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INTRODUCTION

DNA methylation is a powerful and extensively investigated epigenetic
mechanism. Until recently, it was thought that once laid down, DNA
methylation marks remain unchanged for the lifetime of the organism, although recent studies have challenged this view and indicate that DNA
cytosine methylation is actively regulated in nondividing neurons in the adult
central nervous system (CNS) (1, 2). In neurons, as in other cells, DNA
methylation and attendant changes in chromatin structure are driven by the
actions of DNA methyltransferases (DNMTs). “De novo” DNMTs (DNMT3a
and 3b) methylate cytosines on a single DNA strand, for example, at novel
previously unmethylated sites in the genome. The “maintenance” DNMT
(DNMT1) recognizes a hemimethylated C-G dinucleotide (meaning, methylated on only one strand of DNA by a de novo DNMT) and converts
the complementary C-G on the opposite strand into a methylated C-G.
Through this mechanism, DNA can be perpetually methylated in the face
of ongoing turnover of molecular marks. For this reason, many years ago,
Francis Crick proposed that a self-perpetuating biochemical autoconversion
of methylated DNA might serve as a memory mechanism at the molecular
level (3, 4). Because DNA methylation is one of the few biochemical
mechanisms known that can perpetuate itself indefinitely in the face
of ongoing molecular turnover, it is an intriguing possibility that regulation
of DNA methylation plays a role in memory stabilization in the adult nervous system.
Several pieces of evidence are now available that support the idea that
active regulation of DNA methylation plays a role in memory function in
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the adult CNS (5). Work by Levenson et al. (6) demonstrated that general
inhibitors of DNMT activity alter DNA methylation in the adult brain and
alter the DNA methylation status of the plasticity-promoting genes reelin
(Reln) and brain-derived neurotrophic factor (Bdnf ). Additional studies
demonstrated that de novo DNMT expression is up-regulated in the adult
rat hippocampus after contextual fear conditioning and that blocking
DNMT activity blocked contextual fear conditioning (7–10). In addition,
fear conditioning is associated with rapid methylation and transcriptional
silencing of the memory suppressor gene protein phosphatase 1 (PP1) and
demethylation and transcriptional activation of the plasticity gene Reln.
These findings had the surprising implication that both active DNA methylation and active demethylation might be involved in long-term memory
consolidation in the adult CNS. An additional series of studies found that
the Bdnf gene locus is also subject to memory-associated changes in DNA
methylation and that this effect is regulated by the N-methyl-D-aspartate
(NMDA) receptor (11), and that neuronal DNMT-deficient animals have
deficits in contextual fear conditioning, Morris maze performance, and
hippocampal long-term potentiation (7). Most recently, DNA methylation
has been directly implicated as contributing to memory maintenance in the
cortex (9), to reward conditioning in the midbrain dopamine circuit (12),
and to hippocampal place cell firing pattern stability (2). As a motivator
for the current studies, a number of laboratories have of late independently
discovered that TET1 oxygenase controls CNS 5-methylcytosine hydroxylation, active DNA demethylation, memory-associated gene transcription, and hippocampus-dependent memory formation (1, 13–21).
These various results support the emerging idea that DNA methylation
is dynamically regulated in the adult CNS in response to experience and
that active alterations in DNA methylation mediate memory formation and
storage in the adult rat hippocampus and cortex. In brief, DNA cytosine
methylation is now considered to be a strong candidate as one of the core
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Enhanced receptiveness at all synapses on a neuron that receive glutamatergic input is called cell-wide
synaptic upscaling. We hypothesize that this type of synaptic plasticity may be critical for long-term
memory storage within cortical circuits, a process that may also depend on epigenetic mechanisms,
such as covalent chemical modification of DNA. We found that DNA cytosine demethylation mediates
multiplicative synaptic upscaling of glutamatergic synaptic strength in cultured cortical neurons. Inhibiting neuronal activity with tetrodotoxin (TTX) decreased the cytosine methylation of and increased
the expression of genes encoding glutamate receptors and trafficking proteins, in turn increasing the
amplitude but not frequency of miniature excitatory postsynaptic currents (mEPSCs), indicating synaptic upscaling rather than increased spontaneous activity. Inhibiting DNA methyltransferase (DNMT)
activity, either by using the small-molecule inhibitor RG108 or by knocking down Dnmt1 and Dnmt3a, induced synaptic upscaling to a similar magnitude as exposure to TTX. Moreover, upscaling induced by
DNMT inhibition required transcription; the RNA polymerase inhibitor actinomycin D blocked upscaling
induced by DNMT inhibition. Knocking down the cytosine demethylase TET1 also blocked the upscaling
effects of RG108. DNMT inhibition induced a multiplicative increase in mEPSC amplitude, indicating that
the alterations in glutamate receptor abundance occurred in a coordinated manner throughout a neuron
and were not limited to individual active synapses. Our data suggest that DNA methylation status controls
transcription-dependent regulation of glutamatergic synaptic homeostasis. Furthermore, covalent DNA
modifications may contribute to synaptic plasticity events that underlie the formation and stabilization
of memories.
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RESULTS

