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of impairment-related genes in a rat model
of cognitive aging

Rebecca P. Haberman,* Caitlin K. Quigley and Michela Gallagher

Department of Psychological and Brain Sciences; The Johns Hopkins University; Baltimore, MD USA

Keywords: spatial memory, gene expression, cognition, CA3 subfield, hippocampus

Abbreviations: CpG, cytosine-guanine dinucleotide; Gabra5, GABA-A receptor, alpha 5; Hspa5, heat shock protein 5 (78
kDa glucose-regulated protein); Synl, synapsin I; MSP, methyl specific PCR; CA3, Ammon’s horn, field 3; GABA, gamma-
aminobutyric acid; LI, learning index; AU, aged unimpaired rats; Al, aged impaired rats; Arc, activity-regulated cytoskeleton-

associated protein; Dnmtl, DNA (cytosine-5-)-methyltransferase 1; Dnmt3a, DNA (cytosine-5-)-methyltransferase 3a;
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Cognitive abilities, particularly memory formation, vary substantially in the elderly, with some individuals exhibiting
dramatic decline with age while others maintain function well into late life. Epigenetic modifications suggest an
intriguing mechanism to account for the range of cognitive outcomes in aging as they are responsive to environmental
influences and affect gene transcription in cognitively relevant brain regions. Leveraging a well-characterized rat model of
neurocognitive aging that recapitulates the range of outcomes seen in humans, we previously identified gene expression
profiles in the CA3 subregion of the hippocampus that distinguish between young and aged subjects as well as between
impaired and preserved spatial memory function. To investigate the influence of epigenetics on these profiles, we
examined genomic CpG DNA methylation in the promoter regions of three neurophysiologically relevant genes (Gabra5,
Hspa5 and SynT) whose expression levels decrease with age and correlate with spatial memory performance. Consistent
with mRNA decreases, DNA methylation increased in aged rats relative to young in CpG dense regions of all target
promoters examined. However, no correlation with cognition was found. Focused analysis of the Gabra5 gene found
that methylation changes were limited to the CpG island and varied substantially across individual CpGs. Methylation at
one CpG correlated with learning and demonstrated a significant difference between memory impaired aged rats and
those with intact learning. These data provide evidence that broad age-dependent DNA methylation changes occur in
CpG dense promoter regions of cognitively relevant genes but suggest that methylation at single CpGs may be more

pertinent to individual cognitive differences.

Introduction

In older humans, deterioration of medial temporal lobe depen-
dent memory function occurs in a large segment of the population
and confers significant risk for development of Alzheimer disease.
However, the presence of many elderly individuals with intact mem-
ory performance, even at quite old ages, demonstrates the existence
of differential cognitive aging trajectories. Epigenetic modifications
provide likely candidates to modulate cognitive aging outcomes as
both genetic and non-genetic factors impact cognitive status in the
elderly.! Several epigenetic modifications such as histone acetyla-
tion and genomic DNA methylation play important roles in regu-
lating gene expression during memory formation in multiple brain
regions and show modulation by many types of environmental
interventions.” Accumulated across the lifespan, such events could
have a profound impact on individual variability in aging.
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Over many years, our laboratory has developed and character-
ized a unique rodent model of neurocognitive aging in which
old rats display a range of outcomes in a medial temporal lobe
dependent spatial memory task with some aged subjects perform-
ing within the range of young and others performing worse than
young.>* Studies using this model have differentiated chrono-
logical age-dependent alterations from cognition-dependent
ones, identifying several neurophysiological features of mem-
ory impairment similar to those found in non-demented aged
humans.*> Recent gene expression studies of the hippocampus,
a key component of the medial temporal lobe memory system,
identified a prominent signature of age- and cognition-related
expression changes in the CA3 hippocampal subfield. Such
expression profiles are informative as to the underlying cellular
deficits that engender neurophysiological phenotypes associ-
ated with cognitive decline. Expression profiles in the aged CA3
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Figure 1. Gene expression decreases of select genes in the CA3 subregion of the hippocampus. In situ hybridization quantification results of (A) Ga-

bra5 and (B) Hspa5 for young (Y) and aged rats (Gabra5:n =5, 11 aged; Hspa5, n =4, 11 aged). (C) Microarray data from two independent SynT probe
sets PS1, PS2 (n=9Y, 14 aged). Error bars represent SEM; *, p < 0.05; Student’s t-test; **, uncorrected p < 0.0001 (significance analysis in microarray) and
meeting a FDR < 0.05. In situ hybridization results for Gabra5 and Hspa5 were noted in reference 5 and SynT data were derived from microarray experi-

identified pronounced decreases in genes associated with inhibi-
tory mechanisms, synaptic transmission and protein homeostasis
in the aged cohorts. These changes are consistent with increased
firing rates of CA3 place cells,® synaptic deficits’ and the accu-
mulation of protein damage® identified in the hippocampus using
the same rodent model.

Although alterations in mRNA levels can be accomplished
through a variety of mechanisms, regulation at the transcrip-
tional level remains the primary means of control for many genes.
Epigenetic factors regulate the accessibility of genomic DNA to
transcriptional activators and thus provide the first determinate for
expression. Genomic DNA methylation, as a direct covalent modi-
fication of CpG dinucleotides provides a stable epigenetic mecha-
nism for differential gene expression. Precise effects of methylation
vary with context, but are typically associated with repressed tran-
scription when found in transcriptional control regions. Conversely,
unmethylated, high-density regions of CpG dinucleotides, referred
to as CpG islands, are associated with active or accessible genes
when located in gene promoters. Substantial differences in DNA
methylation signatures have been found across different brain
regions, highlighting a role for DNA methylation in establishing
and maintaining region specific gene expression profiles.”"’

