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Abstract

The critical period is a time of maximal plasticity within the cortex. The progression of the critical
period is marked by experience-dependent transcriptional alterations in cortical neurons, which in
turn shifts the excitatory-inhibitory balance in the brain, and accordingly reduces plasticity.
Epigenetic mechanisms, such as DNA methylation, control the transcriptional state of neurons,
and have been shown to be dynamically regulated during the critical period. Here we show that
adult animals have a significantly higher concentration of DNA methylation than critical period
animals. Pharmacological reduction of DNA methylation in adult animals re-establishes critical
period auditory map plasticity. Furthermore, the reduction of DNA methylation in adult animals,
reverted intrinsic characteristics of inhibitory synapses to an immature state. Our data suggest that
accumulation of DNA methylation during the critical period confers a mature phenotype to cortical

neurons, which in turn, facilitates the reduction in plasticity seen after the critical period.
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Introduction

The critical period (CP) is a developmental epoch of heightened cortical plasticity (Hensch,
2005). Throughout the CP, experience drives the wiring of cortical circuits that refines sensory
maps and motor maps (O'Leary, 1994; Katz and Crowley, 2002; Villers-Sidani, 2007). Once the
CP is closed, plasticity within the sensory cortex decreases considerably, and requires additional
neuromodulatory mechanisms for induction (Keuroghlian and Knudsen, 2007). Elucidating the
mechanisms that facilitate plasticity during the CP and the mechanisms that restrict plasticity in

adulthood, is vital for understanding how plasticity is regulated in the brain.

The progression of the CP is marked by experience-dependent maturation of inhibitory
neurons (Hensch, 1998; Dunning et al., 1999; Huang, 1999; Fagiolini, 2000; Itami et al., 2007),
and a shift in the transcriptional profile of these cells (Majdan and Shatz, 2006; Okaty et al., 2009).
Recently, studies have begun to probe the contribution of DNA methylation (DNA-ME) to CP
dynamics. Sequencing experiments have shown during early development frontal cortical and
dentate granule neurons rapidly accumulate DNA-ME that persists into adulthood (Lister et al.,
2013; Guo et al., 2014). Overexpression of GADD45b, a protein involved in activity-dependent
DNA demethylation, reopened ocular dominance plasticity in adult mice, suggesting that DNA
demethylation enhances plasticity (Apulei et al., 2019). However, inhibition of DNA-ME during
the CP via RG108 blocked ocular dominance plasticity, suggesting a facilitating role of DNA-ME
on plasticity (Tognini et al., 2015). Conditional knockout of MeCP2 (a methyl-binding protein and
one of the primary effectors of DNA-ME) in parvalbumin positive interneurons also blocked

ocular dominance plasticity in the critical period (He et al., 2014). These results suggest that DNA



methylation plays a crucial role in postnatal development, but more research is required to

understand its role in regulating critical period plasticity.

In this study, we measured global levels of DNA-ME in the auditory cortex of adult and
CP mice using a quantitative colorimetric ELISA. Adult mice had significantly higher levels of
DNA-ME compared to CP mice. Pharmacological DNA demethylation of adult mice, via 5-aza2’-
deoxycytidine (5-aza) injections, re-opened CP auditory map plasticity in adult mice, while vehicle
injections did not. Global DNA demethylation in adult mice decreased the frequency and increased
the decay time constant of miniature inhibitory synaptic currents (mIPSC’s) onto pyramidal cells,
indicating a shift towards an immature state of inhibitory synapses that is seen during the CP. RT-
PCR experiments revealed that BDNF and REST, two genes that are developmentally regulated,
and heavily implicated in the maturation of the cortex (Hanover et al., 1999; Huang, 1999; Ballas
et al., 2005; Rodenas-Ruano et al., 2012) reverse their transcription levels back to critical period
levels. Overall, these results suggest that global levels of DNA-ME influence the maturation of
cortex and reducing global levels of DNA-ME can re-open the critical period by reversing

characteristics of cortical maturation.

Methods
Animals:

All procedures in this study were approved by the Animal Care and Use committee at the
University of Arizona. WT (FVB.129P2-Pde6b*Tyr®*"/AntJ) mice were originally obtained from
The Jackson Laboratory. Both females and males were used in these experiments. A total of 64

mice were used for this experiment.



