p < 4e-6), and synaptic transmission

(p < 4e-7). Interestingly, EHMT1-dependent and EHMT1-inde-

pendent genes segregated in different functional groups. More

precisely, Ehmt1#2 neurons were unable to properly repress

genes linked to ion channels (p < 1.5e-5), synaptic vesicle (p <

1.4e-4), and calcium signaling (p < 1.4e-5). On the other end,

the modulation of the cholesterol biosynthesis was normal in

Ehmt1#2 neurons (p < 5.7e-11), suggesting that this specific

pathway does not seem to be dependent on EHMT1.

Chronic Neuronal Deprivation Induces EHMT1/2-
Mediated Repression of BDNF
Our RNA-seq analysis revealed that Bdnf is misregulated in

Ehmt1#2 transduced neurons. BDNF is a growth factor secreted

from excitatory neurons that bidirectionally modulates homeo-

static synaptic scaling, and Bdnf (exon IX) repression is known

to be required for synaptic scaling up (Rutherford et al., 1998;

Desai et al., 1999; Lindskog et al., 2010). We therefore validated

Bdnf IX mRNA expression, which is the most common Bdnf

splicing variant (Aid et al., 2007) (Figure 5A). Together with

Bdnf IX, we analyzed a set of EHMT1-dependent and EHMT1-in-

dependent TTX-responsive genes, including Arc, Rab3b, and

Prnp, by performing real-time qPCR (Figure S4D). We were

intrigued to find that in Ehmt1#2 transduced neurons, basal

Bdnf IX mRNA was high, and it was not repressed by TTX (Fig-

ure 5A), indicating that EHMT1 is required for TTX-mediated

repression of BDNF. Furthermore, UNC0638 also prevented

Bdnf mRNA repression in neurons that were co-treated with

TTX (Figure S5A).

Previous studies have shown that BDNF decreases in

response to chronic network deprivation (Castrén et al., 1992;

Karpova et al., 2010), and exogenous BDNF can block synaptic

scaling up in pyramidal neurons (Desai et al., 1999; Rutherford

et al., 1998). In addition, scavenging BDNFwith tyrosine receptor

kinase B immunoglobulin g (TrkB-Ig) was sufficient to induce

synaptic scaling up in neuronal cultures. We therefore hypothe-

sized that scavenging excess BDNF from Ehmt1#2 transduced

neurons with a soluble form of TrkB receptor (TrkB fragment

crystallizable [TrkB-FC]) could restore plasticity. First, we

confirmed that BDNF blocked synaptic scaling up when neurons

were co-treated with TTX, whereas BDNF alone did not have any

effect onmEPSC amplitudes (Rutherford et al., 1998) (Figure 5B).

Applying TrkB-FC alone to the neuronal cultures was sufficient to

augment mEPSC amplitudes (Figure 5B). Synaptic scaling up

was restored in Ehmt1 shRNA#2 transduced neurons when co-

treated with TTX and TrkB-FC (Figure 5C). These results strongly

suggested that synaptic scaling up is achieved at least in part

through H3K9me2-mediated repression of BDNF.

Previous studies have shown that BDNF expression is regu-

lated by H3K9me2 occupancy atBdnf promoter IV in the nucleus
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Figure 4. EHMT1-Dependent Gene Repression Program Associated with Synaptic Scaling Up

(A) Clustering of Spearman correlations (complete linkage) partially segregates Ehmt1#2 samples from WT samples. A total of 177 dysregulated genes

(89 upregulated and 88 downregulated) are determined by use of the DEseq2 algorithm, which models the sequencing noise with a negative binomial distribution

(n = 3 biological replicates, p < 0.01). Color code represents Spearman correlation.

(B) Clustering of Spearman correlations (complete linkage) segregates for the TTX samples (48 hr) from NT samples in WT neurons. A total of 301 differentially

regulated genes (38 upregulated and 263 downregulated) are determined by use of the DEseq2 algorithm (n = 3 replicates, p < 0.01). Color code represents

Spearman correlation.

(C) Venn diagrams of differentially expressed genes at 48 hr following TTX treatment in WT and Ehmt1#2 transduced neurons, as determined by RNA-seq (n = 3

replicates, p < 0.01). Left: amount of downregulated genes; in gray, WT (263 genes [184 + 79]), and in blue, Ehmt1#2 (156 genes [77 + 79]). The intersection

consists of 79 common genes. Right: amount of upregulated genes; in gray, WT (38 genes [34 + 4]), and in blue, Ehmt1#2 (33 genes [29 + 4]). The intersection

consists of four common genes.

(D) Boxplot representing the distribution of the log2(fc) for TTX down- and upregulated genes in WT and Ehmt1#2 neurons. Wilcoxon signed-rank test, n = 3,

downregulation p < 5.8e-13 and upregulation p < 0.002. The upregulation p value is lower because of themuch smaller size of the gene set (38 versus 263). Center

line: median value; box limits: 25th and 75th percentile values; whiskers: maximum and minimum data points excluding the outliers; outliers: data points that are

higher or lower than the 1.5 times the quartile (25th and 75th) values.

(E) Boxplot comparing the distribution of the log2(fc) caused by Ehmt1#2 transduction. The graph shows the distribution of all genes (genome-wide) and TTX

responsive genes in Ehmt1#2 transduced neurons (one-way ANOVA, n = 3, p < 7.0e-10).

(legend continued on next page)
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accumbenswhenstimulatedbycocaine (Mazeet al., 2010) andat

Bdnf promoters I, IV, and IXa in primary rat cortical neurons when

stimulated by nicotine (Chase and Sharma, 2013). We immuno-

precipitated chromatin (ChIP) with EHMT1 and EHMT2 anti-

bodies, separately, and analyzed their enrichment at four Bdnf

promoter regions. EHMT1 and EHMT2 occupancy was spe-

cifically enriched at Bdnf promoter IV after TTX treatment

(Figure 5D). Next, we performed H3K9me2 ChIP-qPCR and

confirmed that in TTX-treatedWT neurons H3K9me2 occupancy

was also increased at BDNF promoter IV, with no significant

changes in other Bdnf promoter regions (Figure 5E). In contrast,

H3K9me2 enrichment at the Bdnf promoter regions in Ehmt1#2

transduced neurons was significantly lower compared to un-

treated WT neurons and lacked any kind of regulation after TTX

treatment (Figure 5E). Accordingly, TTX did not alter H3K9me2

enrichment in either EHMT2-deficient or UNC0638-treated neu-

rons (Figure S5D). Together, these results suggest that the

EHMT1/2 complex modifies chromatin specifically at Bdnf pro-

moter IV by increasing H3K9me2 during synaptic scaling up.

EHMT1 Is Required for Homeostatic Synaptic Scaling
In Vivo
Synaptic scaling can be induced in mice by R2 days of light

deprivation (Desai et al., 2002; Goel et al., 2011; Maffei and Tur-

rigiano, 2008). Light deprivation paradigms cause scaling up

at glutamatergic synapses of layer II/III pyramidal neurons in

the primary visual cortex (V1) of p21 and adult mice (Goel

and Lee, 2007). This suggests that synaptic scaling plays a crit-

ical role in experience-dependent development. We evaluated

H3K9me2 fluorescence and mEPSCs in V1 after 3 days of light

deprivation (dark-reared [DR]), comparing WT to Ehmt1+/�

mice, since the Ehmt1+/� mouse recapitulates core features of

Kleefstra syndrome (Balemans et al., 2010, 2013, 2014).

H3K9me2 fluorescencewas significantly higher in NeuN-positive

V1 layer II/III cells ofWTDRmice (Figures 6A and 6B). In contrast,

H3K9me2 was not significantly different between normal-reared

(NR) and DR Ehmt1+/� mice (Figures 6A and 6B). In addition,

basal H3K9me2 levels were significantly lower in Ehmt1+/�

mice, compared to WT. These data support our observations

in primary cortical neurons, where chronic activity deprivation

induces an EHMT1-dependent increase in neuronal H3K9me2.