Aging has been shown to influence the levels of total DNA
methylation as well as methylation at specific genes in a variety
of tissues including brain.!"'® Despite indications that overall
methylation decreases with age, CpG islands tend to accumulate
methylation with age.!"*" Investigators using high throughput
techniques have looked for associations of gene specific methyla-
tion changes with cognition or neurodegenerative disease, but
sparse coverage of CpG dinucleotides as well as lack of specificity
in gene targeting may obscure potentially important associations
between DNA methylation and cognitive phenotype.®!>1¢

Here, we investigate the possibility that epigenetic mecha-
nisms play a role in age-related gene expression changes by exam-
ining the sequence features of genes with confirmed age-related
expression changes. Based on our previous molecular profiling
data sets, we focused on the CA3 subfield of the hippocampus,
a region that is central to the impaired spatial memory pheno-
type of aged rats.>"” CpG islands were identified within the tran-
scriptional control regions of a number of genes with decreased
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expression in the CA3 data set. In preliminary analyses we
examined DNA methylation in the CpG islands of three genes,
Gabra5, Hspa5 and Synl, which exemplify select neurophysiolog-
ical phenotypes of cognitive aging and show robust and repro-
ducible age-related gene expression decline as well as correlation
with spatial memory performance. Further experiments focused
on the Gabra5 gene because of its unique, largely hippocampal
expression pattern and the important role for the GABA-A a5
receptor in maintaining excitatory-inhibitory balance, which has
been shown to play a central role in age-related cognitive deficits
in both rodents and humans."”*®

Results

mRNA expression is decreased with age in target genes. We
investigated the promoter methylation patterns of Gabra5, Hspa5
and Synl, each of which show reduced expression in the CA3
subregion of aged rats relative to young and which exemplify
categories of gene changes corresponding to known neurophysi-
ological features of the aged hippocampus, such as impaired
excitatory-inhibitory balance (Gabra5), impaired protein quality
control (Hspa5) and synaptic deficits (SynI). All three genes were
identified in a microarray analysis of the hippocampal subfields
in cognitively characterized aged and young Long Evans rats.
mRNA levels of each gene exhibited reproducible, significant
decreases in mRNA expression with age (see ref. 5 and Fig. 1).
We confirmed the microarray-detected expression changes in two
of the chosen genes, Gabra5 and Hspa5, via in situ hybridiza-
tion (Fig. 1A and B) and the third gene, Synl, was interrogated
by two independent microarray probe sets that exhibited nearly
identical results (Fig. 1C). These data provide a basis for examin-
ing genomic DNA features that may contribute to the reduced
mRNA levels of these genes.

CpG islands of target genes are unmethylated in young
rats. All three genes contain a CpG island spanning the tran-
scriptional start site. We focused attention on these islands as
we would expect them to be unmethylated in young subjects yet
contain many potential sites for age-related increases in methyla-
tion that may impair gene expression. Figure 2A-C (left) shows
the genomic structure of Gabra5, Hspa5 and SynI including the
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Figure 2. CpG islands span transcriptional start sites of all three downregulated genes. Schematic of (A) Gabra5, (B) Hspa5 and (C) Syn1 promoters and
CpG islands (left). The graph to the right of each schematic shows the amplification level using methylation sensitive (meth) and unmethylated sensi-
tive (unmeth) primers relative to Actb in young subjects (n = 8). Primers directed toward unmethylated sequences amplify far more efficiently than
methylated primers confirming that, in young subjects, the CpG islands remain mostly unmethylated consistent with the moderately high expression
levels of these genes. Error bars represent SEM. Tss, transcriptional start site; numbers indicate nucleotide distance from TSS. Msp indicates location of

location of the CpG islands relative to the transcriptional start
site and the initial exons. Methylation status of the CpG islands
was assessed using quantitative methyl specific PCR (MSP) of
bisulfite treated genomic DNA isolated from dissected CA3
tissue. This technique distinguishes between methylated and
unmethylated cytosines based on differential conversion of
unmethylated, but not methylated, cytosines to thymidine with
bisulfite treatment.

In young rats, quantitative PCR using primer pairs directed to
unmethylated CpGs of the CpG island produced a robust signal
while primers directed to methylated DNA produced a very weak
or absent signal for all three genes (Fig. 2A-C, right), in agree-
ment with existing data that CpG islands within active promot-
ers are largely unmethylated."”** Control genomic DNA treated
with a bacterial DNA methylase to increase global methylation
prior to bisulfite treatment produced a robust signal with methyl-
directed primers approximately equivalent to that derived from
unmethylated primers, eliminating primer design and technical
concerns as a cause of reduced signal from methyl-directed prim-
ers in untreated DNA (data not shown). These results indicate
that in young rats, the CpG islands of Gabra5, Hspa5 and Synl
are largely unmethylated, consistent with relatively high levels of
expression observed for these genes in the CA3 subregion.
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Quantitative MSP indicates increased CpG island methyla-
tion with age. To assess the relationship between age-dependent
gene expression changes and methylation we extended our analy-
sis to CA3 genomic DNA from aged rats. All rats (young and
aged) were behaviorally characterized on a standardized spatial
water maze task. Performance is dependent upon the intact
function of the hippocampus and is quantified using learning
index (LI), a robust measure based on performance across mul-
tiple probe trials interpolated during training (see Methods and
ref. 3). On average, aged rats perform more poorly than young (as
indicated by higher LI scores; Fig. 3A, p < 0.01), but show a dis-
tribution of scores in which some aged subjects perform within
the range of young rats. In the initial studies we consider the
aged rats as a single group; however, in additional analyses, LI
is used as a continuous measure to describe behavioral perfor-
mance as well as to stratify rats into two groups: aged subjects
with preserved spatial memory (AU, aged unimpaired, LI < 240)
and aged rats with poorer spatial memory (Al, aged impaired,
LI > 240). Figure 3A depicts the behavioral data of the subjects
used in these experiments and are representative of cohorts tested

over a number of years.>>?!