Sound Exposure:

Sound exposure was performed as previously described (Zhang et al., 2001). Litters of 2
to 5 mice were placed in a ventilated, sound-shielded, calibrated test chamber for 7-14 days
(depending on the experiment) and exposed to 16 kHz pure tone pips, or tone pips spanning 2kHz-
48kHz (acoustic enrichment). A 25-ms tone (5-ms ramps) at 60—70 dB SPL was applied from a
speaker placed about 15 cm above the mice, at 6 pulses per second with 1-s intervals to minimize
adaptation effects. No noticeable distortion of tonal stimuli was detected from sound spectrum
recorded inside the test chamber. There were no significant spectral peaks for the normal
environmental noise background. The total sound pressure level in the animal room was 5-10 dB
lower than that of exposed tonal stimulus intensity. Inside the sound attenuation chamber with the
presence of mice, but in the absence of the tone stimulus, the noise level was about 15-25 dB
below that in the animal room at all frequencies within the mouse’s hearing spectrum. No

significant harmonic signal was found in the chamber when a tonal stimulus was being delivered.

Pharmacological injections:

Pharmacological inhibition of DNA methyltransferase was achieved using 5-aza2’-
deoxycytidine (Chabot et al., 1983; Sales et al., 2011). Adult mice between p60-p120 were injected
intraperitoneally with either 2 mg/kg of 5-aza (mixed with DMSO and filtered 1X PBS) or a
vehicle injection of just DMSO and filtered 1X PBS. These injections were repeated for 7 days, at

approximately the same time every day.



Electrophysiological recording procedure: The primary auditory cortex (Al) of mice was mapped

as previously described (Kim et al., 2013), except as follows. Mice were anesthetized with
ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and kept anesthetized with, a steady flow
of 1% isoflurane. The cortex was maintained under a layer of silicone oil, that was reapplied as
necessary. Multiunit responses to 25 ms pure tone pips (2—74 or 4 —74 kHz, 0.1 octave increments
at 0-70 dB, 10 dB increments) were recorded using tungsten microelectrodes (FHC) in the
thalamorecipient layer of Al (350 — 450 micrometers below the cortical surface). References to
neurons in this text refer to multiunit responses recorded extracellularly. Tones were presented to
the left ear through an electrostatic speaker (Tucker Davis Technologies) at 3 pips per second and
each frequency-intensity combination was repeated three times. Cortical penetration locations

were recorded on a high-resolution image, which was later used to construct the map.

Al mapping analysis:

Receptive fields and response properties were isolated using custom-made programs in
MATLAB as previously described (Insanally et al., 2010), except as follows. The peak of the
peristimulus time histogram (PSTH) within a window from 7 to 50 ms after the stimulus onset was
defined as the response latency. The response window was defined as a period encompassing the
PSTH peak, in which the firing rate was higher than the baseline firing rate. The spikes in the
response window were counted to reconstruct the receptive field. The map of Al was generated
using the voroni tessellation algorithm, in which the characteristic frequency (CF) of the receptive
field is converted to a polygon of a certain area. The area of the polygons dedicated to a CF of 16
kHz (+/- .2 octaves) were summed and then divided by the total area to determine the percent of
Al dedicated to 16 kHz. For comparing the ratio of area dedicated to 16kHz, to low frequency, the

area of the polygons dedicated to 9.2 kHz and 12.1 kHz (+/- .2 octaves) were summed. We then



divided the area dedicated to 16 kHz by the summation of the area dedicated to the two low

frequency bins.

Al dissections/DNA extractions/DNA methylation quantification:

Mice were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). Mice
were then perfused with cold 1X PBS for 10 minutes. Following perfusion, mice were decapitated,
and their brains harvested. In a dish filled with cold 1X PBS, the brain was cut just in front of the
inferior colliculus, and just behind the region where the two hemispheres connect. The auditory
cortex, which is 1 mm above the rhinal fissure, was subsequently dissected from both hemispheres.
DNA from these tissue samples were then extracted using the QIAamp Fast DNA Tissue kit. Final
DNA concentrations were then measured using a nanodrop. The samples of extracted DNA were
then subjected the MethylFlash Methylated DNA 5-mC Quantification kit for quantification DNA-
ME. This kit utilizes a colormetric assay with an antibody specific to 5-mc to measure global levels

of DNA-ME.

