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Epigenetic mechanisms including altered DNA methylation are critical for altered gene transcription
subserving synaptic plasticity and the retention of learned behavior. Here, we tested the idea that one
role for activity-dependent altered DNA methylation is stabilization of cognition-associated hippocampal
place cell firing in response to novel place learning. We observed that a behavioral protocol (spatial explo-
ration of a novel environment) known to induce hippocampal place cell remapping resulted in alterations
of hippocampal BdnfDNAmethylation. Further studies using neurophysiological in vivo single-unit record-
ings revealed that pharmacological manipulations of DNAmethylation decreased long-term but not short-
term place field stability. Together, our data highlight a role for DNAmethylation in regulating neurophys-
iological spatial representation and memory formation.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

De novo gene expression within the hippocampus has long been
recognized for its necessary role in synaptic plasticity and the long-
term retention of learned behavior. Given that memory formation re-
quires experience-driven patterns of gene expression, this has led to
the search for molecular mechanisms both adequately sensitive to
environmental stimuli and capable of driving and maintaining
transcription-dependent cellular changes. As originally proposed by
Crick nearly 3 decades ago (Crick, 1984), studies over the past few
years have implicated epigenetic mechanisms including DNA meth-
ylation as key mediators of memory formation and stabilization. For
example, several studies indicate that histone acetylation, an epige-
netic change that alters chromatin structure in a manner that pro-
motes gene transcription, plays an important role in mediating
hippocampal gene expression associated with contextual fear
(Barrett et al., 2011; Miller et al., 2008; Oliveira et al., 2011), object
recognition (Barrett et al., 2011; Oliveira et al., 2011), and spatial
(Bousiges et al., 2010) memory formation. Methylation of histones
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in patterns permissive to gene transcription also supports the forma-
tion of contextual fear memory (Gupta et al., 2010; Gupta-Agarwal
et al., 2012). Furthermore, consistent with the role of histonemodifi-
cations in memory, disturbances in hippocampal histone acetylation
have been associated with disruptions in hippocampal plasticity and
memory capacity in aged rats and in animals with neuronal loss
(Fischer et al., 2007; Peleg et al., 2010).

Similarly, studies have shown that active regulation of DNAmeth-
ylation and demethylation within the hippocampus supports neural
plasticity and memory formation. DNA methylation is an epigenetic
mechanism typically associated with gene silencing, but studies sug-
gest that it may also be associated with active gene transcription
(Chahrour et al., 2008; Uchida et al., 2011; Yasui et al., 2007).
Experience-driven changes in gene expression following contextual
fear conditioning are associated with methylation of the PP1 gene
(Miller and Sweatt, 2007) and demethylation of the reelin (Miller
and Sweatt, 2007) and Bdnf (Lubin et al., 2008; Mizuno et al., 2012)
genes. Changes in DNA methylation and expression of hippocampal
Bdnf are also associated with object recognition memory (Munoz
et al., 2010) and the memory of traumatic experiences (Roth et al.,
2011). As further evidence for the role of DNA methylation in mem-
ory processes, mice with disruptions in proteins associated with
DNAmethylation (includingMeCP2 and DNMT1) show impairments
in long-term potentiation and fear memory formation (Feng et al.,
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. (A) Graphic depicting the 8-day protocol used in experiment 1. For 8 days, rats performed a foraging task in a familiar environment (environment A). On days 4–8, rats per-
formed the task in two 20-lap sessions separated by 10 minutes. On days 1–7, protocols were identical for the experimental and control group. On day 8, the second 20-lap session
for the experimental groupwas conducted in a novel environment (environment B). Brainswere extracted for biochemical analyses 90minutes after the second foraging session on
day 8. (B) Experience-induced alterations of hippocampal Bdnf geneDNAmethylation. Levels of methylated and unmethylated DNA associatedwith the Bdnf gene in dentate (Bdnf I
n = 10, Bdnf IV n = 11), CA3 (Bdnf I n = 10, Bdnf IV n = 11), and CA1 (Bdnf I n = 11, Bdnf IV n = 11) in novel-exposed versus control (familiar-exposed) rats. (C) Methylation
analysis of individual CG dinucleotides associated with exon I in the dentate of control and novel-exposed rats (n = 10/group). (D) BdnfmRNA (exon IX) levels in novel-exposed
rats relative to familiar-exposed controls (DG n = 8, CA3 n = 9, CA1 n = 9). Error bars represent SEM; *P b .05, ++P = .0885.
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2010; Moretti et al., 2006; Nelson and Monteggia, 2011). Memory
dysfunction in aged rats has also been linked to aberrant changes in
hippocampal DNA methylation (Penner et al., 2011).