Quantitative MSP for unmethylated DNA found increased
methylation (as indicated by decreased amplification) in the
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Figure 3. (A) Learning index distribution of individual aged (red squares, n = 14) and young (gray diamonds, n = 8) subjects used in methylation as-
sessment. Higher numbers indicate poorer performance on water maze task. Black horizontal lines indicate average values. Aged subjects on average
perform worse than young (p < 0.01) but with a range of values such that some aged rats perform on par with young. Quantitative methyl-specific PCR
using unmethylated primers directed to CpG islands in (B) Gabra5, (C) Hspa5 and (D) Syni. Decreased amplification in aged subjects relative to young
indicates increased methylation. Error bars represent SEM *p = 0.052, **p < 0.05, ***p < 0.02.

Table 1. Learning index correlations for microarray mRNA and MSP
methylation

mRNA (Microarray)’ Methylation (MSP-CpG island)?

Gene

All Aged All Aged

Gabra5 -0.66* -0.48% -0.34 -0.20
Hspa5 -0.66* -0.51% -0.27 -0.34
Syn1 -0.58* -0.23 -0.08 -0.09

*p < 0.05; *p < 0.1 Pearson correlation; data from.> 'Pearson correlation
r-value between learning index and log, expression; n =9 young, 14
aged; 2Spearman rho between learning index and MSP unmeth; n =8
young, 14 aged.

CpG islands of aged subjects relative to young in all three genes
(Fig. 3B-D). This difference was significant for Gabra5 and
Hspa5 and showed a very strong trend in Syn! (p = 0.052). There
was no difference in methylation levels between AU and Al rats
for any of the genes (p > 0.5 for all genes). Gabra5 showed the
most robust change with an approximately 20% increase in
methylation while both Hspa5 and Syn! increased approximately
15% in aged rats relative to young. Since methylation is typically
associated with decreased gene expression, these results are con-
sistent with the age-associated decrease in mRNA abundance.
Primers targeting the methylated sequences of each gene showed
no significant change in methylation in aged subjects. Due to the
density of CpGs in the islands of these genes, each methylated
primer pair required at least three CpGs to be methylated in the
same DNA molecule for amplification to occur. Thus primers
targeting an unmethylated sequence are more sensitive to spo-
radic methylation events. As bisulfite sequencing of individual
Gabra5 clones demonstrates (see below), methylation of the CpG
islands appears to occur in such a pattern.

Expression changes associated with chronological age were
some of the most robust found in our microarray analysis and,
in many cases, also correlated with water maze performance (as
measured by LI), suggesting that relatively small variations in
mRNA levels may have a substantive impact on cognitive per-
formance. For all three genes examined in this study, mRNA
levels were significantly, inversely correlated with LI across all
subjects with correlations marginally significant when aged

www.landesbioscience.com

rats alone were considered (Table 1). The inverse correlation
reflects decreased gene expression in subjects with poorer learn-
ing (higher LI scores). Unlike gene expression levels, methyla-
tion levels were uncorrelated with learning for all subjects as
well as for aged subjects alone (Table 1). To more directly test
the relationship between mRNA levels and methylation, we
performed qPCR for the Gabra5 gene on RNA isolated from a
subset of subjects used for methylation analysis. Gabra5 mRNA
expression levels inversely correlated with learning index as
expected (Pearson r = -0.554; p = 0.032) but were uncorrelated
with methylation (Spearman rho = 0.13; p = 0.64). These data
indicate that while CpG island methylation increased with age,
consistent with an age-related mRNA decrease, the detected
methylation changes cannot account completely for altered
mRNA levels, particularly in aged rats with preserved water
maze performance.

Gabra5 CpG island shores show no age-dependent meth-
ylation changes. Regions adjacent to CpG islands, termed CpG
island shores, typically contain CpGs, but at a reduced density
from CpG islands. These shores have been particularly impli-
cated as genomic regions of methylation variability across indi-
viduals and in tumors.”> We examined the methylation status
of the Gabra5 shores both upstream and downstream from the
CpG island to determine if the CpG island methylation changes
extended beyond the island (Fig. 4) or if these regions distin-
guished between impaired and preserved cognition. Upstream
of the CpG island, methylation sensitive primers exhibited
greater amplification than unmethylated primers in young
animals (MSP2, Fig. 4B), showing increased methylation in
this region relative to the CpG island. Downstream primers
exhibited roughly equal amplification between methylated and
unmethylated primer sets (MSP3, Fig. 4D), but also indicated
greater methylation than the CpG island. When ratios of meth-
ylated to unmethylated primer amplification were examined in
aged and young rats, no differences were found between any
of the age groups in either the upstream or downstream shores
(Fig. 4C and E) suggesting that changes in Gabra5 CpG meth-
ylation are not universally present in these genomic regions sur-
rounding transcriptional start sites, but appear to be concentrated

in CpG islands of aged subjects.
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Bisulfite pyrosequencing of Gabra5 sequences confirms
quantitative MSP findings. In an effort to confirm the results
obtained from quantitative MSP and to increase the resolution of
our analysis, we performed bisulfite pyrosequencing on a portion
of the Gabra5 CpG island (Fig. 5A and B). We were able to obtain
quality data for 11 of the 17 CpG sites in this region and found
that average methylation across these sites increased significantly
in aged rats relative to young (Fig. 5A, p < 0.001) consistent
with the quantitative MSP results from unmethylated primers.
Average methylation levels were uncorrelated with learning index
(Spearman rho = 0.268; p > 0.2) and no significant difference
between AU and Al rats (p > 0.15) was found. Methylation levels
averaged between 3% and 4% with a 20% increase in aging rela-
tive to young. This difference is quite consistent with the level of
change detected by quantitative MSP. Thus both methods found
a small, but significant increase in Gabra5 CpG island methyla-
tion level that was uncorrelated with learning or mRNA levels.