Homeostatic upscaling of excitatory strength is
associated with altered transcription of the DNA
demethylation pathway
We initially sought to investigate the role of DNA methylation in homeostatic synaptic upscaling induced by treatment with tetrodotoxin (TTX) to
chronically decrease activity in rat cortical neurons. After a 24-hour TTX
treatment of cultured primary cortical neurons, a-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA) receptor–mediated miniature
excitatory postsynaptic currents (mEPSCs) were measured from visually
identified pyramidal cells using whole-cell electrophysiology (Fig. 1, A to
C). Measuring AMPA receptor–mediated mEPSCs enabled the assessment of postsynaptic strength and presynaptic properties of glutamatergic
excitatory synaptic transmission. In recorded cells, TTX produced a right
shift in the cumulative distribution of mEPSC amplitudes and increased
mean mEPSC amplitude in a manner consistent with the increased postsynaptic AMPA receptor density that is associated with homeostatic upscaling (Fig. 1B) (25, 27). TTX did not affect the mean mEPSC frequency
in recorded cells (Fig. 1C), suggesting no change in presynaptic properties.
Recently, an improved analytical method for evaluating mEPSC amplitudes was described that is more effective than conventional approaches
for discriminating between multiplicative and nonmultiplicative changes
(30). Using this approach in combination with other methods (31, 32),
we quantitatively assessed the manner by which TTX increased mEPSC
amplitudes (Fig. 1, D and E). One thousand randomly selected mEPSC
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mechanisms underlying the transcriptional regulation necessary for longterm memory formation and stabilization. However, the cellular and neurophysiologic mechanisms subserving the contribution of epigenetic
mechanisms to memory stabilization remain an open question (5, 22).
Because epigenetic mechanisms such as cytosine methylation drive
cell-wide transcriptional changes, cell-wide forms of synaptic plasticity
are an appealing category of neurophysiologic mechanisms that might
be epigenetically targeted and contribute to memory stabilization (22, 23).
Synaptic scaling is a form of homeostatic synaptic plasticity (HSP) characterized by cell-wide changes in postsynaptic receptor density. These global
modifications in synaptic strength are initiated cell-autonomously over
chronic time scales and can occur bidirectionally in response to altered
neuronal activity (24–27). Synaptic scaling can occur through multiplicative changes in receptor density that occur simultaneously across an entire
complement of synapses in a neuron, over time preserving the distributions
of relative synaptic strengths within a single cell (meaning, the weighted
contribution of each single synapse to the total cellular complement). During
memory formation, multiplicative scaling may provide the cellular stability
necessary for the continued storage of experientially obtained site-specific
changes in synaptic strength in the face of changes in synaptic strength at
other synapses (24, 27). Although it is known that synaptic scaling depends
on the transcriptional regulation of multiple genes (26, 28, 29), the mechanisms required to coordinate these large-scale neuron-wide transcriptional
changes are unclear.
These considerations imply that a fundamental role for epigenetic
mechanisms in memory stabilization and storage might be the control of
global synaptic strength via synaptic scaling at the single-neuron level. Specifically, DNA methylation might represent a focal point of control in the
large-scale transcriptional regulation necessary for multiplicative synaptic
scaling at excitatory CNS synapses. Thus, in the present studies, we investigated whether there is a role for DNMT activity in the activity-dependent
upscaling of synaptic strength at glutamatergic synapses in cortical neurons.
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Fig. 1. Homeostatic upscaling of excitatory strength is associated with alterations in mRNAs for gene products associated with the regulation of DNA
methylation. (A) Sample mEPSC records from cortical pyramidal neurons
after 24 hours of exposure with control (CTL) or TTX (blue). (B and C)
Cumulative probability distributions and mean mEPSC amplitudes (B)
and mean mEPSC frequencies (C) from cortical pyramidal neurons treated
with TTX. Bar graphs are means ± SEM from cells pooled from at least six
experiments for each condition (CTL, n = 21 cells; TTX, n = 15 cells). (B)
P < 0.001, Kolmogorov-Smirnov (K-S) test. Inset: *P < 0.001, Mann-Whitney
(M-W) test. (D) Rank order plot of 1000 randomly selected mEPSC amplitudes from CTL and TTX (blue values). Fitting the data with y = ax (dashed
black line) yielded a slope of 1.29, which was used to scale down amplitudes from TTX-treated cells in (B). The solid black line represents unity. (E)
Cumulative probability distributions of scaled-down TTX-induced amplitudes compared to those from CTL cells; P = 0.1024, K-S test. (F) Polymerase
chain reaction (PCR) detection of transcript expression relative to CTL after
24-hour TTX treatment. Dashed vertical line represents the average, normalized gene expression values of CTL cells. Data are means ± SEM from
three experiments. *P < 0.05, Student’s unpaired t test.

