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Abstract

Aged animals show functional alterations in hippocampal neurons that lead to deficits in synaptic
plasticity and changes in cognitive function. Transcription of immediate-early genes (IEGs),
including E£grl, is necessary for processes such as long-term potentiation and memory
consolidation. Here we show an age-related reduction in the transcription of £grl in the dentate
gyrus following spatial behavior, whereas in the area CA1, Egrl is reduced at rest, but its
transcription can be effectively driven by spatial behavior to levels equivalent to those observed in
adult animals. One mechanism possibly contributing to these aging-related changes is an age-
associated, CpG site-specific change in methylation in DNA associated with the promoter region
of the Egrl gene. Our results add to a growing body of work demonstrating that complex
transcriptional and epigenetic changes in the hippocampus significantly contribute to brain and
cognitive aging.

Keywords
aging; transcriptional regulation; memory; epigenetic modulation

Introduction

Activity-regulated gene transcription is a molecular requisite for long-term synaptic
plasticity and memory formation. Interfering with gene transcription mechanisms, either
pharmacologically or via the use of knock out technology, results in deficits in memory
consolidation and long-term potentiation (e.g., Alberini, 2009). In models of normal aging
(i.e., in the absence of significant neurological changes), several large scale studies have
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observed significant and widespread changes in gene expression (e.g., Blalock et al., 2003;
Verbitsky et al., 2004; Burger et al., 2007, 2008; Rowe et al., 2007; Kadish et al., 2009;
Pawlowski et al., 2009; Haberman et al., 2011). These kinds of changes are consistently
observed in the hippocampus, a brain structure critical for memory and vulnerable to the
effects of advancing age.

Among the genes that are impacted by the aging process is £grl, (Yau et al., 1996;
Desjardins et al., 1997; Blalock et al., 2003; Marrone et al., 2011) a transcription factor and
immediate-early gene belonging to the Egr family (Egrl is also known as Zif268). This gene
is rapidly induced in association with long-term potentiation (LTP) and in behaviorally
relevant brain structures and circuits after specific learning experiences (e.g., Cole et al.,
1989; Hall et al., 2001; Jones et al., 2001; Pinaud et al., 2002; Poirier et al., 2008;
Renaudineau et al., 2009). Mice with targeted inactivation of the Egrl gene can exhibit
short-lasting hippocampal LTP, but durable LTP is impaired (Jones et al., 2001).
Furthermore, on both spatial and non-spatial learning tasks, short-term memory is intact in
mice with targeted disruption of Egrl, but performance is impaired on tests requiring long-
term memory. In addition, work by Renaudineau et al. (2009) indicates that £grl is
necessary for the long-term stability of spatial representations within the hippocampus, a
process that is known to be deficient in the aged rat (for review, see Rosenzweig and Barnes,
2003).

The mechanisms that underlie age-related changes in gene transcription are not fully
understood, although a number of possibilities exist, including changes in receptor function,
and Ca** dysregulation (see Foster and Norris, 1997; Toescu et al., 2004; Burke and Barnes,
2010; Toescu and Vreugdenhil, 2010). Furthermore, it has been demonstrated that DNA
methylation and histone modifications can dynamically regulate the gene transcription
necessary for synaptic plasticity and memory processes (e.g., Miller and Sweatt, 2007;
Lubin et al., 2008; Gupta et al., 2010; Miller et al., 2010; for review see Day and Sweatt,
2011). In the aged brain, there is now a growing body of evidence demonstrating epigenetic
changes that are likely to promote age-associated alterations in cognitive function (e.g.,
Jiang et al., 2008; Peleg et al., 2010; Penner et al., 2010, 2011; Castellano et al., 2012;
Haberman et al., 2012; Kosik et al., 2012; Oliveira et al., 2012; Fletcher et al., 2014; Morse
et al., 2015). For example, it has been shown that age-associated changes in the transcription
of the memory-associated gene Arc (activity-regulated cytoskeletal gene) is modulated by
aberrant methylation of the Arc gene, (Penner et al., 2011), and that degraded cognitive
status of aged rats predicts an altered relationship between Arc mRNA transcription and Arc
protein translation via a ubiquitin-mediated degradation process (Fletcher et al., 2014).
Haberman et al. (2012) have also observed significant age-related increases in methylation
of three genes known to influence the cognitive status of aged rats (Gabras, Hspas, and
Syml), and it has recently been shown that histone lysine methylation levels around the
BDNF and Egrl gene regions are abnormally regulated in the aged hippocampus (Morse et
al., 2015). Here, we examine Egrl transcription and the DNA methylation status of the Egrl
gene in CA1 and dentate gyrus regions of the hippocampus of normal adult and memory-
impaired aged animals. The results indicate subregion specific age-related changes in £grl
transcription, and in methylation of DNA associated with the £grl promoter.
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Materials and Methods