To evaluate the effect of light deprivation on synaptic strength,

we recordedmEPSCs in layer II/III pyramidal neurons from acute

slices of V1. As previously shown (Desai et al., 2002; Goel

et al., 2011; Maffei and Turrigiano, 2008), mEPSC amplitudes

increased significantly in WT DRmice (Figures 6C and 6D). How-

ever, DR Ehmt1+/� mice did not show an increase in mEPSC

amplitudes compared to NR Ehmt1+/� mice (Figures 6C and
(F) Behavior of TTX-repressed genes (WT neurons) in Ehmt1#2 neurons. The pie ch

neurons and divided in groups according to their downregulation in Ehmt1#2 neur

Ehmt1#2 neurons are downregulated by TTX with the same strength as in WT n

Ehmt1#2, but with milder strength (p < 0.05). Light blue delimits an intermediate ar

neurons are not downregulated after TTX treatment.

(G) EHMT1-dependent and independent functional pathways related to homeos

(Benjamini-adjusted p values, represented in Z score scale) for the 263 genes d

higher enrichment. Threshold for p < 0.01 is indicated by the red circle.

See also Figure S4.
6D). The basal amplitude of the mEPSCs was not different

between the genotypes, nor did we find any differences in the

frequency of mEPSCs between the genotypes or between the

treatments (Figure S6A).

We showed in vitro that EHMT1 is required for synaptic scaling

up and increases H3K9me2 at Bdnf promoter IV (Figures 5A, 5D,

and 5E). We next tested whether this was also the case in vivo.

To this end, we measured mRNA expression (qPCR) and

H3K9me2 enrichment (ChIP-qPCR) in V1 from NR or DR WT

and Ehmt1+/� mice (Figures 6E and 6F). Dark rearing did not

affect Ehmt1 mRNA expression in WT mice, which was signifi-

cantly lower in the Ehmt1+/� mice (Figure 6E). Instead, Ehmt2

mRNA expression increased significantly in DR WT mice (Fig-

ure 6E). Importantly, we found that dark rearing downregulated

Bdnf mRNA expression in WT mice, confirming previous

observations (Karpova et al., 2010). BdnfmRNA downregulation

was also associated with an increase in H3K9me2 at Bdnf pro-

moter IV (Figure 6F). In contrast, DR Ehmt1+/� mice were unable

to repress Bdnf expression (Figure 6E) and did not show an in-

crease in H3K9me2 at Bdnf promoters I, IV, and VI (Figures 6F

and S6C). In accordance with our in vitro data (Figure S4D),

Rab3b and Arc mRNA were significantly downregulated in DR

WT mice, but not in DR Ehmt1+/� mice (Figure S6B). In contrast,

Prnp expression was significantly downregulated irrespective of

the genotype, indicating that Prnp regulation is independent

of EHMT1 activity (Figure S6B). Similar to Bdnf, we found that

Rab3b mis-repression in Ehmt1+/� mice correlated with insuffi-

cient H3K9me2 enrichment at the Rab3b promoter (Figure S6C),

suggesting that Rab3b expression depends on H3K9me2. This

was not the case for Arc (Figure S6C). Finally, we did not find

any significant changes in H3K9me2 levels at theActin promoter,

confirming the specificity of our results (Figure S6C).

These results provide evidence that EHMT1 is required for

homeostatic scaling up after sensory deprivation in vivo and sug-

gest that the increase in mEPSC amplitudes parallels the rise in

H3K9me2 levels, which represses Bdnf expression.

DISCUSSION

Role of EHMT1 and EHMT2 in Homeostatic Plasticity
In this study, we provide several lines of evidence for the

requirement of EHMT1 and EHMT2 for synaptic scaling up. First,

sustained chronic deprivation or activation in primary cortical

neurons increased or decreased H3K9me2 levels, respec-

tively. Similarly, chronic visual deprivation resulted in increased

H3K9me2 levels in layer II/III of the mouse visual cortex. Second,

the changes in H3K9me2 were pivotal for the functional expres-

sion of synaptic scaling since genetic or pharmacological
art represents all the genes (263, p < 0.01) that are downregulated by TTX inWT

ons (based on their p value). Dark gray group encompasses those genes that in

eurons (p < 0.01). Bright gray area features genes that are downregulated in

ea with uncertain behavior. Dark blue area isolates those genes that in Ehmt1#2

tatic plasticity. The radar plot shows GO enrichment main terms and scores

ownregulated by TTX. Groups are divided as in (F). Outer rings correspond to
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Figure 5. EHMT1 and EHMT2 Repress BDNF Expression to Scale Up Synapses

(A) qPCR analysis of Bdnf exon IX mRNA levels in control vectors and Ehmt1#2 transduced neurons treated with TTX (48 hr) or untreated. Data are presented as

mean ± SEM. ***p < 0.001; n.s., non-significant; n = 6; two-way ANOVA.

(B) Cumulative plots and mEPSC amplitude bar graphs of control neurons in conditions as indicated: untreated (NT), TTX, BDNF (25 ng/ml), BDNF + TTX or

TrkB-FC (500 ng/ml). All drugs were added for 48 hr. Data are presented as mean ± SEM. ***p < 0.001; n.s., non-significant; n = 10; one-way ANOVA.

(C) Cumulative plots and mEPSC amplitude bar graphs of Ehmt1#2 transduced neurons, in conditions as indicated: untreated (NT), TTX or TrkB-FC (500 ng/ml)

(48 hr). Data are presented as mean ± SEM. ***p < 0.001; n.s., non-significant; n = 10; two-way ANOVA.

D) Chromatin immunoprecipitation with EHMT1 and EHMT2 antibody and qPCR analysis of the specifiedBdnf promoter I, IV, VI, exon IX, andActin promoter from

WT neurons treated with TTX (48 hr) or untreated, expressed as EHMT1 or EHMT2% input recovery. Data are presentedmean asmean ± SEM, n = 4–4 ; *p < 0.05;

***p < 0.001; n.s., non-significant; t test. Above the bar graphs, Bdnf gene structure is depicted. Each blue box represents an exon, while the red boxes indicate

the promoter sequences analyzed and their position within the rat Bdnf gene.

(E) Chromatin immunoprecipitation with H3K9me2 and qPCR analysis of the specified Bdnf promoter I, IV, VI, exon IX, and Actin promoter from WT and

transduced with Ehmt1#2 neuronal cultures, untreated (NT) or TTX treated (48 hr), expressed as H3K9me2% input recovery. Data are presented as mean ± SEM,

n = 8–8; *p < 0.05; ***p < 0.001; n.s., non-significant; two-way ANOVA. Above the bar graphs,Bdnf gene structure is depicted. Each blue box represents an exon,

while the red boxes indicate the promoter sequences analyzed and their position within the rat Bdnf gene.

See also Figure S5.
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Figure 6. EHMT1-Mediated Synaptic Scaling In Vivo

(A) Representative confocal images of primary visual cortex showing H3K9me2 immunostaining andNeuN immunoreactive neurons fromWT and Ehmt1+/� dark-

reared (DR) and normal-reared (NR) WT and Ehmt1+/� mice. Scale bar, 200 mm (bottom).

(B) Quantification of H3K9me2 immunofluorescence in the primary visual cortex layer II/III expressed as mean ± SEM fold change. WT and Ehmt1+/� normal-

reared (NR) and dark-reared (DR) mice (four animals each, n = 16 frames each). Data are presented as mean ± SEM; bottom and top-most ***p < 0.001; n.s.,

non-significant; two-way ANOVA.

(C and D) Mean mEPSC amplitude bar graph from whole-cell patch-clamp recordings in the layer II/III in the primary visual cortex and representative traces (1 s)

from dark-reared (DR) and normal-reared (NR) WT and Ehmt1+/� mice (n = 11–16). Vertical scale, 20 pA; horizontal scale, 20 ms. Data are presented as mean ±

SEM; bottom and top-most ***p < 0.001; n.s., non-significant; two-way ANOVA.