Despite this broad molecular and behavioral background, the
means by which chemical modification of DNA might control
cognition-associated neuronal circuit firing patterns has been left un-
addressed. The general goal of the present study was to investigate
the potential contribution of DNA methylation in spatial memory
formation and the maintenance of neurophysiological spatial
representations within the hippocampal neural circuit (Moser et al.,
2008). A place cell is a hippocampal pyramidal neuron that encodes
space by selectively increasing activity (firing rate) in a specific envi-
ronmental location (place field). A collection of place cells with place
fields in different locations may encode large environmental areas,
providing the animal with a neurophysiological spatial representa-
tion of the environment (O'Keefe and Dostrovsky, 1971), which is
commonly termed a cognitive map (Tolman, 1948) and believed to
play a key role in navigation and spatial learning and memory. To



Fig. 2. Graphic depicting the timeline used for the 5-day protocol in experiment 2. Rats performed 6 daily sessions of a foraging task in different environmental setups. A single ses-
sion consisted of rats completing 13 laps around a circular track. Intracerebroventricular infusionswere done1 hour before session 1 and immediately after session 3. All intersession
intervals were approximately 15 minutes (C1, C3, C4) except for the interval (C2) between session 3 and session 4, which was 4 hours.
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examine whether DNA methylation is involved in generating or
maintaining these maps and related spatial memory processes, we
performed 2 experiments. In experiment 1, we examined patterns
of DNAmethylation in rats thatwere subjected to a spatial behavioral
protocol (Fig. 1A) similar to that used in previous place cell experi-
ments (Roth et al., 2012), where novel environments were shown
to induce place cell remapping. Specifically, in our 2012 study, we
showed thatwhen a rat transitioned froma familiar to novel environ-
ment, some cells maintained a place field in both the familiar and
novel environments located at different degrees of rotation around
a track (i.e., they rotate), whereas other cells had fields that turned
on (appear), turned off (disappear), or split into multiple fields. To-
gether, these data indicate that place fields can exhibit a variety of
remapping behaviors. In experiment 2,we pharmacologicallymanip-
ulated DNAmethylation patterns aswe performed single-unit in vivo
hippocampal place cell recordings, a procedure wherein rats per-
formed behavioral tasks similar to experiment 1, running laps around
an elevated track in familiar and novel environments (Figs. 2 and 3).
Results

Experiment 1: assessment of DNA methylation following exposure to a
novel environment

If a rat explores a familiar environment, place cell firing patterns
remain relatively predictable and stable. However, when a rat ex-
plores a novel environment, place cell firing patterns will change
(remap) as new maps and contexts are created or encoded
(Bostock et al., 1991; Hill, 1978). If processes generating and main-
taining these spatial representations are mediated by DNA methyla-
tion, we would then expect DNA methylation patterns to change in
response to spatial exposure to a novel environment. In experiment
1, we used a candidate gene approach focused on the Bdnf gene to
test this prediction. Bdnf has been associated with neural plasticity
(West et al., 2001), contextual fear conditioning (Hall et al., 2000),
and spatial learning and memory (Heldt et al., 2007; Mu et al.,
1999). Furthermore, DNAmethylation has been implicated in hippo-
campal Bdnf activity-dependent gene regulation (Lubin et al., 2008;
Martinowich et al., 2003; Roth et al., 2009, 2011) and consolidation
of fear memory (Lubin et al., 2008).
Patterns of DNA methylation in rats that performed the final be-
havioral session in a novel environment differed significantly from
those that performed their final session in a familiar environment
(Fig. 1). DNA methylation also varied by subregion and exon of the
Bdnf gene (Fig. 1B). Data generated using polymerase chain reaction
(PCR)–based methylation-specific primers (MSP, see “Materials and
methods”) indicated that, for CA3, the novel group had higher levels
ofmethylated DNA associatedwith Bdnf exons I (t=2.89, P= .0180)
and IV (t = 2.78, P = .0195) relative to familiar controls (Fig. 1B).
These results were confirmed with the unmethylated primer set,
which indicated lower levels of unmethylated DNA associated with
exons I (t=2.65, P= .0267) and IV (t=2.61, P= .0263). No signif-
icant changes were found in eithermethylated or unmethylated DNA
levels within CA1. In the dentate (Fig. 1B), the novel group had lower
levels of methylated DNA associated with exon I (t = 2.29, P =
.0477). This is consistent with the observation of higher levels of
unmethylated DNA associated with exon I (t = 2.34, P = .0443)
and our independent replication of this result using direct bisulfite
sequencing (BSP) data (Fig. 1C; F1,180= 22.16, P b .0001). For all sub-
regions, no significant changes were found in either methylated or
unmethylated DNA associated with exon VI (data not shown).