www.SCIENCESIGNALING.org

23 June 2015

Vol 8 Issue 382 ra61

2

RESEARCH ARTICLE

We next used a pharmacological approach to directly examine the role
of DNA methylation in excitatory synaptic transmission in rat cortical
pyramidal neurons. RG108 is a small-molecule, competitive DNMT antagonist that inhibits DNA methylation. RG108 is stable in culture with a
half-life of ~20 days at 37°C (36, 37). Previous studies in neurons have
shown that RG108 blocks activity-dependent methylation in cultured cells
and in vivo (9, 12, 13, 38). We treated cultured cortical pyramidal neurons
for 24 hours with 100 mM RG108 and subsequently recorded mEPSCs
(Fig. 2, A to C). In recorded cells, RG108 treatment produced a rightward
shift in the cumulative distribution of mEPSC amplitudes and increased
mean mEPSC amplitude (Fig. 2B). RG108 also increased mean mEPSC
frequency in recorded neurons (Fig. 2C). Together, these results demonstrate
that chronic, direct pharmacological DNMT inhibition enhances both presynaptic and postsynaptic components of excitatory synaptic transmission
in pyramidal neurons.
Using the quantitative approach described above, we found that RG108
increased cumulative mEPSC amplitudes in a multiplicative manner (Fig.
2, D and E). Linear regression of rank-ordered mEPSC amplitudes from
control and RG108-treated neurons revealed a scaling factor of 1.23 (Fig.
2D); once adjusted by this scaling factor, amplitudes in RG108-treated
neurons were not different than those in control neurons (Fig. 2E). Furthermore, we tested a range of scaling factors between 1.1 and 1.3 (Fig.
2E, inset). RG108-induced amplitudes that were scaled down (normalized)
by a factor of 1.23 resulted in the greatest degree of overlap of cumulative
amplitude distributions between control and scaled RG108-treated neurons, according to a K-S test, hence validating our analysis. These results
demonstrated that chronic, direct pharmacological inhibition of DNA methylation multiplicatively upscales excitatory strength. The multiplicative nature
of the upscaling with DNMT inhibition suggests a coordinated up-regulation
of the entire neuron-wide complement of synapses, an observation consistent with the idea that the epigenome has the capacity to drive a state change
across the entire neuron (10, 11).

CTL
RG108
20 pA
500 ms

B

C
7

0.5

0

0

20

mEPSC frequency (Hz)

mEPSC amplitude (pA)

*

15
10
5
0

CTL RG108

D

*

6
5
4
3
2
1
0

20
40
60
80 100
mEPSC amplitude (pA)

CTL RG108

E
40

1.0

20
10
y = 1.23x
0

0
10
20
30
CTL mEPSC amplitude (pA)

0.3
K-S P value

30

Cumulative probability

Cumulative probability

1.0

RG108 mEPSC amplitude (pA)

Pharmacological DNMT inhibition induces multiplicative
upscaling of excitatory strength

A

0.5

a = 1.23

0.2
0.1
0
1.0 1.1 1.2 1.3 1.4
Scaling factor (a)

0

0 20 40 60 80 100
mEPSC amplitude (pA)

Fig. 2. DNMT inhibition with RG108 multiplicatively upscales excitatory
strength. (A) Sample mEPSC records from cortical pyramidal neurons after
24-hour treatment with control (CTL) or RG108 (red). (B and C) Cumulative
probability distributions and mean mEPSC amplitudes (B) and mean
mEPSC frequencies (C) from cortical pyramidal neurons treated with
RG108. Bar graphs are means ± SEM from cells pooled from at least four
experiments for each condition (CTL, n = 12 cells; RG108, n = 12 cells). (B)
P < 0.001, K-S test. Inset: *P < 0.001, M-W test. (C) *P < 0.05, Student’s
unpaired t test. (D) Rank order plot of 1000 randomly selected mEPSC amplitudes from CTL and RG108-treated cells (red values). Fitting the data
with y = ax yielded a scaling factor of 1.23, which was used to scale down
amplitudes from RG108-treated cells in (B). (E) Cumulative probability distributions of scaled-down RG108-induced amplitudes compared to those
from CTL cells. P = 0.2645, K-S test. Inset: Testing a range of scaling factors (a) between 1.1 and 1.3 revealed that RG108-induced amplitudes from
(B) scaled down with a = 1.23 resulted in the highest K-S P value (0.2645)
(red dot) compared to CTL.

