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a b s t r a c t

We have previously shown that auditory Pavlovian fear conditioning is associated with an increase in
DNA methyltransferase (DNMT) expression in the lateral amygdala (LA) and that intra-LA infusion or
bath application of an inhibitor of DNMT activity impairs the consolidation of an auditory fear memory
and long-term potentiation (LTP) at thalamic and cortical inputs to the LA, in vitro. In the present study,
we use awake behaving neurophysiological techniques to examine the role of DNMT activity in memory-
related neurophysiological changes accompanying fear memory consolidation and reconsolidation in the
LA, in vivo. We show that auditory fear conditioning results in a training-related enhancement in the
amplitude of short-latency auditory-evoked field potentials (AEFPs) in the LA. Intra-LA infusion of a
DNMT inhibitor impairs both fear memory consolidation and, in parallel, the consolidation of training-
related neural plasticity in the LA; that is, short-term memory (STM) and short-term training-related
increases in AEFP amplitude in the LA are intact, while long-term memory (LTM) and long-term retention
of training-related increases in AEFP amplitudes are impaired. In separate experiments, we show that
intra-LA infusion of a DNMT inhibitor following retrieval of an auditory fear memory has no effect on
post-retrieval STM or short-term retention of training-related changes in AEFP amplitude in the LA,
but significantly impairs both post-retrieval LTM and long-term retention of AEFP amplitude changes
in the LA. These findings are the first to demonstrate the necessity of DNMT activity in the consolidation
and reconsolidation of memory-associated neural plasticity, in vivo.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Epigenetic mechanisms, including modifications in chromatin
structure and DNA methylation, have been widely implicated in
synaptic plasticity and memory formation (Barrett & Wood,
2008; Jiang et al., 2008; Levenson & Sweatt, 2005, 2006; Monsey,
Ota, Akingbade, Hong, & Schafe, 2011). Chromatin modifications,
the most commonly studied epigenetic modification, are typically
associated with the acetylation of histones by histone acetyltrans-
ferases (HATs), a process which results in the relaxation of chroma-
tin and contributes to enhanced transcription of memory-related
genes (Barrett & Wood, 2008; Levenson & Sweatt, 2005). Con-
versely, the methylation of cytosine residues on DNA via DNA
methyltransferases (DNMTs) is typically thought to negatively reg-
ulate gene transcription via preventing the binding of transcription
factors (Levenson et al., 2006; Levenson & Sweatt, 2005; Miller
et al., 2010; Miller & Sweatt, 2007; Miranda & Jones, 2007). In
development, the methylation of DNA has been associated with
gene silencing and cellular differentiation in actively dividing cells,
and has traditionally been viewed as a long-lasting, static process
(Levenson & Sweatt, 2005; Miranda & Jones, 2007). Post-mitotic
neurons, however, are known to express high levels of DNMT
mRNA into adulthood (Brown et al., 2008; Feng et al., 2010), and
emerging evidence has suggested that dynamic regulation of
DNA methylation in adult neurons may be critical for regulating
the transcription of genes involved in creating and maintaining
stable memories (Miller et al., 2010; Miller & Sweatt, 2007).

Recent studies have implicated alterations in DNA methylation
in both hippocampal- and amygdala-dependent memory forma-
tion. Contextual fear conditioning has been observed to increase
the expression of DNMT3A/B mRNA in hippocampal area CA1
and to regulate the methylation of the plasticity-related genes
PP1, reelin, and BDNF (Lubin, Roth, & Sweatt, 2008; Miller &
Sweatt, 2007). Further, intra-hippocampal infusion of an inhibitor
of DNMT activity has been observed to impair the consolidation
of a contextual fear memory (Miller, Campbell, & Sweatt, 2008;
Miller & Sweatt, 2007). Similarly, our lab has recently observed
that DNMT3A protein is regulated in an associative manner within
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the lateral nucleus of the amygdala (LA) following auditory fear
conditioning (Monsey et al., 2011), and that intra-LA infusion of
an inhibitor of DNMT activity shortly following auditory fear con-
ditioning or retrieval of an auditory fear memory impairs the con-
solidation and reconsolidation of an auditory fear memory,
respectively (Maddox & Schafe, 2011; Monsey et al., 2011).