Thus, ourMSP and BSP data indicate that DNAmethylation and de-
methylation are evoked by a behavioral paradigm known to induce
hippocampal place cell remapping. Because DNA methylation is a
known regulator of Bdnf gene expression, we examined whether
there were corresponding changes in mRNA levels (Fig. 1D). Exon
IX–containing transcripts were elevated in the novel group relative to
controls in the dentate (t = 3.05, P = .0186), and there was also a
trend for an increase in Bdnf expression in CA3 (t= 1.94, P = .0885).
These are both regions where we detected changes in DNA methyla-
tion. Together, these data indicate that our spatial learning behavioral
paradigmdoes induce changes inBdnf gene expression and that chang-
es in DNAmethylation might be one mechanism by which this occurs.

Pharmacological manipulation of DNA methylation alters place field
stability

Whereas many place cell studies have focused on defining pat-
terns of plasticity and stability associatedwith these spatial represen-
tations, relatively little is known about the underlying molecular
mechanisms. Some of the receptors and transcription factors known



Fig. 3. Pharmacological manipulations of DNA methylation decreased place field stability. (A) Four representative rate maps used for comparisons 2 and 4 in rats treated with
zebularine. (B) Mean Pearson correlation coefficients representing place cell rate map stability across behavioral sessions are plotted. Correlations were generated comparing
rate maps across sessions 1 and 2, 3 and 4, 4 and 5, and 5 and 6. The light bars represent correlations during the control treatment, and the dark bars represent correlations during
the zebularine treatment. Correlations between the control and zebularine treatment significantly differ (*P b .05) in the session 3 to session 4 (3–4) comparison. Error bars
represent SEM.
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to be involved in long-term potentiation and memory consolidation
have been linked to place cell encoding and stability, which include
hyperpolarization-activated cyclic nucleotide-gated channels
(Hussaini et al., 2011; Nolan et al., 2004), NMDA receptors
(Ekstrom et al., 2001; Kentros et al., 1998; Nakazawa et al., 2003),
and zif268 (Renaudineau et al., 2009). Together, these studies high-
light the importance of cell-signaling cascades and gene activity to
place cell function; but epigenetic factors underlying transcriptional
regulation and associated gene expression patterns in spatial cogni-
tion remain unclear. If place cell properties and learning andmemory
processes associated with spatial representations are mediated
through DNA methylation mechanisms, we would predict that ma-
nipulations of DNAmethylation patterns would alter place cell firing
patterns.