Behavioral procedures

Experiments were performed in accordance with NIH guidelines for the care and use of
animals and the Institutional Animal Care and Use Committee at the University of Arizona.
Adult (9-12 months, n =44) and aged (24-32 months, n = 44) male Fischer-344 rats
(National Institute on Aging at Charles River, Wilmington, MA) were used in these
experiments. Prior to the beginning of experiments, rats were handled daily for 7 days, then
the spatial and visual discrimination abilities of each rat were assessed using the Morris
swim task as described in detail by Barnes et al. (1996). Briefly, the rats were tested on six
spatial trials (hidden platform) per day for four consecutive days, followed by 12 visual
discrimination trials over 2 days in which the platform was visible. The visual discrimination
trials were used to assess the visual and motor functions of each rat, to rule out significant
visual or physical deficits. Performance on the Morris swim task was analyzed using the
corrected integrated path length (Gallagher et al., 1993) (CIPL), which is the sum of the rat’s
distance from the platform at each point in time (sampled at 10 Hz), corrected for the rat’s
initial distance from the platform.

Experiments were conducted 7-10 days following testing in the Morris swim task, and took
place at least 2 hours after the house lights in the colony room were extinguished. Animals
were divided into 2 groups for the FISH and PCR studies: (1) those that were sacrificed
directly from their home cages to measure resting levels of £gr1 mRNA (resting); (2)
animals that explored an environment twice for 5 minutes, with an intervening 20 minute
rest period (behavior). Animals used for DNA methylation analysis, explored the identical
environment as the behavior group described above for 5 minutes, after which they returned
to their home cages for 25 minutes prior to tissue collection. The procedure for
environmental exploration is described elsewhere (see Guzowski et al., 1999). Briefly, rats
were transported to a room containing distinct visual cues. Once in the room, rats were
placed within a square box measuring 61 x 61 cm with cardboard walls 20 cm high. The
environment was divided into 9 equal squares and during the 5 minute exploration sessions,
rats were gently placed within a different square every 15 seconds during the 5 minute
exploration treatment. This partially passive exploration protocol ensures that both the adult
rats and the less active aged rats sample all aspects of the environment equally. This was
confirmed in a separate study by counting the line crossings made by the adult (n=6) and
aged (n=6) rats during the 15 second periods between passive relocation to another grid
square in the exploration arena (Supplemental Figure 1A). Immediate-early gene expression
has been shown to be the same in the hippocampus of rats given this type of “assisted
exploration”, compared with rats who freely explore the same size environment
(Vazdarjanova and Guzowski, 2004). In support of this, we did not observe a significant
difference in the number of line crossings made by adult and aged rats (Supplemental Figure
1B). This is an important demonstration, as differences in transcription might arise if the
behavior is not carefully matched between age groups (Hartzell et al., 2013). It should also
be noted that although the environment that the rats explored was novel to them on the first
exploration, it has been demonstrated that novelty is not a requirement for immediate-early
gene transcription induction under these conditions (Guzowski et al., 2006).
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Tissue harvesting and fluorescence in situ hybridization

After decapitation, brains were removed and hemisected, and half of the brain (used for /n
situhybridization) was quick-frozen in isopentane. The remaining half (used for RT-PCR or
DNA methylation analysis) was dissected into the CA region and the DG. Although care
was taken to ensure that these dissections were performed as accurately as possible, it is
likely that a small proportion of area CA3 was incorporated into these samples.
Nevertheless, both CA samples and dentate gyrus samples are rich in CA1 pyramidal
neurons and dentate granule neurons, respectively, and thus will be referred to as CA1 and
dentate gyrus samples throughout. To confirm that hemispheric differences in £grl
transcription do not account for differences in cell count and PCR data, we analyzed a
separate group of hemisected brains. Neither aged nor adult rats showed hemispheric
differences in £grl mRNA levels in either the dentate gyrus (Supplemental Figure 2A) or in
CAL (Supplemental Figure 2B).

Hemisections containing the dorsal hippocampus from 8 rats were molded in a block with
Tissue-Tek OCT compound, so that all experimental conditions were represented in each
block for each time point. Use of tissue blocks helps control for slide-to-slide variation in
signal detection. Brains were coronally sectioned at 20 um through the dorsal hippocampus
(-3.2 to —3.8 mm from bregma; Paxinos and Watson, 1998), thaw-mounted on slides, and
stored at —70°C. Fluorescence /n situ hybridization (FISH) was performed as described in
detail elsewhere (Guzowski et al., 1999; Vazdarjanova and Guzowski, 2004).

Image acquisition and analysis

Images were collected using a Zeiss 510 Metaseries laser scanning confocal microscope.
Photomultiplier tube assignment, pinhole size and contrast values were held constant for
each brain region on a slide. The areas of analysis were z-sectioned in 1.0 um optical
sections. For area CA1, stacks were taken at 40x magnification in 3 non-overlapping areas
of CA1l. To determine the location of these 3 points for analysis, we used anatomical
landmarks provided by the DG so that CA1 images were taken in reference to: (1) the crest
of the DG, (2) the midpoint point between the crest and the lateral tip of the suprapyramidal
blade, and (3) the lateral tip of suprapyramidal blade. Similar methods were used to acquire
images of the DG, except that the whole structure was imaged (Penner et al., 2011).