Previously, it was shown that inhibiting DNA methylation in cultured
hippocampal neurons for 24 hours with the nucleoside analog 5-azacytidine
or zebularine decreased mEPSC frequency with no effect on amplitude (39).
In our cortical cultures, we were able to replicate this finding after a 24-hour
exposure to zebularine (fig. S1). However, nucleoside inhibitors such as
zebularine may not be ideally suited to study activity-dependent changes
in DNA methylation over chronic time courses in postmitotic neurons because they must be incorporated into DNA and form covalent complexes
with DNMTs (40–42), and they are inherently more cytotoxic than RG108
(36, 38, 43). In addition, in a series of control experiments, we observed that
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amplitudes from the 10th to 90th percentile of total events from control
and TTX groups were rank-ordered and plotted, and a linear relationship
between the groups was fitted. We then used the fitted curves to determine
the scaling factor (in this case, 1.29) with which to divide the 2119 total
amplitudes in the TTX-treated group data, discarding 130 resulting amplitudes that fell below our detection threshold (5.00 pA). Normalized TTXinduced mEPSC amplitudes were not different than those in controls,
indicating that a 24-hour TTX treatment multiplicatively increased mEPSC
amplitude in recorded pyramidal neurons, suggesting a cell-wide increase
in postsynaptic strength (Fig. 1, D and E).
Next, we investigated transcriptional changes associated with homeostatic upscaling. In cultured neurons, a 24-hour TTX treatment increased
the transcription of Gria1, encoding an AMPA receptor, and decreased the
transcription of the genes Arc (also known as Arg3.1) and Bdnf, encoding
the AMPA receptor trafficking protein and a synaptic regulatory protein,
respectively (Fig. 1F). These observations confirm that homeostatic upscaling is associated with targeted transcriptional changes in genes that
regulate excitatory synaptic strength (33–35). Additionally, we examined
changes in mRNA expression of genes encoding proteins involved in regulating DNA methylation and demethylation (Fig. 1F). Of the nine candidate transcripts we examined, TTX treatment specifically increased the
expression of Tet1 and Gadd45b, genes involved in DNA demethylation,
neuronal plasticity, and learning and memory (1, 13–21). Together, these
results suggest an important link between transcriptional regulation, DNA
methylation, and homeostatic synaptic scaling.
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antisense oligonucleotide (ASO)–mediated knockdown of the TET1 dioxygenase, a regulator of activity-dependent cytosine demethylation in neurons
(1, 14, 15, 19), blocked the capacity of RG108 to induce synaptic scaling
(fig. S2). These control data strongly indicate that the effect of RG108 to
induce synaptic upscaling is dependent on cytosine demethylation. For
these reasons, we used RG108 for the remainder of our pharmacological
experiments.
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Gene expression is necessary for DNMT
inhibition–dependent upscaling
Epigenetic mechanisms, such as DNA methylation, regulate transcription
across the genome (13). We hypothesized that chronically inhibiting DNA
methylation upscales excitatory strength by altering gene expression. To
test this hypothesis, we recorded mEPSCs in cortical pyramidal neurons
after a 24-hour co-incubation with the broadly acting transcriptional inhibitor actinomycin D in the presence or absence of RG108. In recorded
pyramidal neurons, neither actinomycin D alone nor actinomycin D combined with RG108 had any effect on mEPSC amplitude or frequency (Fig. 4,
A to C). These results agree with previous reports showing that actinomycin D treatment alone does not alter basal synaptic transmission (25, 39).
The data also demonstrate that the upscaling of excitatory strength
mediated by chronic, direct pharmacological DNMT inhibition requires
gene transcription. These observations are consistent with our interpretation
that DNMT inhibition acts by epigenetically altering gene transcription.

Combined knockdown of Dnmt1 and Dnmt3a
multiplicatively upscales excitatory strength
Currently available DNMT inhibitors, such as RG108, nonselectively inhibit DNMTs (45), raising the question of which DNMT isoform mediates
DNMT inhibitor–induced upscaling. We therefore used an ASO-mediated
approach to specifically knock down the expression of Dnmt1, Dnmt3a,
or both, because these are the two predominant DNMTs in neurons (7).
ASOs are synthetic, single-stranded molecules containing chemically modified nucleic acids complementary in sequence to target mRNA (46, 47).
Hybridized ASO-mRNA heteroduplexes inhibit expression largely through
the recruitment of the endonuclease, RNase H, and subsequent target
mRNA degradation (48, 49). Here, we used ASOs containing chemical
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Fig. 3. Induction of excitatory synaptic scaling by inhibition of DNA methylation is activity-dependent. (A) Sample mEPSC traces from cortical pyramidal neurons after 24 hours of exposure to control (CTL), RG108 + APV
(magenta), RG018 + APV + NBQX (purple), or RG108 + TTX (green).
(B and C) Cumulative probability distributions and mean mEPSC amplitudes (B) and mean mEPSC frequencies (C) from cortical pyramidal neurons treated with RG108 and APV; RG108, APV, and NBQX; or RG108 and
TTX. Bar graphs are means ± SEM. Data are cumulative of cells pooled from
at least three experiments for each condition (CTL, n = 17 cells; RG108 +
APV, n = 9 cells; RG108 + APV + NBQX, n = 6 cells; and RG108 + TTX,
n = 12 cells). (B) *P < 0.001 compared to CTL, Kruskal-Wallis (K-W) test
followed by Dunn’s test. (C) *P < 0.05 compared to CTL, analysis of variance (ANOVA) followed by Dunnett’s test.