Pyrosequencing of five CpGs in a Gabra5 shore region
upstream from the CpG island likewise confirmed findings from
upstream quantitative MSP2 primers. Methylation levels in this
region ranged from 20% to 75%, much higher than the CpG
island. Average methylation levels in this region did not show a
significant difference between young and aged subjects or any
difference between aged unimpaired and aged impaired (p > 0.25
for both comparisons).

Methylation analysis of individual CpGs in the Gabra5
CpG island. To better understand the methylation changes
at the level of the individual molecule, the same Gabra5 CpG
island region was amplified from bisulfite treated DNA and 15
individual clones from each subject were sequenced (Fig. 6). We
found that in both young and aged rats methylation appeared to
occur in a random, sporadic manner, with only three clones (of
330) exhibiting stretches of consecutive methylated CpGs (three
or more). Of the methylated clones, approximately two-thirds
(64%) contained only one methylated CpG. This sparse meth-
ylation pattern supports the phenomenon of greater sensitivity
of the unmethylated primers, relative to methylated primers, in
the quantitative MSP analysis. Additionally, sporadic methyla-
tion argues against a processive mechanism for the age-related
increase in methylation.

In examining the Gabra5 pyrosequencing data, it was evident
that methylation was distributed unequally across cytosines with
some cytosines methylated more often or differentially between
young and aged cognitive groups (Fig. 5B). To examine the rela-
tionship between the methylation status of a single CpG to that
of the others, we generated a correlation matrix for the pyrose-
quencing data set comparing the percent of methylation at one
CpG to each of the others across all subjects (Table 2). After
correction for multiple comparisons, only 2 out of 55 correlations
were significant (bolded numbers). Thus these data suggest that
methylation levels of individual CpGs are largely independent of
surrounding CpGs, similar to findings from others.?

To investigate if methylation at any one CpG was related
to cognitive status, we looked for positive correlations between
methylation and learning index for each of the 11 Gabra5 island
CpGs in the pyrosequencing data set. Only CpG 6 showed a
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Figure 4. Methylation of Gabra5 CpG island shores. (A) Location of
Gabra5 upstream CpG island shore MSP primer set (MSP2) and down-
stream CpG island shore MSP primer set (MSP3). (B) Amplification with
methylated and unmethylated MSP2 primers normalized to Actb indi-
cate high levels of methylation at this site. (C) The ratio of methylated
to unmethylated MSP2 amplification does not differ between aged and
young rats (p > 0.5) indicating no change in methylation levels with age
at this site. (D) Amplification with methylated and unmethylated MSP3
primers normalized to Actb indicate moderate levels of methylation

at this site as both methylated and unmethylated primer sets amplify
equally. (E) The ratio of methylated to unmethylated MSP3 amplification
does not differ between aged and young rats (p > 0.5) indicating no
change in methylation levels with age at this site. n =8 Y and 14 aged;
error bars represent SEM.

correlation with learning index among the aged rats (Spearman
tho = 0.46; uncorrected p = 0.031), but significance did not
remain after correction for multiple testing. We asked if the cor-
relation reflected a group difference between aged unimpaired
and aged impaired rats for this CpG and found methylation was
significantly decreased in aged unimpaired rats relative to aged
impaired (Fig. 5C, p < 0.05). We were unable to detect these
differences in the bisulfite sequencing of individual clones (as in
Fig. 6). However, as the number of sampled clones was far too
low to adequately quantify the 3% methylation at this site, this
result was not unexpected. Although these data are preliminary,
they suggest that methylation at individual cytosines, rather than
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Figure 5. Pyrosequencing results confirm age-related increase in Gabra5 CpG island methylation. (A) Percent methylation averaged across assessed
CpGs in a subregion of the Gabra5 CpG island. Aged subjects exhibit significantly more methylation than young subjects (**p < 0.005). (B) Methylation
levels at individual CpGs as determined by pyrosequencing. Numbered CpGs correspond to sequence displayed in Figure 6B. (C) Methylation levels
of CpG 6 separated according to age and cognitive status illustrates that aged unimpaired (AU) subjects have significantly less methylation than aged
impaired (Al) rats (*p < 0.05). n =8 Y and 13 aged; error bars represent SEM.
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and two aged impaired (Al) rats illustrates the sporadic nature of the methylated CpGs across all subject groups. Open circles represent unmethylated
CpGs and black circles represent methylated CpGs. (B) The genomic DNA sequence analyzed in A. with CpGs numbered. This is the same region that

regional patterns, may be more relevant to conditions that affect
behavioral outcomes.

Discussion

DNA methylation and other epigenetic modifications provide
attractive mechanisms to explain the influence of a variety of envi-
ronmental and experiential factors on differential gene expression
in the aged brain. In young subjects, behavioral manipulation,
low maternal care and diet have produced profound effects on
DNA methylation in the hippocampus as well as other brain
regions.?** Thus, one hypothesis for the divergence of aging
transcriptomes from young profiles, as well as the behavioral and
transcriptional variability found in older subjects, is the accu-
mulation of experience-dependent epigenetic signatures, such as
DNA methylation, on the genome over the lifespan.?®3° Studies
in humans and rodents have demonstrated age-related changes
in DNA methylation patterns in brain; however, direct support

www.landesbioscience.com

for effects on behaviorally relevant transcriptional signatures has
been difficult to acquire.”*3!