(E) mRNA expression analysis in the primary visual cortex from dark-reared (DR) and normal-reared (NR) WT and Ehmt1+/� mice (n = 6–6) of Ehmt1, Ehmt2, and

Bdnf IX. Data are presented as mean ± SEM; bottom and top-most *p < 0.05, **p < 0.01, ***p < 0.001; n.s., non-significant; n = 6–6; two-way ANOVA.

(F) Chromatin immunoprecipitation with H3K9me2 and qPCR analysis of the specified Bdnf promoter IV from WT and Ehmt1+/� mice, dark-reared (DR) and

normal-reared (NR), expressed as H3K9me2% input recovery. Data are presented as mean ± SEM (n = 6–6); bottom and top-most *p < 0.05; ***p < 0.001; n.s.,

non-significant; two-way ANOVA.

See also Figure S6.
blockade of EHMT1/2 in vitro prevented the increases in

H3K9me2, mEPSC amplitudes, and synaptic expression of

AMPA receptors. Furthermore, visual deprivation did not cause

synaptic scaling up in Ehmt1+/� mice. Third, EHMT1 and

EHMT2 occupancy and H3K9me2 deposition were increased

at the Bdnf promoter IV after chronic activity suppression.

Consequently, loss of EHMT1 or EHMT2 prevented Bdnf repres-

sion during synaptic scaling up. Together, our data indicate that

EHMT1 and EHMT2 comprise a repressive epigenetic complex

that is engaged during synaptic scaling up.

Specifically, we found that chronic activity suppression upregu-

lated EHMT2 protein levels, leading to more EHMT1/2 complex.

Previous studies showed that H3K9me2 is catalyzed by the

EHMT1-EHMT2 heteromer and is enriched at the promoters of

silenced genes (Tachibana et al., 2002). A direct correlation

between EHMT1/2 expression, H3K9me2, and gene repression
was shown in studies where chronic cocaine abuse decreased

EHMT1 and EHMT2 levels in the nucleus accumbens, and this

correlated with reduced H3K9me2 (Maze et al., 2010; Feng et al.,

2014). Conversely, they also showed that increasing EHMT1 and

EHMT2 expression by pharmacologically inhibiting HDAC1/2

with MS-275 in combination with cocaine treatment or by site-

directed targeting of zinc-finger proteins fused with EHMT2 at

theDfosB promoter caused an increase in global and site-specific

H3K9me2 levels, respectively (Kennedy et al., 2013; Heller et al.,

2014).Unlikeother repressivemarks,H3K9me2doesnot correlate

with a terminally repressed state. Rather, it functions as a permis-

sive tag to recruit a machinery that adds more stable repressive

markers such as H3K9me3, H3K27me3, and DNA methylation

through HP1 recruitment (Mozzetta et al., 2014; Rothbart and

Strahl, 2014; Yearim et al., 2015). Taken together, a picture is

emerging in which H3K9me2 could act as an epigenetic mark
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that represents the activity state of a neuronal network and could

serve as a general mechanism for poising a state in the genome

in a ‘‘ready to repress’’ mode. H3K9me2 can thus be viewed as

a dynamic regulatory histone mark as opposed to only a mark

for heterochromatin.

EHMT1 Contributes to a Genomic Repressive Program
Required for Scaling Up Synapses
Consistent with previous studies, we found that 48 hr of activity

suppression mainly resulted in gene repression (Bateup et al.,

2013b). Interestingly, in EHMT1-deficient neurons, the set of

genes implicated in synaptic scaling, showed aberrantly high

basal expression and misregulated expression after TTX treat-

ment. Essentially, there were fewer repressed genes compared

to control neurons. GO analysis showed that the misregulated

genes clustered in functional groups related to ion channel activ-

ity, potassium channel activity, synaptic vesicles, and calcium

ion binding, suggesting that EHMT1 regulates these synaptic-

scaling-related pathways.

BDNF is a central mediator of homeostatic excitatory synaptic

plasticity in vitro and in vivo (Rutherford et al., 1998: Desai et al.,

1999). Although Bdnf repression has been linked to synaptic

scaling up, its transcriptional and epigenetic regulation has not

been resolved (Rutherford et al., 1998; Yu et al., 2015). We

show that EHMT1 and EHMT2 are both required to repress

Bdnf expression during synaptic scaling up. Furthermore, we

show that both are recruited specifically to Bdnf promoter IV

after TTX treatment, leading to increased H3K9me2 at this pro-

moter region, in vitro and in vivo. EHMT1 and EHMT2 are re-

cruited to chromatin via their ankyrin repeats and anchor to

histone H3 N terminals containing H3K9me1-2 (Collins et al.,

2008). Interestingly, EHMT1 has a higher affinity for H3K9me1

compared to EHMT2. Since we found that only EHMT2 and

not EHMT1 protein levels increased after TTX, we propose a

model in which EHMT1 serves as a scaffold, and during chronic

network inactivity, EHMT1 may increase its association with

EHMT2. Using co-immunoprecipitation experiments, we found

that EHMT1 interacts significantly more with EHMT2 after TTX,

supporting the above scenario. However, we cannot exclude

that other mechanisms, including post-translational modifica-

tions, contribute to enhanced EHMT1/2 activity.

An interesting finding from our studies is that scavenging

BDNF excess in conditions of network deprivation restored the

ability to scale up synapses in EHMT1-lacking cortical neurons.

However, in contrast to controls, we could not increase mEPSC

amplitudes by scavenging BDNF from untreated Ehmt1 knock-

down neurons. Thismay be caused by disengagement of parallel

signaling pathways normally recruited in conditions of lowered

intracellular calcium concentration, therefore leading to a failure

in synaptic scaling up in the Ehmt1 knockdown neurons. In

addition, Bdnf levels are likely affected by other epigenetic

mechanisms, such as DNA methylation and the activity of DNA

methylation binding proteins, both of which rely on histone mod-

ifications (Yu et al., 2015). This might explain why Bdnf upregu-

lation was less pronounced in normally reared Ehmt1+/� mice

compared to neurons in vitro andmight function as a compensa-

tory mechanism to keep Bdnf expression within a normal range

during development.
352 Neuron 91, 341–355, July 20, 2016
Another intriguing possibility is that EHMT1/2 cooperates with

the Rett-syndrome-related protein MECP2 to repress gene tran-

scription (Noh et al., 2012; Subbanna et al., 2014). MECP2 is also

required for synaptic scaling (Blackman et al., 2012; Chao et al.,

2007; Qiu et al., 2012). A recent study suggests that MeCP2 is

involved in the repression of long genes (>100 kb). Interestingly,

the same authors showed an overlap in the long genes that were

misregulated in DNMT3A and MeCP2 knockdown mice (Gabel

et al., 2015; Guo et al., 2014). Elucidation of a this parallel action

would be interesting to trace a potential cooperation between

EHMT1/2 and MeCP2 in the repression of genes required for

synaptic scaling up based on their gene body length.

Other genes that deserve attention are Arc and Rab3b. Both

genes were repressed during synaptic scaling up, but not in

EHMT1-lacking conditions. Although Arc mRNA levels failed to

be repressed in EHMT1-deficient neurons, our experiments

did not show any regulation of H3K9me2 levels at the promoter

region of Arc. This suggests that Arc is only indirectly regulated

by EHMT1, potentially via BDNF (Bateup et al., 2013b; Ji et al.,

2010; Shepherd et al., 2006). On the contrary, and similar to

Bdnf, the changes in H3K9me2 at the Rab3b promoter were in

line with a direct regulation of Rab3b by EHMT1 during synaptic

scaling. Interestingly, at the Drosophila neuromuscular junction

(NMJ), Rab3b has been suggested to facilitate homeostatic

upregulation of presynaptic strength at a late stage of synaptic

vesicle exocytosis by relieving an inhibitory control over homeo-

static changes (Müller et al., 2011). In mammals, Rab3b is

enriched presynaptically at inhibitory synapses, where it is

required for long-term depression (LTD) of hippocampal inhibi-

tory synapses (Tsetsenis et al., 2011) and thus could potentially

be involved in scaling of GABAergic synapses during homeo-

static plasticity.