modifications shown to enhance nuclease resistance and prolong half-life
in vitro (50, 51). ASOs designed with similar modifications are absorbed
by cultured primary neurons without transfection reagents and inhibit gene
expression after a single dose for at least 20 days (52). After an initial screening, an ASO separately targeting each Dnmt transcript was chosen for further
experiments (Fig. 5A).
After confirming ASO selectivity (Fig. 5B), we investigated the effect
of Dnmt knockdown on excitatory synaptic transmission in cortical pyramidal neurons. We recorded mEPSCs from pyramidal neurons 5 to 7 days
after a single ASO dose in culture. We found that combined knockdown
of both Dnmt1 and Dnmt3a produced a right shift in the cumulative
distribution of mEPSC amplitudes and increased mEPSC mean amplitude
and frequency, whereas knockdown of either Dnmt1 or Dnmt3a alone did
not affect mEPSC amplitude or frequency in recorded cells (Fig. 5, C and
D). Furthermore, quantitative analysis revealed that combined Dnmt1 and
Dnmt3a knockdown resulted in a multiplicative increase in mEPSC amplitude, because the scaled-down, combined knockdown group amplitudes
were not different than that of the scrambled control group (Fig. 5, E and
F). Together, our results demonstrate that Dnmt1 and Dnmt3a expression
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Homeostatic synaptic scaling is driven cell-autonomously in response to
chronically altered postsynaptic depolarization (25, 34, 44). We hypothesized that pharmacological DNMT inhibition upscaled excitatory strength
in an activity-dependent manner. To examine the underlying neuronal activity required for this effect, we co-incubated cultured cortical neurons with
RG108 and APV (D-2-amino-5-phosphonovaleric acid), APV + NBQX
(2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide),
or TTX for 24 hours. APV, NBQX, and TTX, respectively, antagonize
NMDA receptors, AMPA receptors, or suppress Na+-dependent action
potential generation. The combination of AMPA receptor and NMDA receptor antagonism inhibits glutamatergic signaling in pyramidal neurons. In recorded pyramidal cells, co-incubation with RG108 and APV significantly
increased mEPSC amplitude and frequency, whereas co-incubation with
RG108 and APV in the presence of NBQX or TTX did not affect mEPSC
amplitude or frequency (Fig. 3, A to C). Given that RG108-induced mEPSC
alterations could be independently blocked by antagonism of either AMPA
receptors or Na+ channels, these results suggest that upscaling mediated by
chronic, direct pharmacological DNMT inhibition requires neuronal activity and suggest a specific role for glutamatergic signaling through AMPA
receptors for DNMT inhibition to trigger upscaling.
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can be selectively decreased in cultured primary cortical neurons and that
the combined knockdown of these transcripts multiplicatively upscales excitatory strength. Consistent with this idea, while this paper was being
copyedited, Yu et al. also published results indicating that active DNA demethylation can control synaptic scaling (53).
DISCUSSION