In parallel to behavioral studies showing the involvement of
DNMT activity in memory consolidation and reconsolidation pro-
cesses, a number of studies have shown that DNMT activity is re-
quired for synaptic plasticity, in vitro. Bath application of an
inhibitor of DNMT activity has been observed to impair the induc-
tion of long-term potentiation (LTP) in hippocampal area CA1
while having no effect on baseline synaptic transmission (Levenson
et al., 2006; Miller et al., 2008). Further, our lab has recently ob-
served that bath application of an inhibitor of DNMT activity to
slices containing the amygdala impairs LTP at both thalamic and
cortical input pathways to the LA (Monsey et al., 2011). While
these studies have revealed a role for DNMT activity in in vitro
models of synaptic plasticity in both the hippocampus and amyg-
dala, no study has to date examined the role of DNMT activity in
neural plasticity that accompanies naturally-occurring memory
formation, in vivo. In the present study, we used awake-behaving
neurophysiology techniques to examine the role of DNMT activity
in the consolidation of neural plasticity in the LA associated with
initial fear memory consolidation and in the retention of train-
ing-related neural plasticity in the LA following retrieval of a fear
memory.
2. Materials and methods

2.1. Subjects

Adult-male Sprague–Dawley rats (Harlan), weighing 300–350 g,
were housed individually in plastic cages and maintained on a
12:12 h light/dark cycle with food and water provided ad libitum.

2.2. Electrode implantation procedures

Rats were anesthetized with i.p. administration of Ketamine
(100 mg/kg) and Xylazine (6.0 mg/kg) and implanted in the left
LA with a tungsten recording electrode adhered to a 26-gauge
guide cannula (AP: �3.2 mm; ML: ±5.2; DV: �7.4). A second
26-gauge guide cannula was implanted in the right LA. A low-
impedance copper wire was connected to a stainless steel bone
screw drilled into the skull contralateral to the side of the record-
ing electrode �1 mm posterior to bregma to serve as the reference
for recording purposes. Another stainless steel screw attached to a
copper wire was drilled into the skull �3 mm posterior to lambda
and served as the ground electrode. Dental cement was used to an-
chor the electrodes and connecting device to the skull. Buprenex
(0.2 mg/kg) was administered as an analgesic, and rats were pro-
vided with at least five days of post-operative recovery time. All
surgical procedures were conducted under the guidelines provided
in the National Institutes of Health Guide for the Care and Use of
Experimental Rats and were approved by the Yale University Insti-
tutional Animal Care and Use Committee.

2.3. Drugs

The DNA methyltransferase inhibitors 5-AZA-2‘- deoxycytidine
(5-AZA; Sigma Cat# A3656) and N-Phthalyl-L-Tryptophan (RG108;
Sigma Cat# R8279) were dissolved in 100% DMSO to a 2 lg/ll
stock solution. Both drugs were then diluted 1:1 in ACSF to a final
1 lg/ll solution. All vehicle solutions consisted of 50% DMSO in
ACSF.
2.4. Electrophysiological recordings

Awake-behaving electrophysiology took place in a custom-
made electromagnetic shielded recording chamber designed for
delivery of auditory stimuli and recording. The chamber was kept
within a ventilated and temperature-regulated acoustic isolation
room. Stimulus delivery and data acquisition were controlled by
SciWorks Experimenter Real-time 7.0 (DataWave). During record-
ing sessions, rats were exposed to a series of 20 tone ‘pips’ as a con-
ditioned stimulus (CS). Each pip consisted of a 50 ms, 75 dB, 1 kHz
tone, delivered at 1 Hz from a speaker mounted on the ceiling of
the recording chamber. The tone pip series CS was triggered by
TTL signals generated by SciWorks. The TTL signals were converted
(Coulbourn, H91-24, 5 V TTL to 24 V converter) and sent to a tone
generator (Coulbourn, H12-07, Seven-Tone Audio Cue). During
recordings, the implanted electrodes were connected to a Micro-
Miniature Headstage (DataWave). Neural signals were picked up
(Legacy PCI data acquisition bundles, Model: DT3010), amplified
(16-channel A-M Systems microelectrode amplifier, Model: AM-
3600) and saved for off-line analysis.

For the memory consolidation experiments, rats were handled
and habituated to the recording chamber and cable connection
for 15 min on Day 1. On days 2 and 3, baseline auditory-evoked
field potentials (AEFPs) elicited by 3 presentations of the 20 tone
pip CS series were recorded (ITI between series = 2 min) from the
LA, for a total of 60 tone pip presentations. On day 4, rats re-
ceived three trials of fear conditioning consisting each of a series
of 20 tone pip CS presentations that co-terminated with a 1 s,
1.0 mA footshock administered through the grid floor. AEFPs
were not recorded during fear conditioning. One hour following
training, rats received intra-LA infusion of either vehicle
(0.5 ll/side), RG108 (500 ng/side; 0.5 ll) or 5-AZA (500 ng/side;
0.5 ll). This time point was chosen based on previous behavioral
experiments from our lab (Maddox & Schafe, 2011; Maddox,
Monsey, & Schafe, 2011) and is consistent with the relatively late
peak of DNMT3A protein expression (at 90 min) observed after
auditory fear conditioning (Monsey et al., 2011). Infusions were
made over 4 min and the infusion cannulas were left in place
for at least 2 min following infusion to facilitate diffusion of the
drug throughout the LA. Three hours after drug infusions rats
were placed into a modified chamber which included a flat black
peppermint scented plastic floor for short-term memory (STM)
testing and recordings of AEFPs. The STM test consisted of 3 pre-
sentations of the tone pip CS series (ITI = 2 min), for a total of
60 tone pip presentations (identical to baseline recordings). The
following day (�24 h later), rats were placed back in the modi-
fied testing chamber and tested for long-term memory (LTM)
with 9 tone pip CS presentations (ITI = 2 min) while AEFPs were
recorded from the LA.