Further studies should be addressed to characterize the full

complement of epigenetic events that characterize synaptic

scaling. In this regard, sequencing for multiple histone modifica-

tions by analyzing in parallel different histonemarkers at different

gene regulatory elements could provide further information of

how the genome rearranges gene transcription in conditions of

chronic deprivation in order to scale up synapses (Sun et al.,

2012; Feng et al., 2014).

Role of EHMT1 in Kleefstra Syndrome
Although loss of function of EHMT1 has directly been associated

to Kleefstra syndrome, the nature of the synaptic deficits under-

lying the neurological symptoms has remained unclear. Previ-

ously, we found that LTP was unaffected in Ehmt1+/� mice. We

showed that pyramidal CA1 hippocampal neurons of Ehmt1+/�

mice had significant reductions in spine density, number of

mature spines, and dendritic arborization, indicating a post-

synaptic deficit (Balemans et al., 2013). Decreased mEPSC fre-

quency and increased paired-pulse facilitation indicated a

presynaptic locus of action for EHMT1. In our current study,

we found normal basal synaptic transmission in primary cortical

neurons after EHMT1 knockdown and in layer II/III neurons from

acute slices of Ehmt1+/� mouse primary visual cortex. The

discrepancies may derive from altered homeostatic regulation

during development and/or could be attributable to brain region

differences (Gupta-Agarwal et al., 2012, 2014).



Unlike Hebbian plasticity, homeostatic plasticity has not been

shown to directly influence learning and memory. However, the

inability of a neuronal network to adapt to long-lasting changes

in activity might lead to imbalances during development. In

this way, loss of EHMT1/2 function could dynamically alter the

responsiveness of a neuronal network to certain stimuli (Ken-

nedy et al., 2013; Maze et al., 2010) and affect a wide range of

cognitive functions.

EXPERIMENTAL PROCEDURES

Electrophysiology

Whole-cell voltage clamp recordings were performed as previously described

(Nadif Kasri et al., 2011). In brief, for acute slices, mice (p23, Ehmt1+/+, and

Ehmt1+/�) of both genotypes were anesthetized with isoflurane prior decapita-

tion. 350-mm-thick coronal slices were cut using a microtome (HM650V,

Thermo Scientific) in ice-cold artificial cerebrospinal fluid (ACSF) containing

87 mM NaCl, 11 mM glucose, 75 mM sucrose, 2.5 mM KCl, 1.25 mM

NaH2PO4, 0.5 mM CaCl2, 7 mM MgCl2, and 26 mM NaHCO3 continuously

oxygenated with 95% O2/5% CO2 and incubated for 1 hr at 32�C, after which

they were allowed to cool down to room temperature. For recordings, acute

slices or primary cortical neurons attached to glass coverslips were transferred

to the recording setup and incubated in recording (ACSF) containing 124 mM

NaCl, 1.25 mM NaH2PO4, 3 mM KCl, 26 mM NaHCO3, 10 mM glucose, 2 mM

CaCl2, and 1 mM MgCl2 continuously oxygenated with 95% O2/5% CO2

at 30�C. Cells were visualized with an upright microscope (Olympus). Patch

pipettes (5–7 MU) were made from borosilicate glass capillaries and filled

with intracellular solution containing 115 mM CsMeSO3, 20 mM CsCl,

10 mM HEPES, 2.5 mM MgCl2, 4 mM Na2ATP, 0.4 mM NaGTP, 10 mM Na-

phosphocreatine, and 0.6 mM EGTA (pH 7.2–7.3, 285–295 mOsm).

All experiments on animalswere carried out in accordancewith the approved

animal care and use guidelines of the AnimalCareCommittee, RadboudUniver-

sity Nijmegen Medical Centre (RU-DEC-2011-021, protocol number: 77073).
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Supplemental Figures  

 

Supplemental figure S1 related to figure 1. Changes in histone methylation marks during synaptic scaling. 
A) Representative images of H3K4me1, H3K4me3 and H3K27me3 immunoreactivity and relative intensity levels 
quantifications expressed as mean ± SEM fold change from NT cultures. **, p<0.01; ***; p<0.001. H3K4me1: NT, 
TTX, PTX, n=31-48. one-way ANOVA.  H3K4me3: NT, TTX, PTX, n=24-30. one-way ANOVA. H3K27me3: NT, 
TTXPTX, n=31-39. one-way ANOVA. B) Representative images of H3K9me2 immunoreactivity levels in neurons 
treated with: TTX, nimodipine, STO-609, thapsigargin, APV and CNQX. Scale bars, 20 µm. C1) B50 rat 
neuroblastoma cells were transfected with control, Ehmt1#1, Ehmt1#2, Ehmt1#3, Ehmt1#4 expressing vectors. 
Protein extracts were probed by immunoblotting with antibodies against EHMT1 and γ-tubulin. C2) Primary cortical 
neurons were transduced with control, Ehmt1#1 and Ehmt1#2 expressing lentivirus at DIV1. Protein extracts were 
prepared at DIV14 and were probed by immunoblotting with antibodies against EHMT1 and γ-tubulin. C3) 
Quantification of the immunoblot signals of (B). Data are represented as mean ± SEM, n=3; ***, p<0.001; t-test. 
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Supplemental figure S2 related to figure 2. Effect of HDAC class-1 inhibitor, MS-275, on H3K9me2 levels and 
synaptic transmission. 
A) Quantification of mEPSC frequency in indicated conditions. Data are represented as mean ± SEM, untransfected 
NT, TTX, n=9-11; control vector NT, TTX, n=10-10; Ehmt1#1 NT, n=10-11; Ehmt1#2 NT, TTX n=8-8; Ehmt1#1 + 
Ehmt1-OE NT, TTX, n=11-14; UNC0638 NT, TTX n=10-10; n.s., non significant; two-way ANOVA. B) 
Representative images of H3K9me2 immunoreactivity (red) levels in neurons (MAP2 positive cells, gray) untreated 
or treated with TTX or MS-275. Scale bars 20 µm. Quantitative analysis of H3K9me2 levels in untreated or TTX 
and MS-275 treated neurons. Data are represented mean ± SEM fold change from NT cultures; n=34-55, ***, 
p<0.001; n.s., non significant; one-way ANOVA. C) mEPSC amplitude bar graphs from untreated neurons, TTX and 
MS-275 treated neurons. Data are represented mean ± SEM; n=8; **, p<0.01; n.s., non significant; one-way 
ANOVA. 
 
 



	 4	

 