Chromatin plasticity via posttranslational histone modifications and
DNA methylation supports the persistent, global transcriptional regulation
necessary for long-term memory. As “cellular correlates of memory,” the
regulation of site-specific alterations in synaptic strength via these epigenetic mechanisms has understandably garnered much attention in the field
(6, 7, 54–57). It is now evident that long-term, synapse-specific changes
are strongly regulated via epigenetic modifications. However, memory is
also reliant on transcription-dependent forms of HSP such as synaptic
scaling (23, 24, 58). Although mounting evidence has indirectly linked
epigenetic mechanisms and HSP (44, 59–61), mechanistic understanding
of how these modifications directly influence the global scaling of postsynaptic receptors is lacking. The present study establishes a direct link
between DNA methylation and synaptic scaling. Cumulatively, our results
strongly suggest a role for activity-dependent DNA methylation and demethylation in the multiplicative upscaling of excitatory strength.
Here, we found a specific association between homeostatic upscaling
and the transcription of genes involved in regulating active DNA demethylation
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Fig. 5. Combined Dnmt1 and Dnmt3a knockdown multiplicatively upscales
excitatory strength. (A) Depiction of ASO base pairing with target Dnmt mRNA.
ASO-binding positions are listed under the target transcript. Underlined ASO sequences represent 2′-OMe–modified nucleotide wings. (B) Bar graphs show relative expression of Dnmt1 and Dnmt3a mRNA after ASO treatment. Data are
means ± SEM from three experiments; *P < 0.05 compared to scrambled CTL,
ANOVA followed by Dunnett’s test. (C and D) Cumulative probability distributions
and mean mEPSC amplitudes (C) and mean mEPSC frequencies (D) in cortical
pyramidal neurons treated with Dnmt-targeted ASOs. Bar graphs are means ±
SEM. Data are cumulative of cells pooled from at least two experiments for each
condition (scrambled CTL, n = 16 cells; combined ASOs, n = 8 cells; Dnmt1 ASO,
n = 5 cells; and Dnmt3a ASO, n = 5 cells). (C) *P < 0.001 compared to scrambled
CTL, K-W test followed by Dunn’s test. (D) *P < 0.05 compared to scrambled CTL,
ANOVA followed by Dunnett’s test. (E) Rank order plot of 1000 randomly selected
mEPSC amplitudes from scrambled CTL and combined ASO treatment (orange
values). Linear regression yielded a scaling factor of 1.34, which was used to
scale down amplitudes from combined ASO-treated cells from (C). (F) Scaleddown amplitudes from combined ASO-treated cells compared to those in
scrambled CTL cells; P = 0.1323 compared to scrambled CTL, K-S test.
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We interpret our finding that DNMT inhibition causes upscaling as
indicating that demethylation-associated secondary transcriptional changes
are sufficient to mediate homeostatic upscaling. The capacity of actinomycin
D to block RG108-induced upscaling is consistent with this interpretation,
as are previous results that RG108 and other DNMT inhibitors can cause
demethylation in neurons (9–12). In addition, our observation that knockdown of TET1 dioxygenase can block the synaptic upscaling induced by
RG108 is also consistent with our interpretation that DNMT inhibition
causes upscaling by causing secondary cytosine demethylation, because
TET1 is a known regulator of both active cytosine demethylation and associated transcriptional regulation in neurons (1, 14, 15, 19).
A surprising finding was that DNMT inhibition blocked the ability of
TTX to cause upscaling and correspondingly that TTX blocked the ability
of DNMT inhibition to itself to cause upscaling: in other words, that when
TTX and RG108 were coapplied, no synaptic scaling was observed (Fig.
3). We had anticipated that DNMT inhibition and TTX treatment would
occlude each other’s effects, that is, that upscaling would occur with combined treatment that equaled the upscaling caused by either agent alone.
One parsimonious explanation for the mutual blockade is as follows. First,
DNMT inhibition blocks TTX-induced upscaling because an initial triggering round of increased DNA cytosine methylation is necessary for synaptic inactivity to produce upscaling. Second, the activity dependence (both
action potential generation and AMPA receptor activation) of DNMT inhibition by itself to cause upscaling suggests that activity-dependent secondary gene demethylation as a consequence of DNMT inhibition is one
component of the mechanism(s) through which 24-hour DNMT blockade
causes upscaling.
However, on the basis of our results, we cannot exclude the possibility
that DNMT inhibition–induced scaling might be different mechanistically
than inactivity-induced homeostatic plasticity. For example, DNMT inhibition causes changes in mEPSC frequency, whereas TTX treatment does
not (Figs. 1C and 2C). Thus, one caveat to our interpretation is that there
might be an effect of DNMT inhibition–induced demethylation that is
mechanistically distinct from “real” inactivity-induced scaling that is produced
in response to TTX, in essence that DNMT inhibition might be triggering
a mechanism(s) that is acting via a parallel and different methylation-regulated
pathway. In this vein, it is important to consider that there may be many
routes to homeostatic synaptic scaling in cortical neurons that are physiologically and behaviorally relevant and that are not used in response to
TTX. DNMT inhibition might be mimicking one or more of those pathways. However, our results with DNMT inhibition indicates that DNA
(de)methylation is capable of triggering synaptic scaling and that this effect
is activity- and transcription-dependent, supporting a physiologic role for
DNA methylation in controlling cell-wide changes in synaptic function.
Many additional experiments will undoubtedly be required to fully understand the roles of active methylation/demethylation in regulating homeostatic
cell-wide plasticity, but it would not be surprising if both methylation and
demethylation of multiple gene loci are necessary to coordinately regulate
multiplicative cell-wide glutamate receptor homeostasis. Regardless of the
particulars of the relevant epigenomic changes, our data clearly implicate
DNA methylation/demethylation in the regulation of homeostatic neuroplasticity. Thus, our study suggests that DNA methylation is a mechanism
that drives neuronal homeostatic stability. DNMT inhibition in vivo affects
the acquisition, consolidation, and long-term maintenance of memory in a
region-specific manner (9–12). The present findings imply that these previous results are due not only to the dysregulation of gene expression required
for site-specific plasticity but also to the improper induction of homeostatic
scaling mechanisms (2). This is especially salient because homeostatic mechanisms influence synaptic plasticity (70–72). Thus, it will be necessary to
further determine how these different cellular plasticities are epigenetically
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in neurons (14, 18). These observations in part prompted our hypothesis
of cytosine methylation controlling neuron-wide scaling, along with theoretical considerations that cell-wide changes in the epigenome are particularly well-suited to drive cell-wide functional changes (5, 23). In this regard,
we observed that inhibiting DNMT activity or decreasing Dnmt expression
was sufficient to induce a multiplicative increase in excitatory synaptic
strength, reminiscent of the uniform changes observed with multiplicative
homeostatic upscaling. It is noteworthy, however, that homeostatic upscaling represents only one form of HSP. HSP may occur locally, in a connectionspecific manner (62, 63), and even at the single-synapse level (64, 65). The
inhibition of DNA methylation with RG108 or the combined knockdown
of Dnmt1 and Dnmt3a could, in principle, engage any of these less-global
cellular mechanisms.
The multiplicative changes in amplitude we found in our analyses seem
to exclude local, connection-specific, and single-synapse level changes in
AMPA receptor density because these mechanisms would not likely result
in such changes (30). However, we observed some nonlinearity in TTXand RG108-induced scaling at larger mEPSC amplitudes (see Figs. 1D and
2D), which could be consistent with synapse-specific and nonmultiplicative
forms of plasticity. Although our results suggest that a largely multiplicative form of synaptic scaling is triggered by TTX and DNMT inhibition in
cultured cortical neurons such as we have studied, multiplicative scaling is
not a sine qua non for regulation of DNA methylation to act as a controller
of homeostatic forms of neural plasticity. Nevertheless, we find the possibility that DNA cytosine methylation drives coordinated, cell-wide, and
multiplicative forms of HSP to be quite intriguing.
Further investigation will be necessary to determine the precise molecular mechanisms involved in the regulation of various forms of HSP including TTX-induced synaptic scaling as we studied here. One particularly
interesting possibility is that regulation of methylation of the genes for
AMPA-subtype glutamate receptors might be involved, as well as methylation of those genes regulating their trafficking. For example, Jayanthi et al.
(66) have observed activity-induced alterations in AMPA receptor gene
methylation that correlate with glutamate receptor expression in vivo. Previous studies (33–35) as well as our own data have demonstrated that
TTX-induced synaptic scaling is associated with altered glutamate receptor gene transcription as well as that of arc, an AMPA receptor trafficking
regulator. Moreover, plasticity-regulating genes have recently been discovered to be targets of active DNA demethylation pathways, in the absence of
effects on synapse-specific forms of plasticity such as long-term potentiation
(1, 19). Thus, activity-dependent AMPA receptor gene promoter methylation
might be one specific component of TTX- and DNMT inhibition–induced
synaptic scaling, with alterations in arc gene methylation complementing
these changes. This specific scenario aside, we anticipate that studies of
TTX- and DNMT inhibition–induced changes at the level of the entire neuronal methylome will be necessary to begin to fully model the role of specific cytosine methylation events in homeostatic forms of synaptic plasticity.
Our results with ASO-mediated knockdown of Dnmt1 and Dnmt3a
agree with the finding that DNMT1 and DNMT3a play overlapping roles
in adult learning and memory and synaptic plasticity (7). Although ascribed distinct roles, especially in dividing cells (67, 68), the extent to
which these enzymes operate nonredundantly is unclear at present. For
example, DNMT1 can participate in de novo methylation, and DNMT3a
can methylate hemimethylated DNA (69). However, because our ASOs
did not achieve complete knockdown, we cannot exclude the possibility
that one DNMT may play a more prominent role in multiplicative homeostatic upscaling under physiological conditions. Future studies are needed
to dissect the overlapping signaling cascades that regulate synaptic scaling
and direct DNMT activity across the genome in an isoform-specific
manner.
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regulated on an individual level and how their regulation converges and
interacts at the level of the epigenome.
In summary, our studies yield a unifying hypothesis for the means by
which epigenetic marks, particularly DNA cytosine methylation, contribute to the stabilization and storage of memory: through controlling neuronal homeostatic plasticity. Sophisticated computational models along with
studies in cultured neurons and in vivo have provided a compelling case
that HSP is a required mechanism for stable long-term memory storage in
the mammalian CNS (24–27). Yet, how the neuron achieves the global cellwide and genome-wide transcriptional regulation necessary for homeostatic
mechanisms to play their stabilizing role in memory has been but sparsely
investigated. Our studies suggest that DNA methylation provides the
genome-wide breadth, the capacity for molecular self-perpetuation, and
the transcription-regulating potency that drives neuronal homeostatic stability in long-term memory consolidation and storage.