To assess this, in experiment 2, we pharmacologically manipulat-
ed DNA methylation patterns as we performed single-unit in vivo
hippocampal place cell recordings (see Fig. 2 for the basic experimen-
tal design). For this experiment, we used a procedure wherein rats
performed behavioral tasks similar to experiment 1, running laps
around an elevated track in familiar and novel environments. We
then measured the stability of hippocampal place cell firing rate pat-
terns (rate maps) by making 4 pairwise comparisons across 6 differ-
ent time points of an extended spatial learning andmemory episode.
For each of the 4 rate map comparisons (sessions 1 to 2, 3 to 4, 4 to 5,
and 5 to 6; Figs. 2 and 3) for experiment 2, place field stability over
time was examined using Pearson correlations for both the drug
and control treatments. Each correlation comparison was calculated
from an average total of 55.5 ± 5.48 (SE) place cells from the 5 rats.
Although we recorded from both CA1 and CA3 cells, most recording
tetrodes were placed in CA1, resulting in 78% of correlation values.
Correlations from both CA1 and CA3 cells were statistically similar
in session comparisons. In all analyses of variance (ANOVAs), the
main effect and all interaction effects associated with the factor hip-
pocampal subregion (CA1, CA3) were highly nonsignificant. Thus,
CA1 and CA3 cellswere collapsed into 1 group; and subregionwas re-
moved from the statistical model. Results (Fig. 3B) are reported for a
2-way ANOVA examining the effects of drug treatment (zebularine,
vehicle) and session comparison (1–2, 3–4, 4–5, 5–6) on rate map
stability (Pearson correlation values). We observed significant main
effects for both drug treatment (F1,436= 7.39, P= .0068) and session
comparison (F3,436 = 19.18, P b .0001), as well as a marginally signif-
icant drug treatment by session comparison interaction effect
(F3,436 = 2.57, P = .0538). In comparisons across all 4 sessions,
mean rate map correlations for the zebularine treatment were less
than controls (Fig. 3B); but in within-session comparison, the differ-
ences between drug treatments were not statistically significant ex-
cept in the 3–4 (long-term novel to familiar) session comparison
where correlations in the zebularine treatment were significantly
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lower (F1,64 = 4.81, P= .032). Post hoc Fisher protected least signif-
icant difference pairwise comparisons revealed that all session com-
parisons were significantly different (all Ps b .05) from each other.
As would be expected, rate map correlations were generally lower
in both zebularine and control treatments in the novel to familiar ses-
sion comparisons (1–2, 3–4) and then generally increased as famil-
iarity with the environment increased with multiple exposures
(sessions 4–5, 5–6). As this familiarity with the environment in-
creased from session 3 to session 6, the mean differences between
the drug and control groups decreased. Overall, these data indicate
a significant destabilization of hippocampal place cell firing patterns,
in a within-subject design ± drug, upon administration of a DNMT
inhibitor, an observation consistent with the hypothesis that DNA
methylation contributes to regulating the stability of hippocampal
place cell firing patterns.
Discussion

In experiment 1, we predicted that in behavioral paradigms
known to induce hippocampal place cell remapping, we would also
observe alterations to DNA methylation patterns as novel environ-
ments are encoded or learned. Indeed, the rats that performed the
final behavioral session in a novel environment showed changes in
patterns of hippocampal DNA methylation compared with controls.
Specifically, rats with the novel spatial experience exhibited de-
creased Bdnf DNA methylation in the dentate gyrus and increased
Bdnf DNA methylation in CA3. A rat’s spatial experience likely in-
volves a complex interaction of contextual learning elements, exer-
cise, and stress, factors on their own capable of inducing epigenetic
modifications and altering gene expression (Bilang-Bleuel et al.,
2005; Chandramohan et al., 2007; Lubin et al., 2008; Penner et al.,
2011; Roth et al., 2011). Ratswere overtrained for an extended period
of time in the same context to try to minimize the influence of con-
textual learning and other factors associated with the behavioral
task. To control for exercise, the number of laps during the behavioral
paradigm were held constant between the 2 groups of animals. Al-
though our animals did not appear stressed, it is possible that our
changes in DNA methylation patterns also reflect a response to a
stressor (novel environment) rather than a spatial learning and
memory mechanism per se, or perhaps both because spatial learning
and stress are likely not mutually exclusive processes. Nonetheless,
these results provide the first demonstration that a novel spatial ex-
perience can alter DNA methylation patterns in the hippocampus in
a subregion and exon-specific manner for a given gene.