For the memory reconsolidation experiments, rats underwent
habituation, baseline recording sessions, and fear conditioning as
in the consolidation experiments. The next day (Day 5), rats were
placed in the modified testing chamber (black peppermint scented
plastic floor) and received a single tone pip series CS presentation
(20 pips) to serve as a memory ‘reactivation’ trial. Additional
groups of rats, designated as ‘no-reactivation’ controls, were placed
in the testing chamber but did not receive a tone pip series CS
presentation. One hour following the memory reactivation (or
no-reactivation) session, rats were infused with either vehicle
(0.5 ll/side), RG108 (500 ng/side; 0.5 ll) or 5-AZA (500 ng/side;
0.5 ll). Three hours after infusions, rats were tested for post-reac-
tivation (PR)-STM consisting of 3 presentations of the tone pip CS
series while AEFPs were recorded from the LA. Twenty-four hours
later (Day 6) rats were tested for PR-LTM consisting of 9 presenta-
tions of the tone pip CS series while AEFPs were recorded from the
LA.
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Rats’ freezing behavior was recording during each test session for
off-line scoring. Following the completion of testing, all rats were
rapidly and deeply anesthetized and perfused transcardially with
0.9% saline followed by 10% formalin. Brains were extracted from
the skull, sectioned at 50 lM thickness on a cryostat, and stained
for Nissl for cannula and electrode placement analyses. Only those
rats with electrode and cannula placements confined to the borders
of the LA were included in the subsequent data analyses. Fig. 4 de-
picts electrode placements for all rats included in the analyses.

2.5. Data analysis

For data analysis during STM/PR-STM sessions, all 60 AEFPs
were averaged into a single waveform. Data analysis for the LTM/
PR-LTM sessions was conducted based on the average waveform
from the last 60 AEFPs (the last 3 trials of the LTM/PR-LTM test).
Spike2 software (Cambridge Electronics Design, Cambridge, UK)
was used to measure the amplitude of the short-latency nega-
tive-going component of the AEFP from the initial point of deflec-
tion to its maximal negativity, which occurs �12–16 ms from the
onset of the pip (Doyère, Debiec, Monfils, Schafe, & LeDoux,
2007; Maddox Watts, Doyère, & Schafe, 2013; Maddox, Watts, &
Schafe, 2013; Quirk, Repa, & LeDoux, 1995; Rogan, Staubli, &
LeDoux, 1997; Schafe, Doyère, & LeDoux, 2005). The amplitude of
AEFPs recorded from STM/PR-STM and LTM/PR-LTM sessions was
expressed as a percentage of the averaged AEFP amplitude on the
second day of baseline recording (Day 3). Behavioral and
neurophysiological data were analyzed using Analysis of Variance
(ANOVA) and Duncan’s post-hoc t-tests. Differences were only con-
sidered significant if p < 0.05.

3. Results

3.1. Intra-LA infusion of an inhibitor of DNMT activity following fear
conditioning impairs fear memory consolidation and the consolidation
of training-related neural plasticity in the LA

In our first series of experiments, we examined the effect of
intra-LA infusion of two pharmacologically distinct DNMT inhibi-
tors on fear memory consolidation and the consolidation of train-
ing-related changes in auditory-evoked field potentials (AEFPs) in
the LA. Rats were fear conditioned with 3 tone pip series
(CS)-shock (US) pairings, followed 1 h later by intra-LA infusion
of vehicle (0.5 ll/side), RG108 (500 ng/side; 0.5 ll) or 5-AZA
(500 ng/side; 0.5 ll). All rats then received tests of STM (3 h later)
and LTM (�24 h later) while AEFPs were recorded from the LA
(Fig. 1a). During training, we observed no differences in post-shock
freezing between the three groups (not shown). An ANOVA (group
by trial) revealed a main effect of trial [F(3,45) = 698.7, p < 0.05] but
not of group [F(2,15) = 0.22, p > 0.05]. Similarly, we found no signif-
icant difference in freezing between vehicle, RG108 and 5-AZA
groups during the STM test [F(2,15) = 0.2, p > 0.05; Fig. 1b]. However,
the following day the RG108 and 5-AZA-treated rats exhibited im-
paired LTM relative to the vehicle group [F(2,15) = 31.8, p < 0.01;
Fig. 1b]. Duncan’s post-hoc t-tests revealed that the vehicle group
was significantly different from both the RG108 and 5-AZA groups
[p < 0.05], which were not found to differ significantly different
from each another [p > 0.05].