	 5	

Supplemental figure S3 related to figure 3. Subcellular expression of EHMT1 and EHMT2 and validation of 
EHMT2 knockdown. 
A, B) Representative images of EHMT1 and EHMT2 immunostainings in primary cortical neurons and 
quantification of relative EHMT1 and EHMT2 levels in the cytoplasm versus nucleus in untreated and TTX-treated 
neurons. Data are represented as mean ± SEM; n=22-23; n.s., non significant; t-test. Scale bars 20 µm. C) Analysis 
of time course expression of Ehmt1 and Ehmt2 mRNA in neurons after 0, 4 and 48-hrs after treating neurons with 
TTX.  Changes in mRNA levels are expressed as mean ± SEM fold change from untreated neurons. n=3; **, p<0.01; 
n.s., non significant; one-way ANOVA. D) Ehmt2 knockdown validation. Cortical neurons were transduced with 
Ehmt2#1, Ehmt2#3 and control neurons. Western blot showing EHMT1, EHMT2 and γ-tubulin expression. Data are 
represented as mean ± SEM, n=3; *, p<0.05; t-test. E) mEPSC frequency bar graphs from transfected with shRNA 
Ehmt2#1 and Ehmt2#3. Data are represented as mean ± SEM; n=9-10; *** p<0.001; n.s., non significant; two-way 
ANOVA. F) Representative images of VGLUT and PSD95 colocalizing punctae immunolabeling in control and 
Ehmt1#2 and Ehmt2#1 transduced neuronal. Data are represented as mean± SEM colocalized PSD95/VGLUT 
punctae on a stretch of 10µm of dendritic length. n=20-23 neurons; **, p<0.01; one-way ANOVA. G) Mean neurite 
length was determined from data obtained by live cell imaging (IncuCyte) and plotted as a function of time. Left, 
representative images at DIV 4 of cortical neurons transfected with control, Ehmt1#2 or Ehmt2#1 shRNA. Right, 
quantification of mean neurite length per neuron. Mean neurite length is not significantly different between 
conditions. n= 42-53 neurons, 3 independent experiments, multiple t-test . Scale bar represent 10 µm. 
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Supplemental figure S4 related to figure 4. EHMT1-dependent and independent gene repression after TTX-
treatment. 
A) Clustering of Spearman correlations (Complete linkage) segregates untreated Ehmt1#2 neurons from TTX–
treated Ehmt1#2 neurons (n = 3 samples per condition, p<0.01). B) Clustering of Spearman correlations (Complete 
linkage) for the complete RNA-seq dataset and the complete set of responsive genes (576 genes associated with 
either of the treatments/conditions). The main division splits TTX treated from untreated neurons. Exception is the 
TTX treated Ehmt1#2-rep1 sample, which is clustered together with the untreated ones because of a stronger 
impairment of the TTX effect. Beyond the division in treated and untreated samples segregations are less clear 
mainly because the impact of Ehmt1#2 over the basal transcriptome is mild. C) Scatter plots comparing the strength 
of transcriptional repression induced by TTX in wt and Ehmt1#2 neurons. Each dot represents a gene. P-values (n = 
3 samples per condition) on the axes are represented in Z score scale and decreasing numbers indicate stronger 
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repression. Genes have been divided in four groups, associated with progressively impaired repression in Ehmt1#2 
conditions as compared to WT conditions. Essentially, 50% of the genes (pie chart, dark gray and light gray) seem 
significantly repressed also in Ehmt1#2 conditions whereas 31% show (dark blue) a lack of repression. D) Transcript 
levels analysis with quantitative PCR of Arc, Rab3b and Prnp genes from primary neuronal cultures transduced with 
control and Ehmt1#2 vectors  and treated or untreated with TTX. Data are reprensented as mean ± SEM fold change 
from control NT; n=6; *, p<0.05; **, p<0.01; ***, p<0.001; p<0.01; n.s., non significant; two-way ANOVA.  
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Supplemental figure S5 related to figure 5. Effect of BDNF on mEPSC frequency changes during synaptic 
scaling  
A) Bdnf transcription levels in primary neurons treated with UNC0638 and/or TTX. Data are represented as mean ± 
SEM; n=3; **, p<0.01; ***, p<0.001; n.s., non significant; two-way ANOVA. B) mEPSC frequency bar graphs from 
control neurons in conditions as indicated: untreated (NT), TTX (1 µM), BDNF (25 ng/ml), BDNF (25 ng/ml) + 
TTX (1 µM) and TrkB-FC (500 ng/ml). Data are represented as mean ± SEM; n=10; *, p<0.05; One-way ANOVA.  
C) mEPSC frequency bar graphs from Ehmt1#2 transduced neurons in conditions as indicated: untreated (NT) , TTX 
(1 µM) and TrkB-FC (500 ng/ml). Data are represented as mean ± SEM; n=10; two-way ANOVA. D) Chromatin 
immunoprecipitation with H3K9me2 and qPCR analysis of the specified Bdnf promoter I, IV, VI, exon IX and Actin 
promoter from primary neuronal cultures transduced with control vector, Ehmt2#3 or treated with UNC0638 in 
untreated (NT) or TTX-treated condition, expressed as H3K9me2 % input recovery.  Data are represented as mean ± 
SEM, n=4-4-8; *, p<0.05; ***, p<0.001; n.s., non significant; two-way ANOVA. Above the bar graphs, Bdnf gene 
structure is depicted. Each blue box represents an exon, while the red boxes indicate the promoter sequences 
analyzed and their position within the rat Bdnf gene. 
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Supplemental figure S6 related to figure 6. EHMT1-mediated synaptic scaling in vivo 
A) Mean mEPSC frequency bar graph from whole-cell patch clamp recordings in the layer II/III in the primary 
visual cortex from dark-reared and normal-reared WT and Ehmt1+/- mice, n=11-16; Data are represented as mean ± 
SEM *, p<0.05; n.s., non significant; two-way ANOVA. 
B) mRNA expression analysis in the primary visual cortex from dark reared and non WT and Ehmt1+/- mice of 
Rab3b, Prnp, and Arc. Data are represented as mean ± SEM. n=6-6; *, p<0.05, **, p<0.01, ***, p<0.001; n.s., non 
significant;, two-way ANOVA.  
C) Chromatin immunoprecipitation with H3K9me2 and qPCR analysis of the specified Bdnf promoter I, VI, Rab3b, 
Prnp, Arc and Actin promoters from WT and Ehmt1+/- mice, dark reared (DR) and non reared (NR), expressed as 
H3K9me2 % input recovery.  Data are represented as mean ± SEM, n=6-6; *, p<0.05; ***, p<0.001; two-way 
ANOVA.  
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Supplemental Experimental Procedures 
 
	

Neuronal cultures and treatments 
Low-density primary cortical neuronal cultures were prepared from embryonic day 18 (E18) rat pups as previously 
described (Nadif Kasri et al., 2011). Cell cultures were incubated in Neurobasal media (GIBCO-Invitrogen) 
supplemented with B27, penicillin, streptomycin, and L-glutamine at 37˚C in 5% CO2. Medium was half refreshed 
with unconditioned culturing medium every third day until treatment, which coincided with last medium renewal. At 
days in vitro 11 (DIV 11) low-density primary cortical neuronal cultures were treated for 48-h (unless specified 
differently), with TTX (1 µM, Tocris 1069), PTX (10 µM, Tocris 1128), nimodipine (5 µM, Tocris 0600), STO-609 
(2µM, Tocris, 1551), thapsigargin (1 µM, Tocris 1138), CNQX (40 µM, Tocris 0190), APV (100 µM, Tocris 0106), 
UNC0638 (85 nM, Sigma-Aldrich U4885), MS-275 (5 µM, Sigma-Aldrich EP-S002) TrkB-FC (500 ng/ml, R&D 
systems 688-TK) and BDNF (25 ng/ml, PeproTech 450-02). Amaxa Rat Nucleofector kit (Lonza, VSPI-1003) was 
used to transfect primary neurons with shRNAs prior plating (DIV 0) as described by manufacturer. In different set 
of experiments neurons were transduced with lentiviruses co-expressing GFP and shRNAs. 
 
Immunocytochemistry 
Primary neurons were fixed with 4% paraformaldehyde/4% sucrose in phosphate buffered saline (PBS) at 37˚C for 
15 min. After fixation cells were washed and permeabilized with PBS and Triton 0.1%. Cells were blocked in normal 
goat serum (NGS) 10% and triton 0.05%. Primary antibodies were incubated in PBS with NGS 5% and Triton 0.01% 
overnight at 4˚C. Secondary antibody incubation was done the next day with Alexa-488 and Alexa-568 (Molecular 
Probes) for 1 hour at room temperature. Cells were washed in PBS 1x to remove secondary antibody excess and 
finally mounted using DAKO (DAKO, S3023) fluorescent mounting medium and stored at 4˚C. Signal intensity was 
measured with ImageJ and data was normalized to untreated condition (NT). Primary antibodies: H3K9me2 (1:500, 
Millipore 07-441); H3K4me3 (1:500, Abcam ab8580); H3K4me1 (1:500, Diogenode CS-037-100); H3K27me3 
(1:500, Millipore 07-449); MAP2 (1:2000, Sigma-Aldrich M4403); EHMT1 (1:100, Abcam ab41969); EHMT2/G9a 
(1:100, Cell Signaling Technology 3306); PSD95 (1:50, Thermo Scientific MA1-045); VGLUT (1:2000, Synaptic 
Systems 135302). Secondary antibodies: Goat anti-Mouse Alexa Fluor® 488 (1:2000, Invitrogen A11029), Goat 
anti-Mouse Alexa Fluor® 568 (1:2000, Invitrogen A11031), Goat anti-Mouse Alexa Fluor® 647 (1:2000, Invitrogen 
A21236), Goat anti-Rabbit alexa fluor 488 (1:2000, Invitrogen A11034), Goat anti-Rabbit Alexa Fluor® 568 (1:2000, 
Invitrogen A11031). 
 