Image analysis was conducted as described earlier (Guzowski et al., 1999; Vazdarjanova et
al., 2002) using MetaMorph imaging software (Universal Imaging). Only whole neuron-like
cells found in the middle 20% of each stack were included in the analyses. Neurons were
classified as: 1) positive, having one or two intense intranuclear foci present in at least three
planes, cytoplasmic staining surrounding at least 60% of the cell and visible in at least three
plains, or both; 2) negative which did not have any detectable staining above background
levels. Image analysis was performed by an experimenter blind to the experimental
conditions.

Real-time RT-PCR

Samples used for RT-PCR were prepared using the RNAqueous-4PCR kit (Ambion)
according to the manufacturer’s instructions. The RNA was DNase-treated and reverse
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transcribed using SuperScript 11 (Invitrogen). A negative control was included in which no
reverse transcriptase was added. Primers for Egrl and for glyceraldehydes-3-
phosphatedehydrogenase (GapDH) were based on the rat sequences deposited in GenBank
at the National Center for Biotechnology Information. GapDH was used to normalize data
because its expression does not change with age or with various treatments (Tanic et al.,
2007). The primer sequence for GapDH was as follows: forward,
AATGGGAGTTGCTGTTGAAG; reverse, CTGGAGAAACCTGCCAAGTA. The primer
sequence for Egrl was as follows: forward, TCTAGTGCTGAAGGGAGCAA,; reverse,
ACTTTCAGCTGCCTGAAACAG. PCR amplification of cDNA was performed using the
BioRad iCycler Real-Time Detection System (BioRad Laboratories). cDNA was added to a
1x reaction master mix (iQ SYBR Green Supermix, BioRad Laboratories) along with the
gene specific primers (0.5mM each of forward and reverse 8 primer) and nuclease free
water. For each sample, duplicate reactions were conducted in 96-well plates. A melt curve
analysis was also conducted to determine the uniformity of product information, primer—
dimer formation, and amplification of non-specific products. The presence of specific
amplification products was confirmed by a single peak on the melt curve and plotted as the
negative derivative of fluorescence as a function of temperature (—d(RFU)/dT). For all
assays, the cycle threshold (Ct) values were chosen in the linear range of amplification. For
all real-time PCR assays, the efficiencies of the target and control gene amplifications were
tested in order to ensure high (90-100%) and similar efficiency.

Bisulfite sequencing

DNA was isolated and purified from hippocampal tissue, then subjected to bisulfite
modification (for a detailed description of this method see Parrish et al., 2012). The bisulfite
treated DNA was then amplified with a primer that targeted a CpG rich region within the
Egrl promoter (Forward: TTGTGAAGGAAGTGTTATTTTG,; Reverse:
CCAATCTAATAACCCCAAACTT). The resulting PCR products were run on an agarose
gel and purified with a gel extraction kit (Qiagen). The purified PCR products were then
sequenced with the reverse primer at the University of Alabama at Birmingham Genomics
Core Facility of the Heflin Center for Human Genetics. The electropherogram was read on
Chromas software, where the percent methylation of each CpG site was determined by the
ratio between peak values of G and A (G/[G +A]). For a control, unmethylated and
methylated standards (0-100% methylation; EpigenDx) were run to determine the accuracy
of the sample results (Table 1). The TRANSFAC resources database was used to identify
binding sites within the £grl sequence analyzed here (Heinemeyer et al., 1998).

Data analysis

Performance on the Morris swim task was analyzed using repeated measures ANOVA, with
training day as the repeated factor, and age as the between-subjects factor. Performance on
probe trials was assessed using a one-way ANOVA and paired t-tests to compare the time
spent in the target quadrant of the pool (i.e., where the escape platform was located on
acquisition trials). Relative gene expression was determined using the 2-AACT method
(Livak and Schmittgen, 2001). To determine differences in the relative levels of £grl mRNA
between adult and aged rats at baseline and following the behavioral treatment, the ACT was
determined for each sample (CT Egrl — CT GapDH), with the adult samples used as the
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calibrator samples in place of the caged control samples. Unpaired t-tests were used to
assess MRNA levels measured by RT-PCR, and group differences for the cell count data
were analyzed by ANOVA with age and treatment as dependent variables, followed by
Bonferroni’s post hoc tests. The BSP data were analyzed by two-way ANOVA followed by
Bonferroni’s post hoc tests. Data are shown as the mean and £ SEM. For all tests, the null
hypotheses were rejected at the 0.05 level of significance.