Patch Clamp:

Patch clamp electrophysiology was conducted on mice that were injected with 5-aza or
treated as different conditions exposure as described below (n >4 mice for each group). The brain
was extracted and immediately placed in an oxygenated (95% 02/5% COz2) external solution (87
mM NaCl, 2.5 mM KCI, 7 mM MgClz, 25 mM D-glucose, 25 mM NaHCOs3, 1.25 mM NaH2POs,
0.5 mM CaClz, and 75 mM Sucrose at pH 7.3). The brain was sectioned along the transverse plane
into 300 um slices with a vibrating microtome (Leica; VT1000S), and brain slices were immersed
in oxygenated external solution in a tissue chamber for 30 min at 32.5°C. Then slices were allowed

to acclimate to room temperature for at least 30 min before recording. The recording chamber was



continuously perfused with oxygenated artificial cerebrospinal fluid (aCSF) (125 mM NacCl, 2.5
mM KCI, 1 mM MgClz, 25 mM D-glucose, 25 mM NaHCOs3, 1.25 mM NaH2PO4 and 2 mM CacCl:
at pH 7.3) at a rate of 2 mL/min and maintained at 32°C. A fixed stage microscope (Olympus;
BX51WI) equipped with differential interference contrast optics and a 40x water-immersion

objective was used to visualize individual neurons in the Al.

Patch electrodes had an impedance of 3—5 MQ when back-filled with the internal solutions
for miniature inhibitory postsynaptic currents (mIPSCs) measurement (135 mM CsMs, 10 Mm
CsCl, 10 mM Hepes, 0.2 mM EGTA, 4 mM ATP-Mg, 0.4 mM GTP-Na at pH 7.3 and 290 mOsm).
The initial access resistance typically ranged from 15 to 23 MQ and remained stable during the
recording session. Series resistance was also continuously monitored with a brief voltage pulse.
Recordings were accepted when a cell had a series resistance of 15-25 MQ (<20% change during
the recording session). mIPSCs were recorded in oxygenated aCSF solution containing 1 uM
Tetrodotoxin (TTX), 20 uM 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 100 uM D-2-
amino-5-phosphonovalerate (DAPS). Cells were held at 0 mV throughout the experiment. Signals
were low pass filtered at 2kHz. Experiments were conducted using Axon Instruments hardware
and software (MultiClamp 700B, Digidata 1550A, pClamp 10.5). 0.3% biocytin was added into
the internal solution before recording to identify the morphology of pyramidal cells. After
recording, data were collected and analyzed with pCLAMP software (Molecular Devices) and
MiniAnalysis (Synaptosoft). Slices were prepared from four or more mice for each group, and
only one neuron was recorded from each slice. Data analysis shown for both individual neurons

as well as the averages per animal in each experimental group.



Quantitative real-time PCR

The harvesting of Al tissue was accomplished in the same way described in the “Al
dissections/DNA extractions/DNA methylation quantification” section. The only difference is
the tissue samples were stored in an RNA stabilizing reagent, RNA /ater (Qiagen). RNA was
extracted from the tissue using the Quick-RNA mini prep kit (Zymo Research). Immediately
following extraction, the total RNA concentration and A260:A280 ratio of each sample were
determined via NanoDrop 2000 (Thermo Scientific). The High Capacity cDNA Reverse
Transcription kit (Thermo Fischer) was used to generate cDNA in a thermal cycler (ABI9700) for
2 hours at 37°C. Ten nanograms of cDNA were used in each reaction for real-time PCR using the
CFX96 Real-Time PCR system (Bio-Rad Laboratories, Hercules, CA). Threshold cycle (Ct)
values of the target genes were normalized to the endogenous control gene (GAPDH). The primer
sequences are as follows: GAPDH; Forward- ACCTTTGATGCTGGGGCTGGC, Reverse-
GGGCTGAGTTGGGATGGGGACT, BDNF; Forward-CAGGAGTACATATCGGCCACCA,
Reverse- GTAGGCCAAGTTGCCTTGTCCGT, REST; Forward-

CATGGCCTTAACCAACGACAT, Reverse- CGACCAGGTAATCGCAGCAG.

Statistical analysis

Statistical analyses were conducted using SPSS software. When comparing two groups,
independent samples t-test was used, unless the distribution wasn’t normal, in which case a Mann-
Whitney U test was used. Group comparisons of variables were made using a one-way analysis of
variance (ANOVA) followed by a post hoc least significant difference (LSD) test, unless the data
was not homoscedastic, in which case a Kruskal-Wallis H test followed by a post hoc Dunn Test

with Bonferonni correction for multiple comparisons was performed. Homogeneity of variance



was tested using Levene’s test (based on median), and normality was tested using the Kolmogorov-
Smirnov test with Lilliefors Significance Correction. A p < 0.05 was considered statistically

significant.