Analysis of the neurophysiology during the baseline and STM
sessions revealed that fear conditioning led to a significant
enhancement of the amplitude of the short-latency (�12–15 ms)
component of the AEFP in the LA relative to baseline in each of
the three groups (Fig. 1c). An ANOVA (group by session) revealed
a main effect of session [baseline vs. STM; F(1,15) = 39.06, p < 0.05]
but not of group [F(2,15) = 0.16, p > 0.05]. Further analysis deter-
mined that there was no difference in the amplitude change of
AEFPs during the STM test across the 3 groups [F(2,15) = 0.01,
p > 0.05; Fig. 1c], suggesting that all 3 groups exhibited equivalent
training-related AEFP enhancement. However, during the LTM test
the RG108 and 5-AZA-treated rats exhibited significantly less AEFP
amplitude change relative to vehicle-infused controls [F(2,15) = 19.7,
p < 0.05; Fig. 1c]. Duncan’s post-hoc t-tests determined that the
vehicle group was significantly different from both the RG108
and 5-AZA groups [p < 0.05], which were not found to be signifi-
cantly different from one another [p > 0.05]. To further examine
this effect, we performed a regression analysis within the RG108-
and 5-AZA-treated groups between freezing scores and percentage
of change in AEFP amplitudes in the LA. For this analysis, we ex-
pressed each of these measures during the LTM test as a percent-
age of freezing and AEFP amplitude change during the STM test
for each rat. The analysis revealed a highly significant correlation
in the RG108 (r(6) = 0.88, p < 0.05) and 5-AZA groups (r(6) = 0.77,
p < 0.05; Fig. 1d), indicating that the more effective RG108 and
5-AZA were at impairing the consolidation of fear memory, the
more effective these drugs were at impairing the consolidation of
training-related neural plasticity in the LA. Thus, intra-LA infusion
of a DNMT inhibitor shortly following training can significantly
impair not only the consolidation of a fear memory but also the
consolidation of memory-associated neural plasticity in the LA.

3.2. Intra-LA infusion of an inhibitor of DNMT activity following fear
memory retrieval impairs fear memory reconsolidation and the
retention of memory-related neural plasticity in the LA

In our second series of experiments, we examined the effect of
intra-LA infusion of a DNMT inhibitor following fear memory re-
trieval on fear memory reconsolidation and the retention of mem-
ory-associated AEFPs in the LA. Rats were trained with 3 tone pip
series (CS)-shock (US) presentations, followed 24 h later by a mem-
ory reactivation session consisting of a single tone pip series (CS)
presentation. One hr following the memory reactivation session,
rats received intra-LA infusion of either vehicle (0.5 ll/side),
RG108 (500 ng/side; 0.5 ll) or 5-AZA (500 ng/side; 0.5 ll) followed
3 and 21 h by tests of PR-STM and PR-LTM while AEFPs were re-
corded from the LA (Fig. 2a). Analysis of the reactivation session re-
vealed that all three groups exhibited significant and equivalent
memory recall during the reactivation session; the ANOVA (group
by trial) revealed a significant effect of trial [pre-CS vs. CS;
F(1,16) = 3573.02, p < 0.01], but not of group [F(2,16) = 0.11, p > 0.05;
Fig. 2b]. Similarly, we found no significant difference in freezing
between vehicle, RG108 and 5-AZA groups during the PR-STM test
[F(2,16) = 0.49, p > 0.05; Fig. 2c]. However, the following day the
RG108 and 5-AZA-treated rats exhibited impaired PR-LTM relative
to the vehicle group [F(2,16) = 68.9, p < 0.01; Fig. 2c]. Duncan’s post-
hoc t-tests revealed that the vehicle group was significantly differ-
ent from both the RG108 and 5-AZA groups [p < 0.05], which were
not found to be significantly different from one another [p > 0.05].

Analysis of the neurophysiology revealed significant retention
of training-related enhancements in the amplitude of the AEFP in
the LA during the PR-STM test relative to baseline in each of the
three groups (Fig. 2d). An ANOVA (group by session) revealed a
main effect of session [baseline vs. PR-STM; F(1,16) = 15.99,
p < 0.05] but not of group [F(2,16) = 0.11, p > 0.05]. Further analysis
determined that there was no difference in the training-related
retention of AEFPs during PR-STM between the 3 groups
[F(2,16) = 0.02, p > 0.05; Fig. 2d], suggesting that all 3 groups
exhibited equivalent retention of the training-related AEFP
enhancement. However, during the PR-LTM test the RG108 and
5-AZA-treated rats exhibited significantly less AEFP amplitude
change relative to vehicle-infused controls [F(2,16) = 7.18, p < 0.05;
Fig. 2d]. Duncan’s post-hoc t-tests determined that the vehicle
group was significantly different from both the RG108 and 5-AZA