Surface AMPA receptor labeling and quantification 
GluA1 (1:50, Millipore MAB2263) and GluA2 (1:50, Millipore MAB397) antibodies were diluted in culturing 
medium and incubated to primary neurons for 10 min in the incubator at 37˚C and 5% CO2 (Zhou et al., 2008). Cells 
were fixed and stained as described above. Data was acquired from confocal images, analyzed by using ImageJ plug-
in Foci picker 3D and 2D(Du et al., 2011), and normalized to untreated control vector. Two-way ANOVA with 
Bonferroni comparison was used to compare between genotypes (control and EHMT1 knockdown) and the treatment 
(NT vs. TTX). 
 
Neurite outgrowth assay 
Neurons were prepared and electroporated at DIV 0 with constructs expressing shRNA against Ehmt1 or Ehmt2. 
Neurons were imaged every 4 hours for 5 days using the Incucyte live cell imaging system (Essen Bioscience). Phase 
contrast images of the GFP positive neurons were analyzed online using a custom neurite outgrowth detection 
program, Neurotrack  (Essen Bioscience). 
 
Immunohistochemistry  
Dark-reared and normal-reared mice were anaesthetized with Isofluran and transcardially perfused with PFA 
4%/sucrose 4% in PBS 1x. Brains were removed and kept overnight in PFA 4%/sucrose 4% in PBS 1x at 4˚C. 60 µm 
thick coronal slices in correspondence of primary visual cortex were derived using a vibratome V1000S (Leica) in 
ice-cold PBS. Free-floating slices were stored in PBS with 0.01% sodium-azide at 4˚C prior IHC procedure. Slices 
were washed and permeabilized in TBS with Triton 0.1% and blocked with 10% NGS, 10% NDS for 2-h at RT. 
Primary antibodies H3K9me2 (1:200, Millipore 07-441) and NeuN (1:300, Millipore ABN91) in TBS 1x-Triton 
0.1% with 5% NGS and 5% NDS were incubated for 3 days at 4˚C on a horizontal shaker. Tissue was washed and 
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incubated with secondary antibodies (Goat anti-Rabbit Alexa fluor 568; 1:1000, Invitrogen A11031 and Donkey 
anti-Chicken; 1:300, Jackson Immuno Research Laboratories 703-545-155) in 5% NGS, 5% NDS in TBS 1x-Triton 
0.1% for 2-h on a horizontal shaking plate at RT in darkness. Free-floating slices were then washed with TBS 1x and 
mounted on a glass slide for imaging. Intensity signals were measured from confocal images. Two-way ANOVA 
with Bonferroni comparison was used to compare between genotypes (Ehmt+/+ and Ehmt+/-) and visual manipulation. 
 
DNA constructs and virus production  
For RNAi knockdown experiments, DNA fragments encoding short hairpin RNAs (shRNAs) directed against 
mouse/rat Ehmt1 mRNA (Ehmt1#1: 5’-GGTGATTGAGATGTTTAA-3’; Ehmt11#2:  5’-
GCCTCTTACTGGTGTTTCT-3’; Ehmt2#1: 5’-GGGTGGACTCTGACAGCAA-3’, Ehmt2#2: 5’-
CCCAGAGGACTATAAGTA-3’; Ehmt2#3: 5’-CGAAGCTCTAGCTGAACAG-3’ and control shRNA (src#1: 5’-
GCTCACCCTTCCTACTCTC-3’) were cloned into the pSuper vector (Oligoengine) and pTRIPΔU3-EF1α-EGFP 
lentiviral vector (Janas et al., 2006; Kasri et al., 2008). Empty vector was used as control vector. Mouse Ehmt1 
cDNA over-expression was produced by combining two overlapping mRNA clones: D430022D24 containing 
mRNA AK084994 and IRAKp961B18195Q containing mRNA BC089302 under the control of a CMV promoter. 
Lentiviral supernatants were prepared, concentrated, and tittered as described (Janas et al. 2006; Kasri et al. 2008). 
Briefly, lentiviruses were generated by co-transfecting the transfer vector, the HIV-1 packaging vector Δ8.9, and the 
VSVG envelope glycoprotein vector into HEK293T cells, using calcium phosphate precipitation. Supernatants of 
culture media were collected 48-h after transfection and centrifuged at 100,000x g to concentrate the viral vector. 
Viral particles were then stored at -80˚C until use. 
 
Western blot and co-immunoprecipitation. 
Proteins extracts were separated by SDS-PAGE, transferred on nitrocellulose membranes (BioRad, 170-4158) and 
probed with antibodies against EHMT1 (1:7000, Abcam AB41969), EHMT2 (1:500, Cell Signaling C6H3), Arc 
(1:500, Synaptic systems 156003), H3K9me2 (1:1500, Millipore 07-441), Histone 3 (D1H2) (1:4000, Cell signaling 
4499) and γ-Tubulin (1:10000, Sigma-Aldrich T-5326). Proteins were then detected with horseradish peroxidase-
conjugated goat anti-Mouse (1:8000, Jackson ImmunoResearch Laboratories 115-035-062) and goat anti-Rabbit 
(1:8000, Invitrogen G21234). Proteins were revealed with Super Signal West Femto and Pico ECL (Thermo 
Scientific, 34095 and 34080) and visualized with ChemiDoc Touch Imaging system (BioRad). Histone protein 
extraction was performed by using EpiQuickTM Total Extraction Kit (Epigentek, OP-0006-100). Nuclear and 
Cytoplasmic protein fractions were extracted EpiQuickTM Nuclear Extraction Kit I (Epigentek, OP-0002). 
Densitometric measures were acquired with Image lab 2.0 (Bio-Rad) and intensity signals were normalized to 
untreated condition. Unpaired student t-test was used to compare the two treatments (NT vs. TTX). 
For co-immunoprecipitation experiments EHMT1 (5 µg, Abcam AB41969) or mIgG1κ (5µg, BD Pharmigen, 
557273) antibodies were coupled to Protein A/G Plus-Agarose (12.5 µl beads, Santa Cruz Biotechnologies sc-2003) 
for 2-h rotating at 4˚C. Whole protein extract from primary neurons were first obtained by cell lysis with lysis buffer 
(300 nM NaCl; 50mM HEPES pH=8; 1% IGEPAL CA-630; 0.1% Sodium-Deoxycholate; 1 mM DTT; 1 mM 
protease inhibitors EDTA-free, Roche) while coupling beads and antibodies. Coupled Ab-beads were extensively 
washed with Protein binding buffer (PBB) (150 mM NaCl; 50 mM HEPES pH=8.0; 0.25% IGEPAL CA-630; 1 mM 
DTT) to remove unbound Ab in excess. Salt and IGEPAL concentration was reduced from protein extract with Low 
salt buffer (150 mM NaCl, 50mM HEPES pH=8.0, 0.25% IGEPAL CA-630; 1 mM DTT; 1mM protease inhibitors 
EDTA-free). Subsequently, whole protein extract and Ab-beads complex were coupled and incubated overnight at 
4˚C on a rotating wheel. After the beads-Ab-protein complex was extensively washed with PBB and washing buffer 
(150 mM NaCl, 50 mM HEPES pH=8.0; 1 mM DTT), resuspended in Laemmli buffer. Half of the sample was used 
for Western blot against EHMT1, the other half for Western blot against EHMT2.  
Densitometric measures were acquired with Image lab 2.0 (Bio-Rad) and intensity signals were normalized to 
untreated condition. Unpaired student T-test was used to compare the two treatments (NT vs. TTX). 
 
RNA-isolation primary cortical cultures 
Total RNA was isolated from cultured neurons with NucleoSpin RNA (Macherey-Nagel 740955.50) according to the 
supplied protocol. Concentration and purity of the RNA samples was determined using Nano drop ND1000. Total 
RNA (500ng) was reverse transcribed (RT) with iScriptTM Reverse Transcription Supermix for RT-qPCR (Bio-Rad 
170-8840) according to manufacturer instructions. 
 