Results

Reducing global levels of DNA-ME re-establishes auditory critical period map plasticity

Recent evidence suggests that frontal cortical and dentate granule neurons accumulate
DNA-ME over the course of development (Lister et al., 2013; Guo et al., 2014). To confirm that
this phenomena also occurs in sensory cortex, we performed a colorimetric ELISA to measure
global levels of DNA-ME in the auditory cortex of adult mice, and mice in the CP. Adult mice
between the ages of 2-4 months (n=12), and CP mice (n = 6) at post-natal (PN) day 11 were
sacrificed, and their brains harvested for DNA-ME analysis. An independent samples t-test showed
that the auditory cortices of adult mice had a significantly higher concentration of DNA-ME than
auditory cortices of CP mice (#11.53=2.97, degrees of freedom adjusted due to unequal variance, p
= 0.012; Figure 2A). These results indicate that along with frontal cortical and subcortical
structures, neurons within sensory cortex also accumulate DNA-ME over the course of

development.

These results led us to hypothesize that if neurons in the auditory cortex accumulate DNA-
ME over the course of development, then reducing the global DNA-ME levels may return adult
cortex to a more plastic state as is seen in the critical period. To test this hypothesis, we probed the
level of plasticity in the Al frequency map of five different experimental groups (Figure 1). The
first group were Naive mice that received no injections nor exposure (Naive; n = 5). The second
group were CP mice exposed to 16 kHz tone pips from PNO until the day of A1 mapping (PN19-
PN23) (CP-expo; n = 5). The third group were adult mice between the ages of 2-4 months that
received 7 days of 5-aza injections concurrently with 10-14 days of 16 kHz exposure (Dem-expo;

n =15). The fourth group was a group of adult mice injected with vehicle and concurrently exposed



to 16 kHz for 10-14 days (Veh-expo; n = 5). Finally, the fifth group was a group that received 7
days of 5-aza injections without exposure, and were subsequently mapped the day after the final
injection (Dem; n =4). Compared to the Naive group, both CP-expo and Dem-expo groups showed
a significant increase in the average area in Al dedicated to the exposure frequency of 16 kHz,
(ANOVA: F4,19=20.36, p < 0.0005; post hoc LSD: p < 0.0005 for both groups, Figure 2B). The
Veh-expo group, as well as the Dem group, did not show such an increase in the representation of
the exposed frequency (post hoc LSD: p = 0.264, and p = 0.922 respectively). This indicates that
neither demethylation, nor sound exposure alone was sufficient to induce a significant expansion
in the 16 kHz frequency band of Al in adult mice. We also analyzed the ratio of the area dedicated
to 16 kHz to the area dedicated to a low frequency bin (from 8 kHz to 13.91 kHz), in the five
experimental groups. The CP-expo and Dem-expo groups showed an increase in the 16 kHz to low
frequency area ratio relative to Naive (Figure 2C; ANOVA: F4,19=10.90, p <0.0005; post hoc LSD
p< 0.0005, and p=0.002 respectively). No increase was seen in the 16 kHz to low frequency area
ratio for either the Veh-expo nor Dem mice, relative to Naive mice (post hoc LSD: p = 0.544, and
p = 0.729 respectively). To verify that 5-aza was in fact reducing global methylation levels, we
performed another colorimetric ELISA on auditory cortex samples from 5-aza treated mice (n=4)
and vehicle treated mice (n=8). Results from the ELISA confirmed that 5-aza treatment facilitated
global demethylation. (Figure 2D; Mann-Whitney U test: Us4=2.0, p = 0.016). These results
indicate that reducing DNA-ME in adult mice can re-establish auditory frequency map plasticity

similar to that observed in the critical period.

As previously mentioned, DNA demethylation via overexpression of GADD45b, was

sufficient to re-open the critical period for ocular dominance plasticity within primary visual cortex



(Apulei et al., 2019). That study also showed that overexpression of GADD45b led to a significant
decrease in overall sensory response strength in both eyes. Therefore, we analyzed the average
threshold for receptive fields collected from the five experimental groups, to determine whether
pharmacological DNA demethylation also induced a general depression in sensory response. The
CP-expo mice had a significantly lower average threshold for auditory evoked signal in Al, relative
to the other experimental groups (Figure 3A; ANOVA; F4,19=10.52, p <0.0005; post hoc LSD: p
< 0.0005 [CP-expo compared to Naive]). Treatment with 5-aza did not significantly alter average
threshold relative to the Naive group for either the dem nor dem-expo group (post hoc LSD: p =
0.139 and p = 0.813, respectively). We also analyzed the average response amplitude between the
five groups, and found an overall significant difference between the groups (data not shown:
Kruskal-Wallis H Test; Hs=10.1, p < 0.039). Post hoc analysis showed a significant increase in
response amplitude for the CP-expo relative to the Naive group (group means: CP-expo= 10.26
spikes/tone, Naive = 7.77 spikes/tone; post hoc Dunn Test: p =0.015), but there were no significant
differences between the Naive group and the other experimental groups (post hoc Dunn Test: p >
0.05 for all other groups relative to Naive). Other receptive field features, such as response
latencies, have been shown to change over the course of the critical period. Response latencies
decrease most dramatically during the critical period, but continue to decrease through P60
(Villers-Sidani, 2007). We analyzed response latencies in the five experimental groups and found
overall significant differences in onset, peak and offset of the auditory response. (onset, Figure 3B:
ANOVA; F4,19=7.79, p = 0.001; peak, Figure 3C: ANOVA; F4,19=4.86, p = 0.007; offset, Figure
3D: ANOVA; F4,19= 4.89, p =0.007). More specifically, the CP-expo and the Dem group had
significantly longer onset (post hoc LSD: p = 0.001, and p =0.011, respectively), peak (post hoc