Aged rats show impaired spatial memory

As shown in Figure 1, and consistent with previous reports (e.g., Gage et al., 1984;
Gallagher et al., 1993; Barnes et al., 1996), aged animals showed a deficit in spatial, but not
cued trials on the Morris swim task. There was a significant effect of age on the corrected
integrated path length (CIPL) over the 4-day training period, with the aged rats taking
significantly longer path lengths to the platform than adult rats (F16, 134) = 16.887, p <
0.0001). Post-hoc analysis showed that this effect appeared on the first day of testing and
persisted through the 4th day of training (day 1: p = 0.018; day 2: p = 0.001; day 3: p <
0.0001; day 4: p <0.0001). As shown in Figure 1A, adult rats showed significant
improvement across days, while the aged rats showed less robust learning. Moreover, on the
probe trial with the platform removed from the pool (Figure 1B), adult rats spent
significantly more time in the target quadrant of the pool than did the aged rats (F(y, 33) =
4.821, p = 0.035). On visible trials (Figure 1C), there was no effect of age on CIPL for day 1
(p =0.755) or day 2 (p = 0.989) of testing. Thus, both age groups showed significant
learning across days, taking a shorter path to the platform on day 2 of the visible trials
compared to day 1 (Figure 1C; aged, p = 0.001; adult, p = 0.029). These data suggest that it
is unlikely that the observed age-related differences on the spatial trials were due to deficits
in visual acuity or swimming ability.

Egrl transcription in the dentate gyrus

Resting levels of £gr1 mRNA were determined for a group of animals that remained
undisturbed in their home cages prior to tissue collection. RT-PCR revealed that basal levels
of Egrl mRNA were not significantly different between adult and aged rats within the
dentate gyrus (Figure 2A; p = 0.295). This effect is mimicked in the cell count data (Figure
2B), which indicates that similar proportions of dentate granule cells transcribed £grl under
resting conditions in the adult and aged rat (4 = 1.213, p = 0.292). Examples of the pattern
of Egrl activation for the caged control rats are shown in Figure 2C. These data indicate that
under conditions in which rats are confined to familiar home cages, the same proportion of
granule cells transcribe similar amounts of £gr1 mRNA in both the aged and adult dentate

gyrus.

To determine if spatial behavior differentially affects the transcription of £grl in adult and
aged rats, animals underwent 5 minutes of assisted exploration within a novel environment.
Aged rats showed significantly lower levels of E£grl transcription within the dentate gyrus
(Figure 2D; t1o = —3.589, p = 0.005) after exploration. This reduction in £gr1 mRNA is
likely the result of fewer neurons transcribing £grl following exploration, since FISH
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analysis revealed that the proportion of dentate granule neurons that transcribe £grl is also
significantly reduced for aged rats relative to adult rats (Figure 2E and 2F; t10=2.529, p =
0.030).

Egrl transcription in area CA1

Resting levels of Egrl transcription were also measured for area CAl. Here, RT-PCR
revealed that £gr1 mRNA levels were significantly lower in aged rats relative to adult rats
(Figure 3A; tg = —3.033, p = 0.023). Because this difference may result from fewer
pyramidal neurons transcribing £grl in aged rats, FISH was used to determine the
proportion of CA1 pyramidal cells that transcribe E£grl at rest, and indicated that similar
proportions of CA1 neurons transcribed £grl in the aged and adult caged control groups
(Figure 3B; t4 = 0.253, p = 0.813). Examples of the pattern of £grl activation for the caged
control rats are shown in Figure 3C. Together, these data suggest that the basal rate of £grl
transcription in area CAL is reduced per cell in the aged rats, a finding that is similar to the
one obtained for the effector gene Arc (Penner et al., 2011).

Following exploration of a novel environment, the relative levels of £grl mRNA were not
significantly different between adult and aged rats in area CA1 (Figure 3D; tyo = -1.268, p =
0.234), nor was there a significant age difference in the proportion of CA1 pyramidal
neurons that transcribe £grl (Figure 3E and 3F; t1g = 0.039, p = 0.970).

Methylation status of the Egrl promoter

To determine if DNA methylation may play a role in regulating the transcription of £grl
within the hippocampus, we analyzed the methylation status of a CpG island, consisting of
20 CpG sites, within the promoter region of the Egrl gene (Figure 4A). To assess overall
methylation levels of the CpG island, we averaged the percent methylation observed across
the 20 CpG sites for both adult and aged rats under resting conditions and following
exploration. In the dentate gyrus, this analysis revealed a significant effect of age (F(y, 17) =
4.607, p = 0.047), behavior (resting or exploration; F(; 17) = 15.04, p = 0.001), as well as a
significant interaction (Fy, 17) = 7.029, p = 0.017). Under resting conditions, aged rats
showed significantly more methylation of £grl compared to adult rats (Figure 4B, p =
0.021). Following exploration, aged rats showed a significant reduction (compared to rest) in
methylation of Egrl within the dentate gyrus (p = 0.005), while adult rats did not show this
dynamic change (p = 0.352), and no significant differences were observed between age
groups following exploration (p = 0.585). Within CAL, there was no overall effect of either
age (F(y, 18) = 2.224, p = 0.151) or behavior (F(q, 18) = 1.236, p = 0.280) on methylation of
the Egrl promoter (Figure 4C). Although adult rats did show a modest decrease in
methylation of the £grl promoter after spatial behavior, this decrease was not statistically
significant (p = 0.105)