RNA-isolation from primary visual cortices 
For qPCR in vitro and in vivo total RNA was obtained from either primary neuronal cultures or from biopsies of 



	 12	

primary visual cortices by using QiAzol (Qiagen, 79306), followed by Phenol/Chloroform RNA extraction. 
Subsequently RNA was purified with RNeasy Lipid Tissue Mini Kit (Qiagen, 74804) and DNA digested with DNase 
(Qiagen, 79254). Retrotranscription was performed to obtain cDNA with iScriptTM Reverse Transcription Supermix 
for RT-qPCR (Bio-Rad 170-8840) according to manufacturer instructions. 
 
Whole genome RNA sequencing and analysis 
2000 ng of Total RNA were treated with the Ribo-Zero rRNA Removal Kit (Human/Mouse/Rat; Illumina 
MRZH11124). Depleted RNA was precipitated 1-h at -80C in three volumes of ethanol plus 1 µg of glycogen. RNA 
was then washed and resuspended in 36 µl of RNase free water. RNA fragmentation buffer (NEBNext® Magnesium 
RNA Fragmentation Module, E6150S) was added to the solution and the RNA was fragmented by incubation at 
95˚C for 3 minutes. Reverse transcription: cDNA first strand synthesis was performed with random examer primers. 
cDNA second strand synthesis was performed with dNTPs, to ensure strand specificity.  
The RNA-seq library was synthetized with KAPA Hyper prep kit (KK8504): a treatment with USER enzyme (NEB, 
M5505L) was added to digest the unspecific strand. The libraries were pooled (4/lane) and sequenced on the illumina 
HiSeq, which yielded approximately 40 million single-end reads per sample. The RNA-seq libraries were mapped 
with GSNAP, gene expression counts were calculated with a custom C++ script and DEseq2 was used to call the 
dysregulated genes. The GO enrichments were calculated in the gene David website (http://david.abcc.ncifcrf.gov/) 
The Z-scores of Figure 6A were calculated by fitting the local distribution of the variable log2(TTXi/untreatedi) 
against the variable log2(TTXi+untreatedi), where TTXi and untreatedi represent the number of tag counts for the i-th 
transcript. 
RNA-Seq data are deposited in GEO ID: GSE68960. 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68960 
GEO data: Excel tables including the normalized read counts for all the samples, as well as the DEseq2 pvalues for 
each of the comparisons. The normalized counts are found in the columns. The values in these columns represent the 
deseq-normalized counts multiplied by 42 (bp coverage of one tag). Therefore they represent the normalized total 
numer of bp sequenced for each transcript. There are 5 pair-wise comparisons of expression and each has its table. 
Wt_ttx and shrna_ttx for the study of ttx effect in wt samples or transduced sampes. Startpoint_wt_shrna_VS_wt for 
the effect of shrna alone on wt neurons. Endpoint_ttx_shrna_VS_ttx for the effect of shrna on the TTX treated 
samples. Rattus_shrna_total_6vs_6_effect for the effect of shrna regardless to the TTX treatment. Gene David GO 
enrichments for the TT down-regulated genes (Down-reg), their shrna blocked subset (Blocked_shrna) and shrna 
independent subset (Common). 
 
 
Chromatin immunoprecipitation (ChIP) 
Cell cultures and primary visual cortices were cross-linked with formaldehyde to immunoprecipitate H3K9me2 at a 
final concentration of 1% for 9 min at room temperature. For EHMT1 and EHMT2 chromatin immunoprecipitation 
primary neuronal cultuters were cross-linked priory with 2mM disuccinimidyl glutarate (DSG) for 45 min room 
temperature and followed by formaldehyde 1% for 9 min at room temperature. Glycine (125 mM) was added to stop 
crosslink reaction. Cells were washed and harvested in PBS 1x with 1 mM protease inhibitors EDTA-free. Cells 
were then lysed in lysis buffer (10 mM Tris HCl, pH=7.5; 10 mM NaCl; 0.2% NP-40; 0.2% Triton; 1 mM EDTA, 
pH=8.0; 0.5 mM EGTA, pH=8.0; 1 mM protease inhibitors EDTA-free) for 10 min rotating at 4˚C. Pelleted nuclei 
were washed in buffer C (150 mM NaCl; 1mM EDTA pH=8.0; 50 mM HEPES pH=7.6; 1 mM protease inhibitors 
EDTA-free) for 10 min rotating at 4˚C and resuspended in sonication buffer (20 mM HEPES pH=7.6; 1% SDS; 1 
mM protease inhibitors EDTA-free) and sonicated with Bioruptor Power-up (Diagenode) to shear DNA into 150-
300bp fragments. Chromatin was precleared with Dynabeads Protein A and G (Life Technologies, 10003D and 
10001D) for 2-h rotating at 4˚C. Imunoprecipitated with H3K9me2 (2 µg/reaction, Abcam ab1220), EHMT1 
(5µg/reaction, Abcam Ab41969) and  EHMT2/G9a (5 µg, Cell Signaling Technology 3306) overnight rotating at 4˚C. 
Beads were washed twice in buffer 1 (0.1 % SDS, 0.1 % sodium-Deoxycholate; 1.0% Triton; 150 mM NaCl; 1 mM 
EDTA; 0.5 mM EGTA; 20 mM HEPES), once in buffer 2 (0.1% SDS; 0.1% Sodium-Deoxycholate; 1.0% Triton; 
500 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 20 mM HEPES), once in buffer 3 (250 mM LiCl; 0.5% Sodium-
Deoxycholate; 0.5% NP-40; 1 mM EDTA; 0.5 mM EGTA; 20 mM HEPES), twice in buffer 4 (1mM EDTA; 0.5 
EGTA; 20 mM HEPES) and eluted in elution buffer (1% SDS; 0.1M NaHCO3,) rotating at room temperature for 20 
min. Eluate was de-crosslinked in elution buffer with 24 µg proteinase-K and 200 mM NaCl for 4-h at 65˚C and 
DNA material was cleaned with NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel) according to manufacturer 
instructions. DNA was resuspended in water and q-PCR was performed. ChIP-qPCR results are expressed as 
percentage of IP/input signal (% input). Unpaired student T-test was performed to compare the NT and TTX % 
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EHMT1 and EHMT2 recovery from input for each of the promoters separately. Whereas two-way ANOVA was used 
to compare % H3K9me2 recovery from input to compare between WT and Ehmt1#2 transduced neurons untreated 
and TTX-treated.  
 
Quantitative ChIP-qPCR (qPCR) Analysis Each decrosslinked gDNA immunoprecipitated sample was amplified 
using SYBR Green (Promega) on the 7500 fast Real-time PCR system (Applied Bio-systems Life Technologies). 
Every reaction carried 3 µl gDNA, 0.8 µM primers in a final volume of PCR mix. Each cycle consisted of 
denaturation at 95˚C for 15s, annealing and extension at 60˚C for 60s. The primers used for this study are listed in 
table. For data analysis the ratio between the dilutions of ChIP-ed material over the input times the amount in µl 
loaded of input over ChIP-ed times 100 was used. As control Actin was used as a constitutively expressed gene to 
compare to a gene not regulated by either EHMT1, EHMT2 and H3K9me2. All data are expressed as mean ± SEM, 
statistical comparisons were performed by t-test for EHMT1 and EHMT2 separately, and H3K9me2 two-way 
ANOVA was used to compare the treatements and the genetic manipulations used for this study. Below list of 
primers used for ChIP-qPCR to amplify rat and mouse promoter regions. 
 