In experiment 2, we directly recorded the neurobiological hippo-
campal circuit spatial representation while pharmacologically alter-
ing DNA methylation. Before experimentation, we had very little
detailed knowledge about what, where, and when spatial learning
andmemorymachinery and associated gene expression might be af-
fected by DNA methylation. We did know from our previous in vivo
work with zebularine that it is capable of altering hippocampal
DNA methylation and gene expression patterns 40 minutes post-in-
fusion (Lubin et al., 2008). To increase our chances of detecting
changes in spatial representation in response to manipulation of
methylation, experiments were designed to examine many different
contexts and time points. For session comparison 1–2, session 1 rep-
resents the rat’s first exposure to a novel environment. After a brief
15-minute rest, session 2 represents the rat’s second exposure to
that same environment. Here, we tested if an intracerebroventricular
(ICV) infusion of a demethylating agent 1 hour before session 1 alters
the encoding or acquisition of a spatial representation (map) and/or
the reexpression of this map in session 2. Under these conditions, we
did not see any significant effects of the drug on place field stability
compared with control trials (Fig. 3). These data indicate that the
zebularine infusion does not nonspecifically disrupt the ability of
the hippocampal circuit to form a place field firing pattern. For ses-
sion comparison 3–4, session 3 also represents the rat’s first exposure
to another novel environment and session 4 is the first reexposure to
this environment. This is similar to the 1–2 comparison except that
there is a 4-hour delay between sessions. Under these long-term
delay conditions,we did see significant decreases in place field stabil-
ity in DNMT inhibitor–treated rats compared with control trials. The
session 4–5 and 5–6 comparisons were reexposures to the 3–4 envi-
ronment, but the delay between sessionswas reduced to 15 minutes.
Under these conditions, place field stability returned to levels similar
to control trials. In summary, we only detected a drug effect on place
field stability when a long delay period was used between sessions.
These data suggest that DNA methylation controls place field stabili-
zation over time but is not necessary for initial map formation.

These short-termversus long-term results coincidewellwithprevi-
ous reports. Injections of anisomycin, a protein synthesis blocker, re-
vealed that protein synthesis was necessary for long-term (6 hours
between sessions) place field stability but not necessary for short-
term stability (1 hour between sessions) (Agnihotri et al., 2004). Addi-
tionally, injections of CPP, a competitiveNMDA receptor antagonist, did
not significantly disrupt short term place field stability (1.5 hours)
while abolishing long-term stability (16–24 hours) (Kentros et al.,
1998). Mice lacking the transcription factor zif268 exhibited normal
short-term (1 hour) place field stability, but long-term (24 hours) sta-
bilitywas disrupted (Renaudineau et al., 2009). Under our current pro-
tocol, the ability to form stable fields in the short-term comparisons
(1–2, 4–5, 5–6) before and after the long-term comparison (3–4) sug-
gests that the drug effect in session 3–4 comparison likely represents a
disruption of a memory consolidation mechanism rather than acquisi-
tion. Similarly, our study suggests that long-term place field stability
(4 hours) may require molecular memory processes that are influ-
enced by epigenetic mechanisms that include DNA methylation.

It is important to note that in ourwithin-subjects design, the drug
treatment always came after the control treatment because we were
concerned that effects from the drug may otherwise carry over into
the control treatment. Thus, we cannot experimentally rule out se-
quence effects. However, the significant loss of place field stability
in the 3–4 comparison in the drug treatment is likely not a sequence
effect. Nothing in the place field literaturewould predict this instabil-
ity from a sequence effect. Actually, if any sequence effectswere pres-
ent, we would expect the reverse to happen, as place field stability is
more likely to increase as the animal becomes more experienced
with the task. Finally, for future studies, another important factor to
consider relative to timing and consolidation processes is that the
second daily ICV infusion occurred immediately after the third ses-
sion. It is unclear if this infusion was necessary to disrupt consolida-
tion processes between sessions 3 and 4 or if the first daily infusion
was sufficient to produce this effect.

In summary, our results support the hypothesis that DNAmethyla-
tion plays a role in regulating neurophysiological correlates of space
and spatial memory formation (Feng et al., 2010; Lubin et al., 2008;
Miller and Sweatt, 2007). To our knowledge, this is the first study to
demonstrate that a novel spatial experience alters DNA methylation
patterns that vary by subregion and exon of the Bdnf gene in the hippo-
campus. Likewise,weprovide novel evidence regarding apotential role
of DNA methylation in place field stability and spatial memory forma-
tion. Althoughmany questions remain and additional research is need-
ed to provide detailed mechanistic explanations, this study provides
valuable insight into the potential molecular mechanisms influencing
long-term stability of neurobiological spatial representations and
memory. Additionally, given that DNA methylation controls memory
capacity in aging (Oliveira et al., 2012), this work provides support
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for the speculative notion that the decline in spatialmemory associated
with aging and neurological disease could reflect dysregulation of hip-
pocampal circuit function due to alterations in DNA methylation.