Fig. 1. Intra-LA infusion of an inhibitor of DNMT activity impairs fear memory consolidation and training-related neural plasticity in the LA. (a) Rats were habituated to
handling and given two days of baseline recording sessions in which AEFPs were recorded from the LA. On the 4th day, rats were fear conditioned with 3 tone pip series
(CS)-shock (US) pairings followed 1 h later by intra-LA infusion of either vehicle (n = 6), RG108 (500 ng/side; n = 6) or 5-AZA (500 ng/side; n = 6). Rats in each group were then
tested for STM and LTM 3 and 21 h later, respectively, while AEFPs were recorded from the LA. (b) Mean (±SEM) percent freezing during the STM and LTM tests in vehicle,
RG108 and 5-AZA infused groups. ⁄p < 0.05 relative to vehicle-infused controls. (c) Mean (±SEM) percent of change in AEFP amplitude during the STM and LTM tests in vehicle,
RG108 and 5-AZA-infused rats, relative to baseline. ⁄p < 0.05 relative to vehicle-infused controls. (d) Correlation between freezing scores and AEFP amplitudes in RG108- and
5-AZA-treated rats during the LTM test, each expressed as a percentage of freezing and AEFP amplitude change during the STM test. (e) Representative AEFPs recorded from
the LA for each group during baseline (light gray trace), STM and LTM sessions (darker traces). Scale bar = 10 lV, 5 ms.

96 S.A. Maddox et al. / Neurobiology of Learning and Memory 107 (2014) 93–100
groups [p < 0.05], which were not found to be significantly
different from one another [p > 0.05]. As before, we performed a
regression analysis within the RG108- and 5-AZA-treated groups
between freezing scores and percentage of change in AEFP ampli-
tudes during the PR-LTM test, both expressed as a percentage each
of these measures during the PR-STM test. The analysis revealed a
highly significant correlation in the RG108 (r(6) = 0.77, p < 0.05) and
5-AZA groups (r(7) = 0.77, p < 0.05; Fig. 2e), indicating that the more
effective RG108 and 5-AZA were at impairing the reconsolidation
of fear memory, the more effective these drugs were at impairing
the retention of training-related neural plasticity in the LA. Thus,
intra-LA inhibition of DNMT activity shortly following fear memory
retrieval significantly impairs the reconsolidation of a fear memory
and, in parallel, leads to a reversal in training-related enhance-
ments in tone-evoked neural activity in the LA.

3.3. Intra-LA infusion of an inhibitor of DNMT activity in the absence of
fear memory retrieval has no effect on fear memory reconsolidation or
memory-associated neural plasticity in the LA

In our final experiment, we asked whether the reconsolidation
impairment induced by intra-LA infusion of an inhibitor of DNMT
activity is specific to a fear memory that has undergone retrieval.
Rats were trained with 3 tone pip series (CS)-shock (US) presenta-
tions as before, followed 24 h later by a ‘no-reactivation’ session in
which they were placed in the testing chamber without a tone pip
series (CS) presentation. One hr following the ‘no-reactivation’ ses-
sion, rats received intra-LA infusion of either vehicle (0.5 ll/side),
RG108 (500 ng/side; 0.5 ll) or 5-AZA (500 ng/side; 0.5 ll) followed
3 and 21 h by tests of ‘PR’-STM and ‘PR’-LTM (Fig. 3a). Thus, rats in
this experiment were treated identically to those in the reconsoli-
dation experiment, with the exception that their fear memory was
not reactivated prior to drug treatment. Analysis of the no reactiva-
tion session data revealed that all 3 groups exhibited equivalently
low levels of freezing during the ‘pre-CS’ period and during the 20 s
period when the tone pip series would have been presented during
the reactivation session (Fig. 3b). An ANOVA (group by trial) re-
vealed no significant effect of group [F(2,11) = 0.27, p > 0.05] or trial
[F(1,11) = 0.11, p > 0.05]. Further, all three groups exhibited equiva-
lently high levels of freezing during the ‘PR’-STM test
[F(2,11) = 1.34, p > 0.05; Fig. 3c] and during the ‘PR’-LTM test
[F(2,11) = 1.65, p > 0.05; Fig. 3c].

Analysis of the neurophysiology revealed significant retention of
training-related enhancements in the amplitude of the AEFP in the
LA during the ‘PR’-STM test relative to baseline in each of the three
groups. An ANOVA (group by session) revealed a main effect of ses-
sion [baseline vs. ‘PR’-STM; F(1,11) = 39.94, p < 0.05] but not of group
[F(2,11) = 0.96, p > 0.05]. Further analysis determined that there was
no difference in the training-related retention of AEFPs during
‘PR’-STM between the 3 groups [F(2,16) = 0.05, p > 0.05; Fig. 3d], sug-