In the experiments described here, we leveraged data from
a microarray study to target specific genes associated with age-
dependent cognitive decline in order to provide a focused assess-
ment of DNA methylation changes.”> An important feature of our
approach is the use of a rodent model that exhibits substantial
performance variability within the group of aged animals on a
hippocampus dependent spatial memory task. Approximately
half of the aged rats perform within the range of young demon-
strating preserved cognitive function. With this model we can
distinguish chronological age effects from those associated with
cognitive decline. Previous work with these rats has shown gene
expression profiles of the CA3 subregion of the hippocampus to
be particularly useful in distinguishing chronological changes
from cognitive ones. The three genes examined here were cho-
sen because they showed robust age-associated declines in gene
expression and at the same time, gene expression levels correlated
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Table 2. Spearman rho correlations across Gabra5 CpGs within the CpG island

CpG5 CpG 6 CpG8 CpG 9 CpG 10
CpG5 1.000
CpG 6 -0.073 1.000
CpG8 0.431 0.267 1.000
CpG9 0.262 0.387 0.702 1.000
CpG 10 0.391 0.384 0.605 0.607 1.000
CpG 11 0.376 -0.003 0.390 0.367 0.709
CpG 12 -0.019 0.309 0.188 0.174 0.457
CpG 14 0.499 -0.240 0.434 0.442 0.392
CpG 15 0.193 0.033 0.549 0.562 0.289
CpG 16 0.064 -0.052 0.000 0.300 0.115
CpG 17 0.093 0.334 0.082 0.011 -0.014

CpG 11 CpG 12 CpG 14 CpG 15 CpG 16 CpG 17
1.000
0.540 1.000
0.363 0.054 1.000
0.342 0.312 0.541 1.000
0.189 0.060 0.460 0.310 1.000
0.188 0.208 -0.105 -0.019 0.005 1.000

Bolded correlations meet significance after correction for multiple comparison.

with a stable measure of memory function (learning index).
Furthermore, all three genes could be directly related to neuro-
physiological features of cognitive decline found not only in this
rat model but also in humans.

All three genes examined in this work are highly and con-
stitutively expressed in the CA3 region of the hippocampus.
The Gabra5 gene was explored more thoroughly than the others
because it has greatest direct relevance to CA3 dysfunction and is
located in a genomic locus that is highly epigenetically regulated.
Gabra5 encodes the a5 subunit of the GABA,, receptor, a subunit
that is highly expressed in the pyramidal neurons of hippocampus
and which mediates tonic inhibition in adult rats.**** Gabra5 null
mice exhibit reduced tonic inhibitory current and CA3 hyperex-
citability. Work in our aged rat model has identified increased
neuronal excitability in the CA3 of aged subjects with impaired
cognition that correlates not only with poorer water maze perfor-
mance but also with decrements in electrophysiological measures
of spatial mapping.® Importantly, aged humans with amnestic
mild cognitive impairment also show hippocampal hyperactivity
that has been localized to the CA3/dentate gyrus.'*# Further,
treating cognitively impaired rats with compounds to enhance
inhibition improves performance on a spatial memory task'” con-
firming the detrimental effect of increased excitation. Thus, the
age-dependent reduction of GABA, a5 receptor expression in
aged rats contributes to a phenotype of impaired CA3 inhibitory
function that negatively affects cognitive performance. Increased
methylation at the Gabra5 CpG island found in this study sug-
gests a mechanism for the age-dependent decrease in Gabra5
expression and potentially that of other genes associated with age
dependent memory impairment.

Synl encodes the synaptic vesicle protein, synapsin I, a criti-
cal component of the vesicle release pathway. Loss of synapsin
I appears to preferentially affect inhibitory neurons and, like
Gabra5, produces a phenotype of increased excitability in knock-
out mice.**¥” Thus, reduced Synl gene expression likely contrib-
utes to reduced inhibitory drive in the hippocampus.

Hspa5, also known as BiD, is a ubiquitously expressed endo-
plasmic reticulum chaperone that plays a significant role in the
correct folding of cell surface and secreted proteins and is a
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critical component of the ER stress response. An increase in oxi-
dized protein levels in our model® and evidence for dysfunction
in the ubiquitin-proteasome system in aging and neurodegenera-
tive disease®® supports a significant role for protein homeostasis
mechanisms in maintaining functional integrity in aging neu-
rons. Reduced expression Hspa5 limits the ability of neurons to
cope with the increased demands on the ER chaperone system
that occur with aging and particularly with neurodegenerative
disease for which aggregated misfolded proteins are a classic
pathological feature.

Using methyl-specific PCR we found an age-related increase
in methylation of CpG islands spanning the transcriptional start
sites of all three genes described above. Since the methyl-specific
PCR primers designed for this study target between two and
four CpGs per primer set, we consider this technique a general
assessment of the methylation level of the region under study.
Pyrosequencing of a portion of the Gabra5 CpG island slightly
downstream from the MSP region confirmed the increase in
methylation. As both regions of the CpG island showed meth-
ylation increases, these data suggest a large portion if not all
of the CpG island exhibits increased methylation. The meth-
ylation changes seen in our aged subjects were relatively mod-
est (15-20%) but not unexpected since aging effects are often
subtle. Although DNA methylation is typically associated with
dramatic reduction in gene expression as with highly methylated
imprinted genes, incremental increases in DNA methylation have
been shown to produce moderate reductions in gene expression
in cultured neurons.?” The increase in promoter methylation for
these genes is consistent with an age-dependent decrease in gene
expression that has been determined by microarray and in situ
hybridization in independent sets of animals. However, given the
lack of correlation between methylation and either mRNA levels
or learning, the effect of this increased methylation is still unclear.
Nonetheless, these data provide important evidence linking an
increase in DNA methylation with chronological aging in genes
that are relevant to cognitive decline.