List of primers designed to amplify RAT promoter regions (ChIP) 

 
 
List of primers designed to amplify MOUSE promoter regions (ChIP) 
 

Name Sequence 
Bdnf P I Fw GTGCCTCTCGCCTAGTCATC 
Bdnf P I Rev CTGAGCCAGTTACGTGACCA 
Bdnf P IV Fw AGGGATTGGGGATAAACTAGACTC 

Bdnf P IV Rev CACGCAAGTCCCTGAACTC 

Bdnf P VI Fw GGAATTAGGGATACCCCAAGG  
Bdnf P VI Rev TTATTTAGCTCTTCGGTTGAGCTTC  
Bdnf exon IXa Fw TGGGTCACAGCGGCAGATAAAAAG  

Bdnf exon IXa Rev TAAGGGCCCGAACATACGATTGG 

Actin Fw CTCGAGCCATAAAAGGCAACT 

Actin Rev AAAATGCTGCACTGTGCGG 
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Quantitative PCR (qPCR) Analysis Each cDNA sample was amplified using SYBR Green (Promega) on the 7500 
fast Real-time PCR system (Applied Bio-systems Life Technologies). Every reaction carried 5 µl cDNA, 0.8 µM 
primers in a final volume of PCR mix. Each cycle consisted of denaturation at 95˚C for 15s, annealing and extension 
at 60˚C for 60s. The primers used for this study are listed in table. For data analysis Livak Method was used (Livak 
and Schmittgen, 2001), PPIA was used as an endogenous control (house keeping gene) to normalize each sample. 
All data are expressed as mean ± SEM, statistical comparisons were performed by two-way ANOVA. Below list of 
primers used for qPCR to amplify rat and mouse gene regions  
 
 
 
List of primers designed for qPCR experiments targeting RAT gene regions 
 
 
 

Name Sequence 
Bdnf P I Fw CAAAATAGGGCAGCGACTCT 
Bdnf P I Rev CTGAGCGAAAAGGTGTAGGC 
Bdnf P IV Fw TGTGGAGGTGGAGAAGAACA 

Bdnf P IV Rev CTCCAATCCCTCCATCTTCA 

Bdnf P VI Fw CTTTGTGTGGACCCTGAGGT 
Bdnf P VI Rev TGCAGTCCCACAACTTCTCA 
Rab3b Fw CAACCCATCTTCAGCCAGAG 

Rab 3b Rev TCGGATAAGAGCTGGCTCAC 

Actin Fw CTCGAGCCATAAAAGGCAACT 

Actin Rev AAAATGCTGCACTGTGCGG 

Prnp Fw GATCAGCAGACCGATTCTGG 

Prnp Rev ACGACGGAAGGCTGAGTG 

Arc Fw GGAGGAGCTTAGCGAGTGTG 

Arc Rev AGCATAAATAGCCGCTGGTG 

Gene name sequence 
Ehmt1 Fw CTTGGACGCAGTGAAGTACC 
Ehmt1 Rev CGTCATAGTGGCCTTTCTTG 
Ehmt2 Fw ACGCGTACTCTGTGGATGAG 
Ehmt2 Rev TCAGCTAGAGCTTCGACTTCAG 
Bdnf exon Ixa Fw GAGAAGAGTGATGACCATCCT 
Bdnf exon Ixa Rev TCACGTGCTCAAAAGTGTCAG  
Arc Fw ACGACACCAGGTCTCAAGC 
Arc Rev AGGCAGCTTCAAGAGAGGAG 
Rab3b Fw GCAGAGCAACTTGGGTTTGA 
Rab3b Rev TCTTATCGCAGATGGCGTCC 
Prnp Fw CCAAGCCGACTATCAGCCAT 
Prnp Rev GCTTTTTGCAGAGGCCAACA 
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List of primers designed for qPCR experiments targeting MOUSE gene regions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Histone methyltransferase enzymatic assay 
Histone H3 lysine 9 methyltransferase activity of EHMT1/2 on H3K9me2 was measured using EpiQuik Histone 
Methyltransferase Activity/Inhibition Assay Kit  (H3K9) (EpiGentek P-3003-1) following manufacturer instructions. 
An ELISA plate reader at 450 nm (Perkin Elmer VictorTM X3) was used to read the methyltransferase activity.  The 
results were normalized against NT neurons and analyzed by unpaired student t-test.  
 
Animals, genotyping and dark rearing. 
For cell cultures female Wistar Rat were used as described (Watabe-Uchida et al., 2006). For visual experience 
deprivation experiments we used Ehmt1+/- heterozygous and Ehmt+/+ wild type mice backcrossed in C57Bl6/J 
background (Balemans et al., 2010). P21 heterozygous and WT littermate mice were dark-reared in complete 

Ppia Fw AAGGGTTCCTCCTTTCACAG 
Ppia Rev CCATTATGGCGTGTGAAGTC 

Gene name sequence 
Ehmt1 Fw AAGAGACCAAGCAGGATTGC 
Ehmt1 Rev TGTGGAACCTTCATCAGCAG 
Ehmt2 Fw CATGTCCAAACCTAGCAACG 
Ehmt2 Rev GAAGTCACCTTCCCCAGATG 
Bdnf exon Ixa Fw GCGCCCATGAAAGAAGTAAA 
Bdnf exon Ixa Rev TTCGATGACGTGCTCAAAAG 
Arc Fw ACCAGTGAAGAAGAGCAGAGC 
Arc Rev CCTTGAGACCTGGTGTCATTC 
Rab3b Fw TGGCCCCAGCTACAGATACT 
Rab3b Rev GTAGGAGGAGGGGCTTGGTA 
Prnp Fw CCAAGGAGGGGGTACCCATA 
Prnp Rev CCCAGTCGTTGCCAAAATGG 
Ppia Fw AAGGGTTCCTCCTTTCACAG 
Ppia Rev CCATTATGGCGTGTGAAGTC 



	 16	

darkness for 3 days and compared to both genotypes normal-reared animals. All procedures involving animal 
experimentation were approved by the Animal Care Committee of the Radboudumc, The Netherlands, conforming to 
the guidelines of the Dutch Council for Animal Care and the European Communities Council Directive of 24 
November 1986 (86/609/EEC).  
 
Imaging 
Confocal images were acquired using a Fluoview FV1000 confocal microscope (Olympus). Epifluorescent images 
were taken with Zeiss Imager 2.1. All histone methylation intensity data and Western Blot intensity signal measures 
were generated by using ImageJ and Image Lab 2.0 (Bio-Rad), respectively. All conditions were acquired with the 
same settings (laser power % and/or exposure time) in order to compare signal intensities between the different 
experimental conditions. 
 
Electrophysiologu acquisition nd analysis 
mEPSC races were recorded using a Multiclamp 700B amplifier (molecular devices), sampled at 10 kHz and filtered 
at 2 kHz. Cells were excluded from analysis if the access resistance exceeded 20 MΩ. mEPSCs were recorded in the 
presence of TTX (1 µM) and PTX (100 µM). Miniature recordings were analyzed using Mini Analysis Program 
(Synaptosoft). mEPSC amplitudes and frequencies were statistically tested against untreated control vector or 
normal-reared Ehmt1+/+ by using two-way ANOVA with Bonferroni comparison.  
 
Data acquisition and statistical analysis  
Comparisons between immunohistochemical, immunocytochemical, western blotting, qPCR, mEPSC amplitudes 
and frequencies, were performed based on the number of means to compare.  
The H3K9me2 immunohistochemical intensity signal in WT and Ehmt1+/- mice dark and normal-reared were 
acquired by dividing the layer II/III primary visual cortical column in 16 frames. The intensity signals were 
measured from every frame and averaged across n=3 animals within the same genotype and treatment. A Two-way 
ANOVA was used to test differences between the genotypes and the treatment in H3K9me2 immunostaining 
intensity, therefore yielding to n=64 in the F value. 
Analysis of two sets of measurements were performed by using unpaired Student t-Test. Multiple sets of 
measurements were analyzed by one-way ANOVA and further analyzed with Bonferroni post-hoc comparisons. 
Unpaired two-way ANOVA comparison was used when two independent variables (e.g. genotype and treatment) 
were considered in the analysis of only one dependent variable, with Bonferroni post-hoc test. All data is expressed 
as mean ± SEM. Statistical significance: (*, p<0.05; **, p<0.01, ***, p<0.001). 
For RNA-sequencing t-test and negative binomial (Deseq) were used. 
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