Fig. 2. Intra-LA infusion of an inhibitor of DNMT activity impairs fear memory reconsolidation and retention of memory-associated neural plasticity in the LA. (a) Rats were
habituated and given two days of baseline AEFP recording sessions, followed by fear conditioning with 3 tone pip series-(CS) shock (US) pairings. Twenty four hours following
training rats were given a memory reactivation session consisting of a single tone pip series CS presentation followed 1 h later by intra-LA infusion of vehicle (n = 6), RG108
(500 ng/side; n = 6) or 5-AZA (500 ng/side; n = 7). Rats in each group were then tested for PR-STM and PR-LTM 3 and 21 h later, respectively, while AEFPs were recorded from
the LA. (b) Memory retrieval data during the reactivation session for the vehicle, RG108 and 5-AZA-infused groups. ⁄p < 0.05 relative to the pre-CS period. (c) Mean (±SEM)
percent freezing during the PR-STM and PR-LTM tests in vehicle, RG108 and 5-AZA-infused groups. ⁄p < 0.05 relative to vehicle-infused controls. (d) Mean (±SEM) percent
change in AEFP amplitude during the PR-STM and PR-LTM tests in vehicle, RG108 and 5-AZA-infused rats, relative to baseline. ⁄p < 0.05 relative to vehicle-infused controls. (e)
Correlation between freezing scores and AEFP amplitudes in RG108- and 5-AZA-treated rats during the PR-LTM test, each expressed as a percentage of freezing and AEFP
amplitude change during the PR-STM test. (f) Representative AEFPs recorded from the LA for each group during baseline (light gray trace), PR-STM and PR-LTM sessions
(darker traces). Scale bar = 10 lV, 5 ms.
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gesting that all 3 groups exhibited equivalent retention of the train-
ing-related AEFP enhancement. Further, we observed no differences
in AEFP amplitude between the 3 groups during the ‘PR’-LTM test
[F(2,11) = 0.01, p > 0.05; Fig. 3d]. Thus, intra-LA inhibition of DNMT
activity is only effective at impairing fear memory reconsolidation
and retention of memory-associated neural plasticity in the LA when
it is administered around the time of active memory recall.
4. Discussion

Much progress has been made in defining the cellular and
molecular mechanisms underlying fear memory consolidation
and reconsolidation processes in the LA (Alberini, 2005; Rodrigues,
Schafe, & LeDoux, 2004; Schafe, Nader, Blair, & LeDoux, 2001;
Tronson & Taylor, 2007), including the role of NMDA-receptor dri-
ven activation of protein kinase signaling cascades (Ben Mamou,
Gamache, & Nader, 2006; Duvarci, Nader, & LeDoux, 2005;
Rodrigues, Schafe, & LeDoux, 2001; Schafe et al., 2000; Tronson,
Wiseman, Olausson, & Taylor, 2006), transcription factors (Josselyn
et al., 2001; Kida et al., 2002), de novo mRNA and protein synthesis
(Bailey, Kim, Sun, Thompson, & Helmstetter, 1999; Duvarci, Nader,
& LeDoux, 2008; Nader, Schafe, & LeDoux, 2000; Schafe & LeDoux,
2000), and the involvement of immediate early genes (Lee, Di
Ciano, Thomas, & Everitt, 2005; Maddox et al., 2011; Maddox &
Schafe, 2011; Ploski et al., 2008). More recent work has suggested
that an additional level of transcriptional control, including altera-
tions in chromatin structure and DNA methylation, also plays a crit-
ical role in learning and memory and synaptic plasticity (Barrett &
Wood, 2008; Jiang et al., 2008; Levenson & Sweatt, 2005). In the fear
memory system, our lab has recently shown that both histone acet-
ylation and DNA methylation are critical for LTP in the LA as well as
the consolidation and reconsolidation of a fear memory (Maddox &
Schafe, 2011; Maddox, Watts, Doyère, & Schafe, 2013; Maddox,
Watts, & Schafe, 2013; Monsey et al., 2011). In the present study,
we sought to further characterize the role of DNMT activity in fear
memory consolidation and reconsolidation processes by examining
the role DNMT activity in the formation and retention of memory-
related neural plasticity in the LA, in vivo, that accompanies fear
memory consolidation and reconsolidation.

Previous studies have shown that DNMTs are dynamically reg-
ulated in the hippocampus and amygdala by either contextual or
auditory fear conditioning, respectively (Miller & Sweatt, 2007;
Monsey et al., 2011). Further, local infusion or bath application of