LSD: p =0.018, and p =0.004, respectively), and offset (post hoc LSD: p = 0.018, and p =0.004,



respectively), relative to the Naive group. This indicates that 5-aza treatment results in longer

response latencies as seen during development (Villers-Sidani, 2007).

Reducing global DNA-ME reverts inhibitory synaptic function to an immature state

As maturation of cortical inhibition is shown to parallel the critical period, we hypothesized
that global DNA demethylation is affecting inhibitory synaptic transmission in the auditory cortex.
To test this hypothesis, we recorded mIPSCs from pyramidal neurons in Layers 2/3 of Al (Figure
4A,B). We used the same experimental groups, with the only difference being that we changed the
exposure stimulus from solely 16 kHz tone pips, to tone pips ranging from 2-48 kHz, to assure that
all of the frequency sensitive neurons within Al were receiving auditory input during the treatment
period. The frequency of mIPSCs (Figure 4C) steadily increased over four days of the CP (PN11-
PN14). The overall average frequency of mIPSC’s during the CP was less than half the average
frequency seen in Naive adult mice and Veh-expo adult mice. One-way ANOVA revealed a
signifcant main effect (ANOV A on individual neurons: F4,74=20.57, p <0.001; ANOVA on animal
average: F4,15=7.628, p =0.001) and post hoc analysis showed a significant difference between
the CP and Naive adult groups (post hoc LSD: neurons: p <0.001; animals: p <0.001) and beween
CP and Veh-expo adult groups (post hoc LSD: neurons: p <0.001; animals: p=0.001). The mIPSC
frequency significantly decreased in the Dem group compared to the Naive group (post hoc LSD:
neurons: p < 0.001; animals: p = 0.017). Dem-exp and Naive were different only when data from
individual neurons were compared (post hoc LSD: neurons: p= 0.035; animals: p=10.361). When
analyzying the amplitude of mIPSC’s (Figure 4D), we saw an increase in amplitude over the course
of the CP which is expected because this is a time marked by significant synaptogenesis. However,

we saw no overall difference across the five experimental groups in terms of mIPSC amplitude



(ANOVA on neurons: Fa74 = 2.41, p = 0.068; ANOVA on aniamls: F415 = 2.473, p = 0.089).
Finally, we analyzed the mIPSC decay time constant (Figure 4E), which has been shown to
decrease as cortical neurons develop (Dunning et al. 1999). Our results confirmed that mIPSC
decay time constant decreases from early post-natal life to adulthood. One-way ANOVA revealed
a significant main effect (ANOVA on neurons: F47¢=7.92, p = 0.001; ANOVA on animal mean:
Fa15 = 7.92, p = 0.004) and post hoc analysis showed significant differences in between the CP
group and both the Naive adult and Veh-expo group adulthood (post hoc LSD: comparing
neurons: p = 0.006 between CP and Naive, p < 0.001 between CP vs. Veh-expo; comparing
animals: p = 0.048 between CP and Naive, p < 0.001 between CP and Veh-expo; Figure 2E). By
contrast, the mIPSC decay time constant was not different between the CP group and the two
DNA-demethylated groups (post hoc LSD: comparing neurons: p = 0.059 between CP and Dem-
expo, p = 0.118 between CP and Dem,). Global DNA demethylation in exposed and unexposed
mice significantly increased the mIPSC decay time constant relative to Veh-expo adult mice (post
hoc LSD: comparing neurons: p = 0.025 between Dem-expo and Veh-expo, p = 0.005 between
Dem vs. Veh-expo; comparing animals: p = 0.015 between Dem-expo and Veh-expo, p = 0.004
between Dem and Veh-expo). Overall, these results indicate that reducing global levels of DNA-
ME shifts certain aspects of the cortical inhibitory synapse to an immature state similar to that

observed in the critical period.