Quantitative MSP analysis of genomic regions upstream and
downstream of the Gabra5 CpG island yielded no differences in
methylation between young and old but did detect a higher level
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of methylation in these regions than in the CpG island, consis-
tent with the results of a large scale analyses of CpG density and
methylation levels.” Pyrosequencing of the same upstream region
likewise detected higher overall levels of methylation, but no
group difference. These data are different from a recent analysis
of Arc genomic methylation in which both promoter sequences
and downstream exonic regions demonstrated differential meth-
ylation in hippocampal subregions of aged rats.” The pattern of
changes in this study was dependent upon subregion and spatial
exploration condition with both increases and decreases occurring
in baseline and activity conditions. The diversity of Arc methyla-
tion patterns may be a result of the more complex regulation of
the Are gene, since its expression is strongly induced by neural
activity, whereas the Gabra5 gene remains primarily constitutively
expressed. Additionally, the length of the region under study in
the Arc promoter and the density of CpGs are less than in Gabra5
gene, not reaching the standard criteria for a CpG island. Recent
data from several groups have determined that moderate density
CpG sequences have methylation features distinct from high den-
sity CpG islands™*

In addition to confirming the methylation increase in the
Gabra5 CpG island, pyrosequencing and bisulfite sequencing
of cloned amplicons were used to examine methylation patterns
across individual CpGs. The sparseness of methylated CpGs

in individual clones suggests that the age-related methylation

and thus may respond differentially to aging.

increase is sporadic and apparently random. Additionally, the
limited numbers of correlations between CpGs suggests that
methylation at any one CpG is largely independent of the meth-
ylation status at any other CpG. Interestingly, Guo et al.*® also
noted that changes in CpG methylation in response to neuronal
activity were site-specific rather than spanning multiple CpGs
within a region. This independence and sparse methylation
argues against a processive mechanism for the age-dependent
increase in methylation. In vitro studies have found that both
Dnmtl and Dnmt3a, the two DNA methyltransferases expressed

in the adult hippocampus,*+?

exhibit processive methyltransfer-
ase activity, methylating long stretches of DNA at a time. The
sporadic nature of the age-related methylation increases found
in this study suggests these enzymes are unlikely sources of the
methylation increases. An alternative would be reduced function
of the DNA demethylating activity that normally maintains the
unmethylated status of active CpG islands. While the nature of
such an activity is still unclear, the existence of a mechanism in
neurons to rapidly remove methyl groups from cytosines is evi-
dent from a number of studies.?*4*4

Methylation of CpG 6 exhibited a different pattern relative
to learning index than other individual CpGs and distinguished
between aged subjects with impaired behavioral performance
from those with preserved performance. The importance of indi-
vidual CpGs has support in the literature. Meaney and colleagues
found that methylation at a single CpG within a transcription
factor binding site was critical in the regulation of glucocorticoid
receptor (GR) expression decreases in the hippocampus gener-
ated by low maternal care.”?® Methylation at this site inhibited
transcription factor binding leading to reduced GR gene expres-
sion. Similarly, CpG 6 is contained within an NFkB transcription
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factor binding site (Phylofoot consite: www.phylofoot.org).
Binding of transcription factors may protect such sequences from
methylation. Alternatively, binding of transcriptional activa-
tors to a priori methylated DNA episomes has been shown in
replicating cells to lead to demethylation of those sequences.®
Since mRNA abundance can be regulated at many levels, further
experiments will be needed to determine whether such mecha-
nisms account for the changes observed in our rats.

Overall these data confirm age-related DNA methylation
alterations in cognitively relevant genes that likely contribute to
differences in gene expression profiles between aged and young
subjects. The lack of correlation between methylation and cog-
nition, for genes in which mRNA expression correlates strongly
with cognition, suggests that average methylation levels across a
promoter do not adequately predict expression in aged subjects.
Rather, our data suggest a more prominent role for individual
nucleotides or, possibly, significant contributions from other
epigenetic factors not examined in this study. A more detailed
mapping of CpG methylation across the entire gene expression
regulatory regions and identification of a mechanistic relation-
ship between methylation and mRNA levels will be necessary to
confidently determine the role of DNA methylation in regulating
age-related gene expression changes.

Methods

Subjects. Aged, male Long-Evans rats were obtained at 8-9 mo
of age from Charles River Laboratories and housed in a vivarium
at The Johns Hopkins University until 24 mo of age for the pres-
ent experiments. Additional young male Long Evans rats were
purchased from the same vendor (Charles River Laboratories) at
3 mo of age and housed in the same room with aged rats until
the end of all experimental procedures. Young and aged rats
were behaviorally tested at 4-5 mo and 24 mo respectively (see
Behavioral characterization). All rats were individually housed in
ventilated, transparent plastic cages. The vivarium is maintained
at 25°C on a 12 h light/dark cycle. Food and water were provided
ad libitum. Each behavioral testing run included both young
and aged rats. All rats included in the study were determined to
be healthy as confirmed by pathogen-free status throughout the
experiments, screening for disability, as well as by necropsies at
the time of sacrifice. All procedures were approved by the insti-
tutional animal care and use committee in accordance with the
National Institutes of Health directive. Independent groups of
animals were used for in situ, microarray and DNA methylation
experiments.

Behavioral characterization. Behavioral assessment of mem-
ory function in a Morris water maze task was conducted as previ-
ously described.’ Briefly, the water maze consisted of a circular
pool surrounded by white curtains with black patterns affixed
to provide a configuration of spatial cues. Aged (24 mo) and
young (4—5 mo) male Long Evans rats were trained for eight days
(three trials per day) to locate a camouflaged escape platform that
remained at the same location throughout training. Every sixth
trial consisted of a probe trial (free swim with no escape plat-
form) for the first 30 sec of the trial after which the platform was
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raised to its previous location. Probe trials served to assess the
development of a spatially localized search for the escape plat-
form. The primary measure used in the spatial learning task was
proximity to the escape platform location, a sensitive method for
behavioral analysis in this task.”” A learning index was generated
from the proximity of the rat to the escape platform during the
probe trials and was used to define impairment in the rats. Lower
scores reflect better performance as they indicate a search closer
to the platform location. Aged rats were categorized based on
the normative range of young performance established across
years of testing within this paradigm. Those performing as well
as young were designated aged unimpaired (AU) whereas those
performing worse than young were considered aged impaired
(AI). The learning index was also used as a continuous measure
for comparison to mRNA and methylation levels. Importantly
learning index demonstrates substantial test-retest reliability over
time and task® supporting the notion that this measure reflects
a consistent state of hippocampal function. Cue training (vis-
ible escape platform) occurred on the last day of training to test
for sensorimotor and motivational factors independent of spa-
tial learning. Tissue was collected at least 2 weeks after the last
behavioral test day. Independent groups of subjects were used for
microarray, in situ and methylation studies. For microarray and
in situ experiments, animals were included from several different
behavioral testing runs over a 3-mo span. Subjects for the meth-
ylation analyses and qPCR were derived from archived samples
spanning several years. Each run included aged and young sub-
jects. Animals were selected for inclusion in each group to rep-
resent a complete range of performance as indicated by learning
index (Fig. 3A). Analysis of variance was used to determine the
significance of group differences.