Fig. 3. Intra-LA infusion of an inhibitor of DNMT activity in the absence of fear memory retrieval has no effect on fear memory reconsolidation or the retention of memory-
associated neural plasticity in the LA. (a) Rats were given two days of baseline AEFP recording sessions, followed by fear conditioning with three tone pip series (CS)-shock
(US) pairings. Twenty four hours following training rats were given a ‘no reactivation’ session in which they were placed in the testing context but not presented with a tone
pip series. One hour following the ‘no reactivation’ session, rats received infusion of vehicle (n = 5), RG108 (500 ng/side; n = 5) or 5-AZA (500 ng/side; n = 4). Rats in each
group were then tested for ‘PR’-STM and ‘PR’-LTM 3 and 21 h later, respectively, while AEFPs were recorded from the LA. (b) Memory retrieval data for the vehicle, RG108 and
5-AZA-infused groups during the ‘no reactivation’ session. (c) Mean (±SEM) percent freezing during the ‘PR’-STM and ‘PR’-LTM tests in vehicle, RG108 and 5-AZA-infused
groups. (d) Mean (±SEM) percent change in AEFP amplitude during the ‘PR’-STM and ‘PR’-LTM tests in vehicle, RG108 and 5-AZA-infused rats, relative to baseline. (e)
Representative AEFPs recorded from the LA for each group during baseline (light gray trace), ‘PR’-STM and ‘PR’-LTM sessions (darker traces). Scale bar = 10 lV, 5 ms.
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inhibitors of DNMT activity in the hippocampus impair contextual
fear memory and LTP in hippocampal area CA1 (Miller & Sweatt,
2007; Miller et al., 2008), and intra-LA infusion or bath application
of an inhibitor of DNMT activity has been shown to impair the con-
solidation of an auditory fear memory and LTP at thalamic and cor-
tical inputs to the LA (Monsey et al., 2011). In agreement with
these findings, we show that intra-LA infusion of two pharmaco-
logically distinct inhibitors of DNMT activity shortly following
auditory fear conditioning have no effect on STM, but significantly
impair LTM. In parallel, we show that inhibition of DNMT activity
in the LA has no effect on short-term enhancements in tone-evoked
neural activity in the LA, but significantly impairs long-term reten-
tion of training-related neural plasticity in LA neurons. Collectively,
this pattern of findings suggests that DNMT activity in the LA is
critical not only for the consolidation of a fear memory at the
behavioral level, but also for the consolidation of memory-associ-
ated neural plasticity in the LA.

In another recent study, we have shown that post-retrieval
infusion of an inhibitor of DNMT activity into the LA impairs the
reconsolidation of auditory fear memory in a time-limited and re-
trieval-dependent manner (Maddox & Schafe, 2011). In that study,
we showed that inhibition of DNMT activity in the LA at the time of
memory retrieval, but not 6 hrs following memory retrieval, signif-
icantly impairs the reconsolidation of a fear memory (Maddox &
Schafe, 2011). Further, we showed that fear memories that are lost
due to inhibition of DNMT activity in the LA are impaired in an
enduring manner; they do not recover with the passage of time,
when the animals are exposed to a reminder shock (reinstate-
ment), or when animals are tested in a new context (renewal;
Maddox & Schafe, 2011). In the present study, we examined the ef-
fect of DNMT inhibition in the LA shortly after memory recall on
the retention of training-related enhancements in tone-evoked
activity in the LA. In parallel to our behavioral findings, we show
that post-retrieval inhibition of DNMT activity in the LA leaves
the expression of training-related enhancements in tone-evoked
activity intact during the PR-STM test, and leads to a reversal of
the training-related enhancements in tone-evoked neural activity
in the LA during the PR-LTM test. Further, at both the behavioral
and neurophysiological levels, we show that the memory impair-
ment induced by DNMT inhibition in the LA shortly after retrieval
is dependent on active memory recall; it is not observed when
DNMT inhibition occurs in the absence of memory retrieval. To
our knowledge, this is the first demonstration that post-retrieval
manipulation of DNMT activity impairs, in parallel, not only the
reconsolidation of fear a fear memory but also the reconsolidation
of memory-related neural plasticity in the LA. Collectively, our
findings suggest that dynamic regulation of DNMT activity in the
LA at the time of fear memory recall is critical for the reconsolida-
tion process and both the behavioral and neurophysiological levels.

While DNA methylation has largely been considered to be
transcriptionally repressive, emerging evidence suggests that this
view may be too simplistic. In agreement with previous findings
examining the role of DNMT activity in hippocampal-dependent
memory, we report memory deficits in both the consolidation