Reducing global DNA-ME reverses expression of developmentally regulated genes to CP levels

The results from the patch clamp experiments revealed that upon treatment with 5-aza,
specific characteristics of mature inhibitory synaptic function were reversing to an immature state.

These results led us to hypothesize that genes that participate in the maturation of the cortex may



also be reverting back to levels seen during the CP upon treatment with 5-aza. To address this, we
investigated the expression levels of two genes that are implicated in cortical maturation during
the CP, BDNF exon IV (Hanover et al., 1999; Huang, 1999; Hensch, 2005), and REST (Ballas et
al., 2005; Rodenas-Ruano et al., 2012), via RT-PCR. Our results confirmed that both of these genes
are developmentally regulated in that BDNF exon IV expression was significantly lower in CP
mice compared to adult Naive mice (Figure 5A; ANOVA: Fs4,18=4.62, p=0.01, post hoc LSD: p
=0.004), and REST expression was significantly higher in CP mice compared to adult Naive mice
(Figure 5B; ANOVA: Fs19 = 3.05, p = 0.042, post hoc LSD: p = 0.012). Seven days of 5-aza
treatment was sufficient to induce a significant reduction in BDNF exon IV expression (post hoc
LSD: p <0.05 for both demethylated groups). Mice treated with vehicle for seven days did not see
a significant change in BDNF exon IV expression relative to Naive mice (post hoc LSD: p > 0.05).
In terms of REST expression, neither 5-aza treatment, nor environmental enrichment alone were
sufficient to significantly increase REST expression relative to Naive mice. However, the
combination of environmental enrichment and 5-aza treatment significantly increased REST
expression levels relative to Naive mice (post hoc LSD: p < 0.020). The magnitude of this change
was similar to the expression levels seen during the CP. These data suggests that global DNA
demethylation facilitates the reversal of expression of genes implicated in cortical maturation and

plasticity to levels seen during the CP.

Discussion

The main finding of this study is that pharmacological DNA demethylation in adult mice

enables sound exposure-induced frequency map reorganization, which is typically observed only



in the critical period but not in adulthood. This elevated cortical plasticity is accompanied by an
increase in the response latencies, a reduction in mIPSC frequency and an increase in mIPSC decay
time constant to levels that are normally observed during development. Furthermore, DNA
demethylation in adult mice also reversed BDNF and REST expression to levels similar to those
in critical period. These concerted changes suggest that global demethylation reopens the critical
period for frequency map plasticity in the auditory cortex. These results are consistent with the
findings that overexpression of GADDA45b, a protein involved in DNA demethylation, reopened
ocular dominance plasticity in adult visual cortex (Apulei et al., 2019). Considering the differences
between inducing auditory map plasticity, and ocular dominance plasticity, as well as the inherent
differences between the auditory and visual cortex, we find this confluence of results to be
interesting, and suggests that DNA-ME acts as a universal mechanism for regulating plastic states
within sensory cortex. Together with reports that histone acetylation modulates ocular dominance
plasticity, these results highlight epigenetic modulations as an important contributor to neural
plasticity during development and in adulthood (Putignano et al., 2007; Gervain et al., 2013;
Baroncelli et al., 2016). However, not all of our findings are consistent with the GADD45b
overexpression study. In that study, the authors found a general reduction in visual responses as a
result of GADDA45b overexpression. Treatment with 5-aza did not lead to a similar reduction in
auditory response. The difference in these results could be explained by the different
demethylation method. Studies have shown that inhibiting DNA methyltransferases can yield
different synaptic effects than over-expressing proteins that catalyze active DNA demethylation
(Yuetal., 2015; Sweatt, 2016). More studies are required to better understand how the downstream
pathways of inhibiting DNA-ME or strengthening DNA demethylation can yield differing effects

on synaptic transmission.