While examining methylation levels at each of the 20 CpG sites, it was apparent that the
amount of methylation was variable among the CpG sites. Because average differences in
methylation across a CpG island could mask potentially important differences at individual
sites, we performed additional analysis to detect changes at each cytosine within (Figure 5)
and between (Figure 6) age groups. Thus, the data in Figure 6 are a reorganization of those
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presented in Figure 5, specifically to illustrate more clearly the differences that emerged
between age groups.

In adult rats, methylation of individual CpG sites in the dentate gyrus was not significantly
different either under resting condition, or after exploration (Figure 5A). For the aged rat
(Figure 5B), however, we observed a significant overall effect of behavior (resting versus
exploration, F(; 15) = 77.96, p = 0.0001), a significant effect of CpG site (F(y, 15) = 6.034, p
=0.0001) and a significant interaction (F(y, 15) = 2.757, p = 0.0012). Post-hoc analysis
indicated that CpG6 (p = 0.0001), CpG7 (p = 0.0001), CpG8 (p = 0.0001), and CpG12 (p =
0.05) were significantly different between resting and exploration conditions in the dentate
gyrus of aged rats, with all four CpG sites showing a significant reduction in methylation
after exploration. In area CA1, methylation at individual CpG sites were not significantly
different for adult (Figure 5C) or aged rats (Figure 5D).

Finally, we analyzed potential age differences between individual CpG sites (Figure 6). In
the dentate gyrus under resting conditions. There was a significant main effect of age (F1, 17)
=43.630, p < 0.0001) and CpG site (F(1, 17) = 9.438, p < 0.001) as well as a significant
interaction (F(y, 17) = 3.212, p = < 0.0001). Post hoc analysis of individual CpG sites
revealed a significant difference between adult and aged rats at CpG6 (p < 0.0001), CpG7 (p
< 0.0001), and Cpg8 (p < 0.001; Figure 6A). In all cases, aged rats showed significantly
higher levels of CpG methylation compared to adult rats. Following behavior (Figure 6B) no
significant differences were observed.

In CA1, under resting conditions significant age differences were not observed at individual
CpG sites (Figure 6C). Following behavior, however, (Figure 6D) there was a significant
main effect of age (F(y, 17) = 32.45, p < 0.0001), CpG site (F(y, 17) = 5.466, p < 0.0001), but
only a trend toward a significant interaction (F(y, 17) = 1.549, p = 0.0825). Post hoc analysis
revealed a significant difference in methylation between adult and aged rats at CpG6 (p <
0.05), CpG7 (p < 0.01) and CpG8 (p < 0.01). At these three CpG sites, aged rats showed
significantly higher levels of methylation compared to adult rats.

Discussion

The present data indicate that aging is associated with distinct, hippocampal subregion-
specific transcriptional alterations of the memory-associated gene, £grl. While the role of
Egrl is well-established in transcriptional control of gene expression changes required for
memory formation, very little is known about the impact of age on the regulation of this
transcription factor. In aged, memory-impaired rats, the granule cells in the dentate gyrus
show reduced Egrl transcription following spatial behavior, while in area CA1, transcription
is suppressed at rest, but can be driven to the levels observed in adult animals following
behavior that engages the hippocampus. The data also suggest two levels of change in
epigenetic mechanisms that may contribute to the aberrant transcriptional response observed
in the aged hippocampus during aging: 1) differences between subregions CAl and dentate
gyrus in overall dynamic methylation of the £grl gene; and 2) CpG island site-specific
alterations within those subregions. Analysis of a CpG island within the promoter region of
the Egrl gene revealed significant age-related differences in its dynamic regulation as well
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as methylation changes specific to individual CpG sites. Because it is known that gene
transcription is necessary for processes such as LTP and memory consolidation, the effects
described here and in other studies (Liu et al., 2011; Penner et al., 2011; Castellano et al.,
2012; Oliveira et al., 2012) point to the potential role that age-related alterations in
epigenetic regulation of gene transcription may play in altered synaptic plasticity and
cognition during aging.

A role for Egrl in learning and memory processes

It has been well-established that memory and synaptic plasticity processes in the cognitively
healthy adult require transcription of IEGs, including Arc, Egrl, bdnf(Guzowski et al.,
2000; French et al., 2001; Hall et al., 2001; Steward and Worley, 2001). When expression of
these genes is blocked in otherwise normal and cognitively intact adult animals, the
consolidation of memory is also blocked (e.g., Linnarsson et al., 1997; Guzowski et al.,
2000; French et al., 2001). Moreover, changes in IEG expression are prevalent in many
models of memory disorders (Dickey et al., 2003; Palop et al., 2005; Rosi et al., 2005) and
as a result of the normal aging process (e.g., Blalock et al., 2003; Small et al., 2004; Rowe et
al., 2007; Haberman et al., 2011; Marrone et al., 2012; Chawla et al., 2013).