Gene expression analysis. [ situ hybridization. In situ hybrid-
ization data was described in ref’ Briefly, probe templates were
synthesized de novo by PCR from whole hippocampal RNA and
were cloned in pGem7zf+ plasmid or modified to contain SP6
and T7 RNA polymerase binding sites by PCR. HSPA5 primers:
left: 5'-cag gat gca gac att gaa gac, right: 5'-atc caa ggt gaa cac aca
cc; Gabra5 primers: left: 5'-gaa tct gte cca get agg ac, right: 5'-ctc
tca gaa gtc tec tee te. S-UTP labeled riboprobes were generated
using the Maxiscript kit (Ambion) according to manufacturer’s
directions and stored at -80C until use. Behaviorally character-
ized aged and young rats were anesthetized with isoflurane and
transcardially perfused with 0.1 M phosphate buffer saline at
room temperature followed by ice-cold 4% paraformaldehyde in
0.1 M phosphate buffer (PB). For Gabra5 resulting Ns were 5 'Y,

5 AU and 6 Al and for Hspa5, Ns were 4 Y, 6 AU and 5 AL
Thirty-micrometer sections were taken through the fixed hippo-
campi and hybridized with labeled probes. Mounted, dried sec-
tions were exposed in a phosphorimager cassette and the CA3
subregion was outlined by hand and quantified using Imagequant
(GE healthcare). All sections for each gene analysis were hybrid-
ized simultaneously using a single probe preparation. Processing
and analysis of the brain sections were done blind to experimen-
tal conditions matched for level along the septo-temporal axis
but restricted to the dorsal hippocampus. Because of occasional
variability in hybridization, outliers were removed based on the
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formula median + 2(Q3 - QI). Analysis of variance was used
to determine significant differences between groups. Radioactive
standards exposed at the same time as the sections ensured that
section intensity was within the linear range.

Microarray hybridization and analysis. The microarray experi-
ment from which the Synl data has been described in detail
previously.’ Briefly, CA3 was microdissected from 500 micron
transverse sections of the hippocampus along its entire longitudi-
nal extent from aged and young behaviorally characterized Long
Evans rats. Total RNA samples were sent to the Johns Hopkins
Microarray core facility for cRNA labeling and hybridization to
Affymetrix rat 230 2.0 microarrays using standard Affymetrix
recommended procedures. All quality control, normalization,
differential expression, and exploratory analysis of microarray
data were performed using the open-source R statistical language
(www.r-project.org). The quality of microarray data was assessed
on many levels, resulting in the omission of 5 of the 72 hybrid-
izations from the analysis. Resulting Ns for the CA3 subregional
data were 6 AU, 8 Al and 9 Y for each region. The gcRMA
package in Bioconductor (www.bioconductor.org)® was used to
normalize microarray data. Significance analysis in microarrays
(SAM) d-statistics®® were combined with an empirically-derived
low-intensity cut-off to assess differential expression across com-
parison groups of animals.

Quantitative reverse transcription PCR. RNA was extracted
from archived dissected CA3 hippocampal tissue samples con-
currently with the genomic DNA used in methylation analysis
(Allprep kit, Qiagen). The samples were not originally designated
for RNA extraction and thus were not consistently handled to
maintain RNA integrity. We assessed samples for RNA quality
using agarose gel electrophoresis and included only samples with
a 285/18S ratio greater than 1.4 resultinginan=7Y, 3 AU and
5 AL RNA was reverse transcribed and subjected to qPCR using
rat Gabra5 primer set #2 and normalized to TBP control primers
(RealTimePrimers.com) on a Rotor-Gene 3000.

Methylation analysis. Genomic DNA samples. The CA3 sub-
region was dissected from archived hippocampi isolated from
8 young and 14 aged (6 AU and 8 Al) behaviorally characterized
rats (see above for behavioral assessment). CA3 Genomic DNA
was isolated using the Allprep kit (Qiagen) and the same gDNA
preparations were used for methyl-specific PCR, bisulfite pyrose-
quencing and bisulfite sequencing,.

CpG island identification and primer design. Genomic sequences
were identified via NCBI Gene database. Reference assembly
sequences (based on RGSC_v3.4) were used for analysis. 10000
bps of genomic sequence centered at the mRNA start site were
assessed for CpG islands using EMBL-EBI Emboss CpG island
search tool (www.ebi.ac.uk/Tools/emboss/cpgplot/index.heml).
The mRNA start site as designated on the RGSC_v3.4 sequence
was used with no independent confirmation. Sequences that met
the following criteria were considered to be CpG islands: CpG
ratio observed to expected > 0.6 and GC content greater than
50% (calculated in a 100 bp window) over a minimum length of
200 bps. Any gaps within the genomic sequence were ignored for
CpG island search purposes. Methyl-specific PCR primers to CpG

islands as well as to genomic regions adjacent to the CpG islands
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Table 3. Methyl-specific PCR primers