DNA demethylation has been shown to upscale excitatory glutamatergic synapses, and
enhance intrinsic membrane excitability in cultured cortical neurons (Meadows et al., 2015;
Meadows et al., 2016). To our knowledge, our results are the first to show that DNA demethylation
also downregulates cortical inhibitory synapses by decreasing mIPSC frequency. This is consistent
with the observed reduction of BDNF expression, as BDNF has been shown to upregulate GAD65
expression, increase mIPSC frequency, promote maturation of inhibitory neurons and inhibit
ocular dominance shift by monocular deprivation (Hanover et al., 1999; Huang, 1999; Bolton et
al., 2000; Galuske et al., 2000; Maffei, 2002; Ohba et al., 2005). As developmental maturation of
cortical inhibitory circuit is an important regulator of the critical period (Hanover et al., 1999;
Huang, 1999; Hensch, 2005), the observed reversal of inhibitory synaptic properties likely
contributed to the reopening of the critical period for frequency map plasticity following DNA
demethylation. We also found that DNA demethylation prolongs response latencies to levels seen
during the CP. Interestingly, a similar result was found in a transgenic model of MeCP2 duplication
syndrome. Transgenic overexpression of MeCP2 led to significantly prolonged response onset and
response peak in the Al of the transgenic mice, relative to wild-type control (Zhou et al., 2019).
These findings establish a potentially important connection between DNA-ME dynamics and

auditory response latencies in the cortex.

The gene expression patterns observed after 5’aza treatment are consistent with reduced
inhibitory synaptic transmission observed in this study. For example, 5’aza treatment reduced
BDNF expression in our study, which, at first glance, was surprising because increased BDNF

expression has been implicated in heightened plasticity levels (West et al., 2001; Lu et al., 2008),



and because other studies have shown that DNA-ME negatively regulates BDNF expression
(Martinowich et al., 2003). However, increased BDNF is also heavily implicated in promoting
maturation of cortical interneurons during the CP (Hanover et al., 1999; Huang, 1999), correlating
with potentiated inhibition levels (Maffei, 2002) and subsequently reduced plasticity. Furthermore,
it has been shown that direct BDNF infusions into adult cat visual cortex did not influence
orientation selectivity or ocular dominance, suggesting that increased BDNF levels in adult
sensory cortex does not re-open critical period plasticity (Galuske et al., 2000). Thus, it follows
that the 5-aza induced reduction in BDNF expression may have contributed to the reversal of
mature inhibitory synaptic features, and accordingly, the re-instatement of CP plasticity. Another
developmentally regulated gene implicated in cortical maturation, REST, was also shown to
increase its expression to the critical period level after 5’aza treatment. Studies have shown that
developmental downregulation of REST expression is necessary for neurons to acquire mature
characteristics (Ballas et al., 2005) and that transient upregulation of REST in adulthood facilitates
a shift of neurons towards an immature state (Oh et al., 2018). Together, our results indicate that

DNA-ME has a significant effect on the expression of genes that influence cortical maturation.

Although 5-aza treated animals showed a reduction in BDNF expression and increase in
REST expression, the possibility remains that these effects are not a direct result from DNA
demethylation. One intriguing possibility is that 5-aza treatment may be altering the expression of
the multitude of methyl-binding proteins active in neurons. A study in Macaque monkeys showed
that neurons in primary cortical areas and associative cortical areas have differing expression levels
of methyl-binding proteins. Genes that are expressed in prefrontal cortex were enriched for methyl-

binding protein 4 (MBD4) at promotors, while those same gene promotors were enriched for



MeCP2 in primary visual cortex (Hata et al., 2013). This indicates that while the methylation status
of certain genes may be the same, their expression may be different due to the effects of different
methyl-binding proteins. Finally, it is worth investigating how 5-aza treatment affects the
expression of proteins that dictate neuronal fate. For example, during the CP, development of the
parvalbumin-positive (PV+) interneuron (an important cell-type for CP plasticity), is tightly linked
to the expression of homeoprotein, Otx2. Studies have shown that internalization of Otx2 by PV+
interneurons stimulates their functional maturation, and that the upregulation of Otx2 during the
critical period is dependent on proper sensory experience (Sugiyama et al., 2008; Beurdeley et al.,
2012; Bernard and Prochiantz, 2016; Sakai and Sugiyama, 2018). Furthermore, blocking PV+
internalization of Otx2 in adulthood re-establishes ocular dominance plasticity (Beurdeley et al.,
2012). Therefore, the changes in gene expression seen in our 5-aza treated animals may be caused

by an upstream effect on developmental transcription factors, such as Otx2.