Here, we report that £grl transcription shows distinct age-related changes that may
contribute to the memory deficits that were observed in the aged rats on the Morris swim
task. Previous studies investigating potential age-related changes in £grl transcription or
expression have reported significant age-related changes in mRNA or protein expression
under resting conditions (Yau et al., 1996; Desjardins et al., 1997; Blalock et al., 2003). For
example, in agreement with our results, a large scale microarray study conducted by Blalock
et al. (2003) found reduced resting levels of £gr1 mMRNA in area CA1 of memory-impaired
aged rats (they did not assess other subregions). Similarly, Yau et al. (1996) also reported
reduced Egrl in area CA1 of aged rats under resting condition. Our results are consistent
with these studies, and expand our understanding of how behavior that engages the
hippocampus, can drive Egrl transcription in area CA1 of aged rats, to a level equivalent to
that observed in adult rats. This suggests that, at least in area CA1, a compensatory
mechanism may be recruited to drive low resting levels of £grl, enabling aged pyramidal
neurons to respond to novel, incoming information.

In the dentate gyrus, £gr1 mRNA levels were similar between adult and aged rats under
resting conditions. When exploratory behavior was used to induce transcription, however,
significantly fewer granule cells in the aged rats transcribed £grl and there were
significantly lower levels of £grl mRNA compared to adult rats. There now exists an
abundance of data obtained from humans, rodents and non-human primates pointing to the
dentate gyrus as a site that is particularly vulnerable to advancing age (e.g., West, 1993;
Gazzaley et al., 1996; Small et al., 2002, 2004; McHugh et al., 2007; Moreno et al., 2007,
Marrone et al., 2011; Yassa and Stark, 2011; Yassa et al., 2011a; b). In line with the findings
reported here, Marrone et al. (2011) has also demonstrated that fewer granule cells
transcribe Egrl in the aged dentate gyrus after exploration. Both here, and in the study by
Marrone et al. (2011) resting levels of £grl were not different between adult and aged rats,
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indicating that behavior that engages the hippocampus is required to detect an age-related
change in Egrl transcription within this hippocampal subregion.

DNA Methylation at the Egrl gene

DNA methylation is a powerful transcription mechanism that controls persistent gene
expression in the central nervous system. The present study sought to determine whether
decreased Egrl gene expression in the aging hippocampus was associated with DNA
methylation changes at the Egrl gene locus. Our finding of a selective (granule cells not
CAL pyramidal cells), age-dependent change in £grl expression levels in the hippocampus
suggests a long-lasting persistent effect on £grl transcription. However, the underlying
transcriptional mechanisms that orchestrate abnormal steady-state gene expression changes
in the aging brain are still uncertain. Investigation of these underlying mechanisms is
important because targeting them may help to mitigate or improve memory retention with
age.

Aging is associated with widespread changes in the methylome (e.g., Hannum et al., 2013),
and in changes in the methylation of specific genes in the brain (e.g., Siegmund et al., 2007;
Hernandez et al., 2011; Penner et al., 2011; Haberman et al., 2012; Morse et al., 2015),
including Egrl (Morse et al., 2015). In the present study, we used bisulfite sequencing to
measure age-related changes in methylation of the CpG island within the Egrl gene. In the
dentate gyrus of adult animals, we observed consistent methylation levels across all 20 CpG
sites of the CpG island. Furthermore, the methylation of the CpG island within the promoter
region was low in adult animals, and the amount of methylation was not affected by spatial
behavior. In aged rats, however, methylation of the CpG island within the promoter region of
the Egrl gene was significantly higher at rest when compared to adult rats. This suggests
that, at baseline, the chromatin state at the Egrl gene is resistant to transcriptional control in
the dentate gyrus of aged rats. Interestingly, these higher rates of methylation were
dynamically reduced as a result of behavior in old rats. Furthermore, we observed selective
dynamic reductions in methylation at four individual CpG sites across the CpG island in the
aged rats. Collectively, these findings suggest that Egrl DNA methylation in the dentate
gyrus of aged rats is indeed responsive to behavior, and that the elevated Egrl DNA
methylation levels observed during resting states can be effectively normalized by behavior
in old animals. These active and highly specific changes in methylation may point to a
unique compensatory mechanism at work within the aged dentate gyrus that can overcome
transcriptional repression to result in at least some Egrl transcription.