Primer set Left sequence (5'-3') Right sequence (5'-3')
Gabras 1y TGTTATTGATATTGG  ATC ACA AAC AAT ACA AAA
abra ATTAATATGT CTTTCC A
Gobras 1 TGTTATTGATATTGG  ACA AACAAT ACA AAA CTT
abra ATT AATACGT TCC GAT
Gabras um  TGAGGGTTG GATTAT  ACT CAC CAA TAC TAA CAC
abra TAG AGG TAT T ACA ACA CA
Gabras oy GAGGGTCGGATTATT  CACCAATAC TAA CGC ACA
abra AGA GGT ATC ACG
Gabras 3um  ATTAGAAGTAGTTTT  CCACTT TTA CAA AAT ATA
abra GGTTTT GAATC CAATCATC
Gabras 3y TAGTTTGTTGGTTTT  CACTTTTAC AAA ATATAC
abra GAA CGT AAT CGT C
Actin BS GTTTTAGGTTTGAGG  TCC CAA AAA AAC CCT AAT
¢ TGATAA AGT G AAA ATA C
heoas 1y TTTTITTGATTTTGA AT AACTTC ATC TTA CCG
spa GATTTTTGT C ACG CT
TTTTIGATTTTGAGA  CAATAA ACT TCA TCT TAC
Hspa5 1TUM
TTTTIGTIGT CAACACT
svnansin 1 TTETAGCGGGTAGTA  AAA AAATCC AAA AAA CAA
ynaps GAG GAG TC TAA ATC G

(CpG island shores) were designed using Methprimer (www.
urogene.org/methprimer/index1.html). CpG island primers were
limited to no more than 2 CpGs per primer and targeted toward
the middle of the CpG island where possible. Gabra5 bisulfite
sequencing and pyrosequencing primer set was also designed by
methprimer and targeted as close the Gabra5 MSP primer set as
possible. Table 3 contains all primer sequences targeting bisulfite
treated methylated and unmethylated versions of the genes.
Methyl-specific PCR. CA3 genomic DNA was bisulfite treated
using the EZ DNA Methylation Gold kit (Zymogen) accord-
ing to manufacturer’s directions. Bisulfite treatment converts
unmethylated, but not methylated, cytosines to thymidines.
Primers directed to a particular sequence are designed to detect
either the methylated or unmethylated converted DNA and thus
selectively amplify the target sequence based on methylation
status as in Miller et al.?* Bisulfite treated DNA was amplified
using QuantiTect SYBR Green PCR Kit (Qiagen) in a Rotorgene
RG3000 (Corbett Research). For each primer pair all subjects
were run in triplicate simultaneously along with a control sam-
ple. Optimal cycling conditions for each primer set were found
using a standard curve of varying DNA concentrations. All stan-
dard curves had an efficiency near 1. Standard curves for prim-
ers targeting methylated DNA were performed on DNA treated
with M. Sssl CpG methyltransferase (New England Biolabs)
prior to bisulfite sequencing. Data was normalized to amplifica-
tion with an Aezb primer pair containing no CpG dinucleotides.
Amplification levels of methylated and unmethylated primer
pairs (as in Fig. 2) were determined by 2%“" method relative to
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Acth. Samples with no amplification, which occurred frequently
with methylated primers, were given a value of zero. For the
Gabra5 CpG island shore primer sets (MSP2 and MSP3) both
unmethylated and methylated primers amplified quite well. Thus
the ratio between methylated and unmethylated primers was
used to determine methylation changes, eliminating the need for
normalization to the Actb primer set.

Bisulfite pyrosequencing. CA3 genomic DNA samples were
bisulfite treated and a region of the Gabra5 CpG island PCR was
amplified using primers containing no CG dinucleotides. This
criteria was necessary so as not to bias amplification toward meth-
ylated or unmethylated sequences left primer 5-TTG GGG TTT
TTT AGA AGA GTA GTT T-3'; right primer 5-GAG ATG
GAA GTA TTT GTT GTG TGT TT-3"). As a consequence
the primers were targeted to the 3' end of the CpG island at the
end of the first exon, the only CpG island region with primer-
length sequences without CpGs. Sequences were amplified with
a biotinylated 3" primer and sequenced on a Pyromark 24 system
at the Johns Hopkins Medical Institute DNA Analysis core facil-
ity. Three different sequencing primers were used to cover the
entire amplicon: seq #1 5-TTG GGG TTT TTT AGA AGA
GTA GTT T-3% seq #2 5" GTT TAG GGG AGG TAA AAG
GAA T-3% seq #3 5-GTT TTT TAG ATT YGT TAG GTT
A-3'. Due to sequence characteristics, CpGs 1-4, 11 and 13 data
did not pass quality control standards. Pyrosequencing of Gabra5
upstream shore spanned the left MSP2 primer. Quality data was
obtained from 5 out of 6 CpGs with two sequencing primers:
seq #1 5-TTG GGA TTG TAG GAA TTG TTA AT-3'; seq #2
5“ATT GGT TTT GGT TGT TTT TGT TT-3"

Bisulfite sequencing. PCR products generated with pyrosequenc-
ing primers were cloned into pGEM T-easy vector (Promega) and
transformed into DH10B cells (Invitrogen). For each subject, 15
individual clones were grown, tested for insert by EcoRI digest, and
isolated plasmid sent to Eurofins MWG Operon to be sequenced
with M13F43 primer. Based on the presence on non-CpG cyto-
sines, the bisulfite conversion rate was greater than 99.5% with no
significant difference between aged and young groups indicating
equivalent bisulfite conversion rates across groups.

Statistics. Because methylation dataare not necessarily normally
distributed, we used the Mann-Whitney U test and Spearman
correlations to determine significance for all methylation data. A
p value < 0.05 was considered significant. A Bonferroni correc-
tion for multiple testing was used when necessary.
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