Materials and methods

Subjects

All 3 experiments used adult male Long-Evans rats (400–500 g).
Rats were housed individually in plastic cages with a 12-hour day
and night cycle, with food and water provided ad libitum. In experi-
ments 1 and 2, approximately 2 weeks before beginning behavioral
experiments, food was restricted to maintain rats at 85%–90% of
their ad libitum weights (but ad libitum access to water remained).
All procedures were approved by University of Alabama at Birming-
ham Institutional Animal Care and Use Committee.

Apparatus and training

In experiments 1 and 2, rats performed a foraging task. To perform
this task, rats were trained to run laps clockwise around an elevated cir-
cular track as they foraged for chocolate sprinkles randomly placed on
the track by an experimenter. Although tracks were painted different
colors and had different textures in different environmental setups, all
trackswere the same size (76 cmouter diameter, 55 cm inner diameter)
and mounted 13 cm above a platform that was 75 cm above the floor.

Histology

To confirm tetrode and/or cannula locations, transcardial perfu-
sions (10% formalin)were performed after experiments 2 and 3. Brains
were removed and placed in 30% sucrose formalin solution. Brains
were sectioned at 40 μm on a microtome, mounted, and stained with
cresyl violet. To aid in confirming tetrode locations after experiment
2, approximately 24 hours before perfusions, electrolytic lesions were
generated (10 μA for 15 seconds) on a subset of tetrodes.

Drug infusions

Experiment 2 included ICV drug infusions of zebularine tomanipu-
late DNA methylation. Zebularine is a demethylating agent known to
reverse DNA methylation (Cheng et al., 2003; Marquez et al., 2005)
and has been used to alter experience-dependent DNA methylation
changes in other paradigms (Lubin et al., 2008; Roth et al., 2009). For
all infusions, a guide cannula was placed in the left lateral ventricle;
and 3 μL (infusion rate of 1 μL/min) of either vehicle (control treat-
ment: 10% dimethyl sulfoxide [DMSO]) or zebularine (drug treatment:
600 ng/μL in 10% DMSO) was delivered via a microinfusion pump.

Experiment 1: assessment of DNA methylation following exposure to a
novel environment

Behavioral training
Speakers were placed under the platform to provide background

noise. Two behavioral rooms that differed in environmental cues (dif-
ferences in visual cues, floor and ceiling patterns, platform texture,
and track type) were used. One room served as the training environ-
ment (thus labeled familiar), whereas the other roomwas used as the
novel environment. Roomswere randomly assigned as the familiar or
novel environment before training. During the 3-day training period,
22male Long-Evans ratswere trained (30min/d) on the foraging task
on the circular track in the familiar environment. The rats were also
familiarized with a staging location where they were permitted to
rest in a small circular dish between sessions.
Behavioral testing
After training, 11 rats were assigned to the control group and 11

were assigned to the experimental group. On any given experimental
day, the same general experimental procedure was followed
(Fig. 1A). Each rat in the control group was first transported in an
enclosed opaque plastic box (disorientation chamber) from the
home cage to the staging location or resting dish and permitted to ha-
bituate in the dish for 5 minutes. The ratwas then placed at a random
start location on the track in the familiar training environment. After
completing 20 laps of the foraging task, the rat was returned to the
disorientation box and walked around the laboratory. Tracks were
cleaned with 70% ethanol between all behavioral sessions. After a
10-minute rest period, the rat was again placed on the track for a sec-
ond 20-lap session in the familiar environment. These 2 daily behav-
ioral sessions in the familiar environment were repeated for 5 days.
For the rats in the novel group, the protocol was identical except
that the second behavioral session on the fifth day was conducted
in the novel behavioral room.Ninetyminutes after the second behav-
ioral session on the fifth day, each rat was retrieved from its home
cage and its brain was removed for biochemical analyses.
Biochemical analyses
Ninety minutes following completion of the spatial protocol,

brains were removed, sectioned (1 mm), and brushed onto glass
slides; and the tissue was stored at −80°C. DNA was extracted
from the hippocampal subregions (dentate gyrus, CA3, CA1) using
an AllPrep DNA/RNA kit (Qiagen). Following bisulfite treatment
(Qiagen EpiTect kit), methylation status was assessed via methyl-
specific real-time PCR (MSP) in a Bio-Rad iQ5 system. The PCR primer
sequences designed to detect methylated versus unmethylated DNA
within target Bdnf exons (I, IV, VI) were used as previously described
(Lubin et al., 2008; Roth et al., 2009). Product specificity was con-
firmed via amelting curve analysis performed in increasing 1°C incre-
ments (real-time PCR) or gel electrophoresis. Samples were
normalized to tubulin, and the comparative Ct method and 2-tailed
1-sample t tests were used to calculate differences in methylation
in animals from the novel versus familiar group.