In contrast to the aged dentate gyrus, DNA methylation at the Egrl promoter region was not
significantly different in area CA1 between adult and aged rats at rest, nor was there a
significant change in Egrl DNA methylation after behavior, for either age group.
Nonetheless, we found decreased £gr1 mRNA levels in area CA1 of aged rats compared to
adults. Further analysis of individual CpG sites between groups revealed significantly higher
levels of methylation at three CpG sites for aged rats after spatial behavior. How these
changes in methylation relate to £gr1 mRNA transcription is not entirely clear, but an
analysis of these individual CpGs reveals that they fall near (CpG 7 and CpG 8) or within
(CpG 6) binding sites for nuclear factor-kappa B (NF-xB) and c-Rel. The NF-xB family of
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transcription factors (which included c-Rel) is known to play a key role in regulating the
growth and elaboration of neural processes. For example, NF-xB signaling has been
implicated in regulating dendritic spine density (Russo et al., 2009; Christoffel et al., 2011)
and can also regulate neurogenesis (Widera et al., 2006; Denis-Donini et al., 2008; Koo et
al., 2010) in the adult brain (see Gutierrez and Davies, 2011 for review). Increased
methylation of CpGs near or at the NF-xB binding site, could inhibit activity at these
specific sites, and have a significant impact on process that are known to promote learning
and memory (i.e., dendritic spine density and neurogenesis). In fact, work by Haberman et
al. (2012) and by Weaver et al. (2004, 2007) suggest that methylation at single CpG sites can
have a significant impact on gene transcription. For example, Haberman et al. (2012)
describe significant changes in methylation at a single CpG site within the promoter region
for the Gabra5 gene. Because this site was found to be within a binding domain for an NFxB
binding site, and its methylation status would have a significant effect on the transcription of
the Gabra5 gene. Importantly, it was the methylation status of this CpG site that correlated
with cognitive status in the aged rats.

A role for epigenetic mechanisms in learning and memory processes

A number of observations suggest that DNA methylation is a key epigenetic mechanism that
serves to regulate gene transcription within the hippocampus in response to environmental
experiences. For example, factors such as maternal care and maltreatment (Weaver et al.,
2004, 2007; Roth et al., 2009), fear conditioning (Miller and Sweatt, 2007; Lubin et al.,
2008; Miller et al., 2010), stress (Roth et al., 2011), long-term potentiation (Levenson et al.,
2006) and drug use (Anier et al., 2010; LaPlant et al., 2010) can have significant effects on
DNA methylation levels and gene transcription (for review see Day and Sweatt, 2011). In
addition, there is increasing support for the idea that DNA methylation patterns change as a
result of the normal aging process (Jiang et al., 2008; Peleg et al., 2010; Penner et al., 2010,
2011; Castellano et al., 2012; Haberman et al., 2012; Kosik et al., 2012; Oliveira et al.,
2012). Interestingly, environmental enrichment of old rats modified hippocampal histone
methylation levels, an epigenetic process tightly linked to DNA methylation mechanisms,
resulting in both object recognition memory performance and badnfmRNA levels increasing
in aged animals (Morse et al., 2015). It remains to be determined if environmental
enrichment can also restore proper DNA methylation levels in old animals.

Experiential and environmental factors can lead to the accumulation of changes in patterns
of DNA methylation across the lifespan, suggesting that these changes could contribute to
the course of the normal aging process (Penner et al., 2010; Kosik et al., 2012). While it
remains unclear what mechanism or mechanisms contribute to the altered patterns of
methylation we report here, one possibility is that the aging process impacts activity of DNA
methyltransferases (DNMTS). In fact, work by Liu et al. (2011) suggests that the activity of
DNMT1 is necessary for normal healthy aging, because DNMT1 deficiency impairs learning
and memory performance in an age-dependent manner. In addition, work by Oliveira et al.
(2012) indicates that DNMT 3a activity is reduced in the hippocampus and cortex of aged,
memory-impaired mice. Importantly, when DNMT3a activity is restored in the aged brain
(specifically in area CAL), cognitive function is restored. These authors also reported that
reducing DNMT3a levels in the hippocampus impairs the regulation of well-known
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plasticity-related genes, including Arc and BDNF (Oliveira et al., 2012). In normal adult
animals, previous work reported that inhibition of de novo DNMT activity (such as
DNMT3a) not only blocks memory consolidation, but also results in the aberrant
transcription of several genes important for normal memory function (Miller and Sweatt,
2007; Miller et al., 2010).