MATERIALS AND METHODS

Cultures were prepared from embryonic day 18 rat cortical tissue as described previously (12). Briefly, dissected cortical tissue was digested in
papain (Worthington) and dissociated with fire-polished glass pipettes in
Neurobasal (Life Technologies) medium supplemented with L-glutamine
and B-27 (Life Technologies). The cell suspension was filtered through a
70-mm cell strainer and centrifuged. Cells were resuspended in the supplemented Neurobasal medium at a concentration of 250,000/ml and plated.
For biochemical experiments, cells were plated on poly-L-lysine–coated
(Sigma-Aldrich) 12-well plates (Corning). For electrophysiology experiments,
cells were plated on poly-L-lysine–coated glass coverslips (Menzel-Glaser).
Cells were grown in a humidified CO2 (5%) incubator at 37°C. One-half
of the medium was changed at 1 to 2 days in culture [days in vitro (DIV)],
and cultures were then maintained by changing one-half of the medium
every 4 DIV. mEPSCs were recorded after cells matured for 13 to 14 DIV
and after 24-hour drug treatments or 5 to 7 days after a single ASO dose.
RNA was collected at 13 to 14 DIV after a 24-hour treatment with TTX or
11 to 13 DIV after single-dose ASO treatments.

Drug treatments
Twenty-four–hour treatments of cortical cultures were done at the following concentrations: 0.1% dimethyl sulfoxide (control), 100 mM RG108
(Calbiochem), 1 mM TTX, 10 mM NBQX, 50 mM APV, 1.25 mM actinomycin
D (Sigma-Aldrich), and 50 mM zebularine (Sigma-Aldrich).

ASO design, screening, and neuronal treatment
Sequences for rat Dnmt1 (RefSeq ID: NM_053354.3) and Dnmt3a (RefSeq
ID: NM_0010039587.1) were retrieved from the National Center for Biotechnology Information database, and candidate ASO sequences were
determined using freely available computational online tools (73). Used
ASOs were 20-mers constructed on a phosphorothioate-modified backbone,
containing a central region of 10 2′-deoxynucliotides flanked 5′ and 3′ by
5 2′-O-methyl (OMe)–modified nucleotide “wings” (“5-10-5 2′-OMe gapmers”).
Five to seven candidate ASOs were screened at a single dose after 4 to 7 days’
treatments. We then selected a single ASO targeting each Dnmt mRNA for
further testing. Selected ASO sequences were as follows: scrambled control:
5′-mA-mC-mU-mC-mG-C-A-A-C-T-G-C-C-A-C-mU-mC-mU-mC-mC-3′;
Dnmt1: 5′-mC-mC-mC-mU-mU-C-C-C-T-T-T-C-C-C-T-mU-mU-mC-mCmC-3′; and Dnmt3a: 5′-mC-mC-mU-mC-mC-G-G-C-A-T-T-T-C-C-T-mCmC-mU-mC-mU-3′. A similar approach was used for identifying an ASO
targeting Tet1 (RefSeq ID: XM_006256398.2; see fig. S2); the selected