For a subset of samples, methylation status of exon I was also in-
dependently assessed via BSP using a similar protocol as previously
described (Lubin et al., 2008; Parrish et al., 2012; Roth et al., 2009,
2011). Bisulfite-treated samples were amplified by the following
primer sequences: 5 -TTT ATT TTT TGG AGT TTG TGG TAT G-3 (for-
ward) and 5 -ACT TCT CAA ATA AAA ATT AAC AAC CTC TAT-3 (re-
verse). The PCR products were purified using a gel extraction kit
(Qiagen) and sequenced using the reverse primer. The percentage
methylation of each CG site within the amplified region was deter-
mined by the ratio between peak values of G and A (G/[G + A]) on
the electropherograms (determined using Chromas software). Uni-
versally unmethylated and methylated standards (EpigenDx) were
run in parallel with samples, which indicated that the ratio of cyto-
sinemethylation increased proportionately with expected methyla-
tion rates (r2 = 0.9, P b .001). Differences in BSP data were
analyzed by analysis of variance tests with Bonferroni post hoc
tests when appropriate.

To determine whether there were changes in Bdnf gene expression
consistent with methylation changes, RNA was extracted from the
same tissue using an AllPrep DNA/RNA kit (Qiagen). Reverse transcrip-
tion was performed using a cDNA synthesis kit (Qiagen). cDNA was
amplified by real-time PCR (Bio-Rad iQ5 system) using Taqman probes
targeted at exon IX (Applied Biosystems), with tubulin serving as a ref-
erence gene. The comparative Ct method was used to calculate differ-
ences in gene expression between samples, and group differences in
mRNA levels were analyzed by 2-tailed 1-sample t tests.
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Experiment 2: hippocampal single unit recordings

Surgical procedures
Five male rats were anesthetized by isoflurane inhalation, and a mi-

crodrive array was implanted above the right dorsal hippocampus
(3.9mmposterior to bregma, 3.6mm lateral tomidline). Themicrodrive
array was made up of 20 recording probes or tetrodes. A stainless steel
guide cannula (23 gauge) was placed in the left lateral ventricle
(1.4 mm posterior to bregma, 2.1 mm lateral frommidline, and 3.0 mm
ventral to brain surface) for drug infusions. The guide cannula andmicro-
drive were secured with stainless steel screws and dental cement. Rats
were allowed 1 week to recover before further behavioral training.

Single-unit neuronal recordings
Tetrodes were constructed with 4 fine (0.0005 inch) insulated ni-

chrome electrode wires twisted together. Each electrode was
goldplated to obtain an impedance between 200 and 300 kΩmeasured
at 1 kHz. Neuronal signals were passed through a headstage (HS 36,
Neuralynx) to a data acquisition system (Digital Lynx, Neuralynx)
andfiltered between600Hzand6kHz. Light-emittingdiodesmounted
on the headstage were used to track the animal’s location at 60 Hz.

Behavioral training
Similar to experiment 1, rats were trained on the foraging task.

Generally, 9–16 training sessions were required before the experiment
to ensure that rats could meet the behavioral criteria (i.e., attentively
foraging for sprinkles with limited distractions, completing at least 15
laps within 10 minutes). Rats were also familiarized with another
room(quiet room)where ratswerepermitted to rest in a small circular
dish. During the postsurgical training period (10–18 days), electrodes
were gradually advanced to pyramidal cell layers in CA1 and CA3.

Behavioral apparatus and environment
The behavioral recording environment was cylindrical (2.3 m di-

ameter) with the outer perimeter defined by curtains extending
from floor to ceiling. The platform with a circular track was located
in the center of the room. Light was provided by a single 25-W bulb
mounted in the ceiling in the center of the room. A commutator
with recording tethers and a video camera were ceiling mounted
slightly offset from center (≤12 cm) surrounding the central light.
Speakers were mounted behind the ring of curtains in the 4 corners
of the room to provide background noise. By altering floor, ceiling,
platform, and wall coverings, as well as exchanging circular tracks
and directional audio cues, 4 distinct environments were created
for behavioral testing. Environmental pairings were randomly deter-
mined for each rat. The first environment that the rats experienced
was always labeled as environment A (Env.A), and the second envi-
ronment was labeled as environment B (Env.B).