Although the activity of DNMTs may contribute to the changes in DNA methylation we
observed here, it is unlikely to be the only mechanism at work. The complexity of epigenetic
regulation of gene transcription is now well appreciated, and it is apparent that it is the
coordinated regulation of epigenetic mechanisms that results in normal gene regulation and
cognitive function (see Castellano et al., 2012). Overall, a unifying hypothesis is emerging
that suggests that age-associated changes in epigenetic marks, including histone methylation
and DNA methylation and demethylation, may be a driver of aging-related alterations in
gene transcription and other cellular and physiologic changes that occur within the brain.
These changes are complex, and interactive. A more complete understanding of the
mechanisms that regulate these processes will not only lead to more effective prevention
strategies for improved quality of life, but will also contribute to a better general
understanding of the mechanisms underlying memory formation.
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Figure 1.
Aged rats are impaired in the spatial version of the Morris swim task. A. Over 4 days of

training, adult rats took a significantly shorter path length to reach the hidden platform than
did the aged rats. B. On the probe trial, aged rats spent significantly less time in the target
guadrant than did adult rats (*p = 0.035). C. During cued trials, in which the escape platform
was visible, both adult and aged rats showed improvement in performance over 2 days of
training. There was no significant effect of age on either day.
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Figure 2.
Egrl in the dentate gyrus. A. Basal levels of £gr1 mRNA are similar in adult rats (n=3) and

aged rats (n=3), as measured by RT-PCR (p > 0.05). B. The proportion of dentate granule
cells that transcribe £grl under resting conditions are similar in adult and aged rats (p >
0.05). C. Representative confocal images from the dentate gyrus in adult and aged rats under
rest conditions. Green = Egrl, Blue = cell nuclei stained with TOPRO. Magnification = 40x.
D. Behavior-induced relative levels of £grl mRNA are significantly lower in aged rats (n=6)
compared to adult rats (n=6), as measured by RT-PCR (*p = 0.005). E. The proportion of
dentate granule neurons that transcribe £grl after exploration is significantly lower in aged
rats (*p = 0.030). Representative confocal images from the dentate gyrus of behavior-treated
rats in both age groups are shown in F. Green = £grl, Blue = cell nuclei stained with
TOPRO. Magnification = 40x. Scale bar = 20 um.
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Figure 3.
Egrl in area CAL. A. Basal levels of £gr1 mRNA are higher in adult rats (n=3) relative to

aged rats (n=3), as measured by RT-PCR (*p = 0.023). B. The proportion of pyramidal
neurons that transcribe £grl under resting conditions, are similar in adult and aged rats (p >
0.05). C. Representative confocal images from control rats in both age groups for area CAL.
D. Behavior-induced levels of £gr1 mRNA are not different between adult (n=6) and aged
(n=6) rats, as measured by RT-PCR (p > 0.05). E. The proportion of CA1 pyramidal neurons
that transcribe £grl after exploration are similar in adult and aged rats (p > 0.05). F.
Representative confocal images from CA1 of behavior-treated rats in both age groups. Green
= Egrl, Blue = cell nuclei stained with TOPRO. Magnification = 40x. Scale bar = 20 pm.
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Figure 4.

Methylation analysis of E£grl dinucleotides from the hippocampus of adult and aged
animals. A. Schematic of examined CpG sites in the promoter region of the Egrl gene.
Sequencing primer pair positions are indicated by the left and right arrows. B. In the DG,
resting levels of methylation of the £grl promoter are significantly lower in adult rats (n=6)
compared to aged rats (n=5; #p < 0.05). Following behavior, aged rats (n=4) show a
significant decrease in methylation when compared to resting levels. Adult rats (n=6) do not
show this dynamic change in methylation of the £gr1 promoter (**p < 0.01). C. Within
CAL, there was no overall effect of age or behavior on methylation of Egrl.
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Figure 5.

Methylation analysis of individual CpG sites within age groups. A. In the dentate gyrus of
adult rats, significant differences were not observed at individual CpG sites. B. In the dentate
gyrus of aged rats, CpG6 (*p = 0.0001), CpG7 (*p = 0.0001), CpG8 (*p = 0.0001), and
CpG12 (**p = 0.05) were significantly different between resting and behavioral conditions.
C. In area CA1 of adult rats, there is no difference in methylation between individual CpG
sites. D. In area CAL of aged rats, there is no difference in methylation between individual
CpG sites.
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Methylation analysis of individual CpG sites between age groups. A. In the dentate gyrus
under resting conditions, a significant difference between adult and aged rats was observed
at CpG6 (**p < 0.0001), CpG7 (**p < 0.0001), and Cpg8 (*p < 0.001). B. Following
behavior, no significant differences in methylation were observed at individual CpG sites. C.
In CA1, under resting conditions significant age differences were not observed at individual
CpG sites. D. Following behavior, there was a significant difference in methylation between
adult and aged rats at CpG6 (*p < 0.05), CpG7 (**p < 0.01) and CpG8 (**p < 0.01).
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Table 1

Summary of results from standardized control samples

Expected

Actual (Mean + SEM)

Standard, 0% Methylation

4.08% +0.78

Standard, 5% Methylation

6.14% + 0.32

Standard, 10% Methylation 10.55% + 0.34
Standard, 25% Methylation 18.07% + 2.47
Standard, 50% Methylation 46.41% + 0.0
Standard, 75% Methylation 75.06% + 0.0
Standard, 100% Methylation | 88.40% + 1.26
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