In the present study, DNA-ME in the auditory cortex was significantly lower in CP than in
adulthood. This is consistent with developmental upregulation of DNMT3a expression observed
from PN Week 1 to Week 4 (Lister et al., 2013; Guo et al., 2014). Interestingly, blocking DNMT,
which prevented upregulation of DNA-ME, prevented monocular deprivation-induced ocular
dominance shift in visual CP (Tognini et al., 2015). Thus, it appears that while DNA
demethylation reopens the critical period in adult cortex, normal critical period plasticity requires
DNA-ME (Tognini et al., 2015; Apulei et al., 2019). It is possible that DNA-ME reduces plasticity
to solidify experience-dependent circuit changes. Further studies tracking DNA-ME changes on
developmentally regulated genes as the CP progresses may elucidate more information on the role

of DNA-ME in regulating CP plasticity.
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Figure 1. Timeline representation of 5-aza injection and sound exposure paradigm. Naive
animals (not shown) were taken directly from the colony with no exposure or injections. CP-expo
animals began exposure on PN9, while the other adult groups were between 2 and 4 months of age

during the treatment/exposure period.
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Figure 2. Pharmacological DNA demethylation re-establishes auditory critical period map
plasticity in adult animals. A) Adult animals between 2-4 months of age and CP animals at P11
were sacrificed, and their brains harvested for methylation analysis. Methylation levels from were
found to be higher in adult auditory cortices (n = 12) than in the auditory cortices of CP animals
(n = 6). B) Graph displaying the average area dedicated to sites within the exposure frequency.
Both the critical period exposed and the demethylated exposed groups show a significant increase
in the representation of 16 kHz (n= 5 for Naive, CP-expo, Dem-expo and Veh-expo. n=4 for Dem).
C) Graph displaying the ratio of the area of sites representing 16 kHz to a low frequency in (8kHz-
13.9kHz) The ratio was increased in the CP animals and demethylated exposed animals D) Graph
displaying the difference in global methylation between the auditory cortices of vehicle exposed
and demethylated animals. Vehicle treated mice had higher global methylation levels (n = 8) in
the auditory cortex than mice treated with 5-aza (n=4). E) Example frequency maps of primary
auditory cortex in five different groups of mice. Areas outlined in black indicate sites with CFs

within the exposure frequency of 16 kHz (+/- 0.2 octaves). *p <0.05, **p<0.005, ***p<0.0005.
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Figure 3. Pharmacological DNA demethylation in adults reverts some receptive field traits
towards CP levels. A) A box and whisker plot showing the distribution of average thresholds for
the five groups of mice (n= 5 for Naive, CP-expo, Dem-expo and Veh-expo. n=4 for Dem). CP
mice had a significantly lower threshold relative to the other groups. B), C) and D), show response
onset, peak, and offset for the five groups. The CP and Dem groups had a prolonged response

latency for each feature relative to the Naive group. *p <0.05, **p<0.005, ***p<0.0005.
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Figure 4. Pharmacological DNA demethylation reverts inhibitory synaptic function to an
immature state. A) Image of biocytin stained pyramidal neuron within auditory cortex, used for
patch clamp analysis. B) Representative current traces recorded from pyramidal neurons for the 5
groups tested: CP (n = 4 mice), adult Naive (n = 4 mice), adult 5-aza treated with no exposure
(Dem; n = 4 mice), adult 5-aza treated with exposure (Dem-expo; n = 4 mice) and adult vehicle
treated with exposure (Veh-expo; n =4 mice). C) Graph displaying the average mIPSC frequency
for the 5 experimental groups. Both the Dem and Dem-expo groups had a significantly lower
mIPSC frequency than Naive adult animals, which is in line with the difference between CP
animals and Naive adult animals. D) Graph displaying the average mIPSC amplitude for the 5
experimental groups. No significant difference was found between any of the groups. E) Graph
displaying the average mIPSC decay time constant. The Naive and Veh-expo had a significantly

lower average decay time constant compared to the CP group, which recapitulates previous reports.



Both the Dem and Dem-expo groups had a significantly higher mIPSC decay time constant
compared to the Veh-expo group but did not have a significantly different mIPSC decay time

constant compared to the CP group.
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Figure 5. Pharmacological DNA demethylation reverses expression of developmentally
regulated genes back to critical period levels. A) Relative BDNF mRNA expression level for
the five experimental groups: CP (n = 5 mice), adult Naive (n = 5 mice), Dem (n = 4 mice), Dem-
expo (n = 5 mice) and Veh-expo (n = 4 mice). CP, Dem, and Dem-expo mice had significantly
lower levels of BDNF expression relative to Naive adult mice. B) Relative REST mRNA
expression level for the five experimental groups: CP (n = 5 mice), adult Naive (n = 5 mice), Dem
(n = 4 mice), Dem-expo (n = 5 mice) and Veh-expo (n = 5 mice). Both CP mice and Dem-expo
mice had significantly higher levels of REST compared to Naive adult mice, while Dem mice were

not significantly different from Naive adult. *p <0.05, **p<0.005.
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