Behavioral testing
Thewithin-subject experimental design contained a control treat-

ment (infusion of DMSO) and a drug treatment (infusion of
Zebularine). The drug and control treatments consisted of 2 days of
single-unit recordings during multiple sessions of the foraging task.
Each foraging task session consisted of the rat completing 13 laps
around the track. Each of the 5 rats sequentially received 2 days of
the control treatment followed by a day of rest (with no behavioral
tasks) followed by 2 days of drug treatment.

On any given experimental day, the same general experimental
procedurewas followed (Fig. 2). Each daywas split into 2 sets (morn-
ing and afternoon) of 3 behavioral (13 laps) recording sessions (i.e., a
total of 6 behavioral recording sessions per day). The 2 setswere sep-
arated by 4 hours, whereas the 3 within-set behavioral recording
sessions were separated by approximately 15 minutes. The first 2
sessions were in the same environment (e.g., Env.A). The third
through sixth sessions were in another environment (e.g., Env.B).
Rats were infused 1 hour before the first session and immediately
after the third session. After the rats received the first infusion, they
were permitted to rest quietly in a dish in a quiet room as we per-
formed single-unit recordings to collect baseline sleep data for ap-
proximately 20 minutes. These data were used to assess recording
stability. One hour after infusion, the rat was placed in a covered
box and briefly walked around the laboratory for disorientation be-
fore entering the behavior room. Once in the behavior room
(e.g., Env.A), the rat was removed from the disorientation box and
placed on a pedestal in the center of the track and left undisturbed
for 2 minutes. We then connected the rat’s microdrive to the
Neuralynx headstage and tethers that transmit signals to the acquisi-
tion system. The ratwas then placed at a random start location on the
track to begin session 1 as we recorded neuronal signals and tracked
the rat’s location. After completing 13 laps, the rat was returned to
the disorientation box and transported to the dish in the quiet
room. The rat rested in the dish for 15 minutes and was then placed
back in the disorientation box.

This process was repeated for sessions 2 and 3. However, between
sessions 2 and 3, the behavioral roomwas converted to the other envi-
ronmental setup (e.g., from Env.A to Env.B.). After all 3 behavioral ses-
sions were completed in the first (morning) set, another (5 minutes)
baseline sleep data session was recorded and the rat was infused for
the second time. In the afternoon set (4 hours later), this protocol
was repeated. However, all 3 behavioral sessions were in the same en-
vironment as the third session (e.g., Env.B), no infusionswere adminis-
tered, and the final baseline sleep data session was 20 min. Drug and
control treatments used the same protocols except that each treatment
had a unique set of behavioral environments (e.g., treatment 1 control:
Env.A/Env.B, treatment 2 drug: Env.C/Env.D).

Data analyses
Custom software was used to isolate single units by examining rel-

ative signal amplitudes and other waveform parameters on each tet-
rode wire. Spatial information scores were calculated (Skaggs et al.,
1993). A place cellwas defined as any cellwith a statistically significant
(P≤ .05) information score of≥0.7with≥100 spikes. Ratemapswere
generated for each cell in each session bydividing the number of spikes
in a pixel by the amount of time spent in each pixel. Rate maps were
smoothed as 640–480 pixel arrays were collapsed into 64–48 bins
(bin size, 2.2 cm × 2.2 cm). Spatial correlations (Pearson) were calcu-
lated between rate map distributions in sessions 1 and 2, 3 and 4, 4
and 5, as well as 5 and 6. Correlation coefficients were only generated
if a cell met the criteria above defining a place cell in at least one of
the sessions being compared and generated at least 50 spikes in the
other session. These Pearson correlations were analyzed by ANOVA
with session comparison (session1–2, 3–4, 4–5, 5–6), drug (vehicle,
zebularine), and subregion (CA1, CA3) as factors. To avoid potential
confounding interactions across days, analyses were limited to com-
parisons of day 1 of the drug and control treatment.
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