Fig. 4. Electrode placements in each experiment. (a) Histological location of recording electrode placements for rats infused with vehicle (black circles), 5-AZA (gray circles)
or RG108 (white circles) in the consolidation experiment (Fig. 1). (b) Histological location of recording electrode placements for rats infused with vehicle (black circles), 5-AZA
(gray circles) or RG108 (white circles) in the reconsolidation experiment (Fig. 2). (c) Histological location of recording electrode placements for rats infused with vehicle
(black circles), 5-AZA (gray circles) or RG108 (white circles) in the non-reactivated experiment (Fig. 3). All panels adapted from Paxinos and Watson (1998). LA = lateral
amygdala; CE = central nucleus of amygdala; B = basal nucleus of the amygdala.
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and reconsolidation of a fear memory accompanying post-training
or post-retrieval inhibition of DNMT activity in the LA (Maddox &
Schafe, 2011; Miller et al., 2008; Monsey et al., 2011). These find-
ings are at first glance counterintuitive given that traditional views
of DNA methylation would predict that inhibition of DNMT activity
should result in enhanced transcription and thus an enhancement
of both memory consolidation and associated neural plasticity.
However, several hypotheses exist to reconcile our findings. First,
emerging evidence suggests that a complex interaction exists be-
tween DNA methylation and histone acetylation during fear mem-
ory consolidation and reconsolidation processes. We have
previously shown, for example, that inhibition of DNMT activity
in the LA significantly interferes with training and retrieval-related
changes in histone acetylation (Maddox & Schafe, 2011; Miller
et al., 2008; Monsey et al., 2011), suggesting that DNMT inhibition
may promote impairments in memory consolidation and synaptic
plasticity via inhibition of the training and retrieval-related regula-
tion of histone acetylation in the LA. A second hypothesis involves
recent work suggesting that alterations in DNA methylation
accompanying learning may be preferential to memory suppress-
ing genes, such as protein phosphatase 1 (PP1), rather than to
memory promoting genes, such as reelin (Miller & Sweatt, 2007).
In the hippocampus, for example, contextual fear conditioning
has been shown to regulate the methylation of the PP1 gene, lead-
ing to a decrease in PP1 gene expression. In the presence of DNMT
inhibitors, however, methylation of the PP1 gene is significantly re-
duced, with a corresponding increase in PP1 gene expression
(Miller & Sweatt, 2007). Thus, one mechanism by which DNMT
inhibitors impair synaptic plasticity and memory in the LA may
be to promote the expression of memory suppressor genes that
would otherwise be suppressed by fear learning. Finally, a third
hypothesis is that DNA methylation may not be exclusively repres-
sive of transcription. Recent studies have suggested that, under
certain circumstances, DNA methylation can promote, rather than
inhibit, transcription, particularly when the gene in question con-
tains a cAMP-response element (CRE) sequence in its promoter re-
gion (Chahrour et al., 2008; Gupta et al., 2010). Given that many of
the genes known to be regulated by auditory fear memory condi-
tioning and retrieval of a fear memory, including Arc/Arg3.1 and
Egr-1 (Maddox, Monsey, & Schafe, 2010, 2011; Ploski et al.,
2008), contain CRE-response elements, it is possible that inhibition
of DNMT activity in the LA may result in reduced expression of
these genes following fear conditioning or fear memory retrieval
and thereby contribute to the observed behavioral and neurophysi-
ological deficits in the present study. Future work is needed to
more closely examine the interaction between DNA methylation
and histone acetylation during memory consolidation and recon-
solidation as well as to examine in depth how the methylation pat-
terns of genes such as Egr-1 and Arc/Arg3.1 are altered in the LA as
a result of auditory fear conditioning or fear memory retrieval.

While our findings of impaired fear memory consolidation,
reconsolidation, and memory-related synaptic plasticity following
treatment with 5-AZA are consistent with those observed in previ-
ous studies that have used this compound to examine the role of
DNA methylation in hippocampal- and amygdala-dependent
learning paradigms (Maddox & Schafe, 2011; Miller & Sweatt,
2007; Lubin et al., 2008; Miller et al., 2008, 2010; Monsey et al.,
2011), it is worth noting that, outside of the CNS, 5-AZA is consid-
ered an S-phase-specific nucleoside analogue that inhibits DNA
methylation during DNA replication where it is incorporated into
DNA to trap DNMTs. Thus, the precise mechanism by which
5-AZA works in post-mitotic cells of the CNS is presently unknown.
However in line with the potential for active DNA demethylation
within neurons, recent evidence has suggested that cytosine ana-
logs can be incorporated into the genome of non-dividing cells
in vitro (Yamagata et al., 2012) and several studies have shown that
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5-AZA can effectively modulate DNA methylation in the hippocam-
pus (Miller & Sweatt, 2007) and prefrontal cortex (Miller et al.,
2010). Importantly, in our experiments we showed that the
pharmacologically distinct non-nucleoside DNMT inhibitor
RG108 results in very similar deficits in auditory fear memory con-
solidation, reconsolidation and memory-related synaptic plasticity
LA. The use of two pharmacologically distinct inhibitors of DNMT
activity thus makes it highly unlikely that our pharmacological
manipulations are producing memory and plasticity deficits by
some non-specific means. However, additional experiments will
be required to determine how both 5-AZA and RG108 are affecting
the methylation of genes relevant to synaptic plasticity in the LA
following fear conditioning and fear memory retrieval.

In summary, the present findings strongly suggest that the con-
solidation and post-retrieval retention of conditioning-related
changes in tone-evoked neural activity in the LA are regulated by
DNMT activity. These findings are the first to demonstrate that
DNMT activity is required for memory-related neural plasticity
in vivo and further contribute to our understanding of the epige-
netic mechanisms that are required for fear memory consolidation
and reconsolidation.
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