Whole-cell recordings
Whole-cell patch-clamp recordings were made from cultured cortical neurons (13 to 14 DIV). Pyramidal neurons were visually identified using a
Zeiss Axiovert 25 inverted microscope. All recordings were performed at
room temperature (21° to 23°C) in an extracellular solution containing the
following: 120 mM NaCl, 3 mM KCl, 15 mM Hepes, 20 mM glucose,
2 mM CaCl2, and 1mM MgCl2 (pH 7.3), with 1 mM TTX and 20 mM
bicuculline to isolate mEPSCs. The patch pipette (3 to 5 megohms) solution contained the following: 125 mM K-gluconate, 10 mM KCl, 10 mM
Hepes, 10 mM creatine phosphate, 2 mM Mg–adenosine triphosphate,
0.2 mM Na–guanosine triphosphate, and 0.5 mM EGTA (pH 7.3). Neurons
were held at −70 mV, and mEPSCs were collected using an AxoPatch 200B
amplifier (Molecular Devices) filtered at 2 kHz. Signals were sampled at
10 kHz and digitized with a Digidata 1200 Series (Molecular Devices).
mEPSCs were analyzed using Mini Analysis Program (Synaptosoft) software. All events were verified manually. Series resistance, capacitance, and
input resistance were monitored and did not differ among drug treatments.

Multiplicative analysis of mEPSC amplitudes
Multiplicative analyses of mEPSC amplitudes were performed as described (30), with minor modifications. Rank order plots were constructed
from 1000 randomly selected mEPSC amplitudes from control and experimental groups. Only amplitudes within the 10th to 90th percentile of events
were used to avoid potential deviations of fit due to outliers (31). Treatment
group amplitudes were modeled as a linear function, y = ax, of the control
group, with the slope of the linear fit, a, representing the scaling factor. The
scaling factor was then applied to all treatment group amplitudes. To minimize analytical errors inherent to threshold-limited data (30), scaled-down
amplitudes falling below our amplitude detection threshold, typically 5 pA,
were discarded, and suprathreshold values were compared to control.

RNA extraction and quantitative real-time PCR
Using the miRNeasy Mini Kit (Qiagen), total RNA was extracted following the manufacturer’s guidelines with the additional RNase-Free DNase
(Qiagen) treatment step and eluded in 50 ml of RNase-free water. RNA
concentrations were determined spectrophotometrically using the NanoDrop
200c (Thermo Scientific). RNA (300 ng) was then reverse-transcribed into
complementary DNA (cDNA) using oligo(dT) and random hexamer
primers in the iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time
PCR was carried out using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad), SsoAdvanced Universal SYBR Green Supermix (Bio-Rad),
and 500 nM intron-spanning primers (table S1). PCR amplifications were
performed in triplicate with the following cycling conditions: 95°C for
30 s, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s, followed
by real-time melt analysis to verify product specificity. Differential gene
expression between samples was determined by the comparative Ct (DDCt)
method using glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as an internal control (74, 75).

Statistical analysis
Statistical analyses of mEPSC amplitudes were performed using nonparametric tests with a stringent confidence level of P < 0.001 for significance (30). All other data were analyzed using parametric tests as indicated
with P < 0.05 indicating significance. Unless stated otherwise, data are
presented as means ± SEM.
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Cell culture

ASO sequence was as follows: mU-mG-mC-mC-mG-T-T-C-A-T-C-T-TC-C-mA-mC-mC-mU-mG. For neuronal treatments, ASOs were resuspended in phosphate-buffered saline to 150 mM, and the stock was added
to medium to a final concentration of 1.5 mM.

RESEARCH ARTICLE
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/8/382/ra61/DC1
Fig. S1. Indirect DNMT inhibition with the nucleoside analog zebularine decreases
mEPSC frequency with no effect on amplitude.
Fig. S2. Tet1 knockdown blocks RG108-induced upscaling of excitatory synaptic strength.
Table S1. Primers used in this study.
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DNA demethylation ramps up synaptic reception
To prevent overstimulation, neurons decrease the abundance of postsynaptic receptors to reduce the strength of
incoming excitatory currents. Conversely, in periods of low activity, neurons increase the abundance of receptors to
increase receptiveness. This adjustment is called synaptic scaling and is critical for maintaining neuronal function. Using
cultured primary rat cortical neurons, Meadows et al. found that synaptic upscaling−−adjustments that increase excitatory
responses −−involved a decrease in DNA methylation that promoted the expression of genes encoding glutamate
receptors and the proteins that deliver the receptors to the synaptic membrane. The findings have implications not only
for understanding homeostatic regulation of neuronal activity but also for understanding such cognitive processes as
learning and memory.
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