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Exercise improves cognition in the aging brain and is a key regulator of neuronal plasticity
genes such as BDNF. However, the mechanism by which exercise modifies gene
expression continues to be explored. The repressive histone modification H3K9me3
has been shown to impair cognition, reduce synaptic density and decrease BDNF in
aged but not young mice. Treatment with ETP69, a selective inhibitor of H3K9me3’s
catalyzing enzyme (SUV39H1), restores synapses, BDNF and cognitive performance.
GABA receptor expression, which modulates BDNF secretion, is also modulated by
exercise and H3K9me3. In this study, we examined if exercise and ETP69 regulated
neuronal plasticity genes by reducing H3K9me3 at their promoter regions. We further
determined the effect of age on H3K9me3 promoter binding and neuronal plasticity
gene expression. Exercise and ETP69 decreased H3K9me3 at BDNF promoter VI in
aged mice, corresponding with an increase in BDNF VI expression with ETP69. Exercise
increased GABRA2 in aged mice while increasing BDNF 1 in young mice, and both
exercise and ETP69 reduced GABRA2 in young mice. Overall, H3K9me3 repression at
BDNF and GABA receptor promoters decreased with age. Our findings suggest that
exercise and SUV39H1 inhibition differentially modulate BDNF and GABRA2 expression
in an age dependent manner.

Keywords: epigenetics, exercise, H3K9me3, ETP69, BDNF, aging, hippocampus

INTRODUCTION

Exercise has been shown to improve cognition in the aged brain across a range of clinical
and animal studies (van Praag et al., 2005; Kirk-Sanchez and McGough, 2014; Snigdha et al.,
2014). Underlying these improvements are changes to the expression of genes related to neuronal
plasticity. Our lab was the first to show a dose-dependent effect of exercise on hippocampal
brain derived neurotrophic factor (BDNF), which is critical for memory, neuron survival and
brain plasticity (Neeper et al., 1995; Berchtold et al., 2002; Cotman and Berchtold, 2002). Recent
studies suggest that exercise changes gene expression via epigenetic mechanisms, which are also
critical contributors to age-related cognitive decline (Lardenoije et al., 2015; Fernandes et al., 2017).
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A dynamic repressive mark is trimethylated histone 3, lysine 9
(H3K9me3), which is associated with age-related gene repression
and regulates genes critical for cognitive function (Sedivy et al.,
2008; Villeneuve et al., 2010; Snigdha et al., 2016).

Our lab has focused on elucidating the role of H3K9me3
in cognitive function. We first determined that H3K9me3
is elevated in the hippocampi of aged mice. To investigate
if H3K9me3 is involved in cognitive decline, we inhibited
the histone methyltransferase (SUV39H1) that catalyzes H3K9
trimethylation. We used a selective SUV39H1 inhibitor called
ETP69, a chaetocin A analog developed by Dr. Larry Overman
(Baumann et al., 2015). Treatment with ETP69 improved the
performance of aged mice in object location memory (OLM)
and fear conditioning tasks. ETP69 also increased hippocampal
spine density as measured by Golgi staining and flow cytometry.
Importantly, ETP69 treatment before or after acquisition of an
OLM task increased total BDNF levels and decreased H3K9me3
at the BDNF 1 promoter (Snigdha et al., 2016). These findings
demonstrate that H3K9me3 leads to memory decline, reduces
synaptic plasticity, and represses BDNF expression in aged
mice. While this study examined the relationship between
H3K9me3 and memory, the effects of exercise on H3K9me3
gene repression have not been investigated. Further research is
needed to determine if exercise-induced increases in neuronal
gene expression correlate with a reduction in H3K9me3 at
promoter regions.

Studies have begun to examine how exercise affects the
regulation of neuronal plasticity genes such as BDNF, which
enhances learning and memory (Cotman and Berchtold, 2002;
Intlekofer et al., 2013). BDNF is comprised of a variable 5′ (exon
I, IIa/IIb/IIc, III, IV, V) end and a common 3′ (exon VI) end
(Adlard et al., 2005; Aid et al., 2007). We have shown that
the degree of exercise is proportional to hippocampal BDNF
expression in young mice and rats (Neeper et al., 1995; Adlard
et al., 2004). However, more than 1 week of exercise does not
significantly increase BDNF in mature (15 month old) and
aged (24 month old) mice, suggesting that BDNF expression is
impaired in older mice (Adlard et al., 2005). Reduced GABA
signaling may play a role in the age-associated decline of
BDNF. GABA B receptors phosphorylate α-CAMKII, involved
in BDNF release, and BDNF secretion triggered by GABA B
receptors increases levels of GABA A receptors (Kolarow et al.,
2007; Fiorentino et al., 2009; Porcher et al., 2018). GABA A
receptor activation also increases BDNF secretion via an ERK
dependent pathway (Brady et al., 2018). GABA receptors are
thus involved in the regulation of BDNF signaling, and GABA
signaling is also reduced in the hippocampus with age (Stanley
and Shetty, 2004; McQuail et al., 2015). We recently found that
exercise correlates with the expression of 8 GABA genes in the
aged hippocampus, including GABA B receptor 1 (GABBR1)
and the alpha 2 subunit of the GABA A receptor (GABRA2)
(Berchtold et al., 2019). H3K9me3 may play a role in the
repression of GABA receptors as well as BDNF. A study of
postmortem cortical samples showed an increase in H3K9me3 at
the promoters of BDNF, GABBR1 and GABRA2 in Alzheimer’s
diseased brains (Lee et al., 2020). The parallels between GABA
receptor and BDNF expression with age and exercise suggests

that GABA signaling may be involved in exercise-induced
BDNF regulation.

In this study, we examined how exercise, SUV39H1 inhibition
and age affect H3K9me3 promoter repression and expression
of BDNF and GABA receptors. We first separated aged and
young mice into sedentary, exercised and ETP69 treatment
groups. We then measured levels of H3K9me3 at the promoters
of BDNF transcripts I, IV, and VI, and at the promoters of
GABBR1 and GABRA2. Lastly, we quantified transcript mRNA
to determine the correlation between promoter H3K9me3
levels and total gene expression. Exercise and ETP69 reduced
H3K9me3 at BDNF promoter VI in aged mice, corresponding
with an increase in BDNF VI expression with ETP69. In young
mice, exercise increased BDNF I expression, suggesting an
age-dependent change in BDNF regulation. Exercise increased
GABRA2 expression in aged mice while both exercise and
ETP69 reduced GABRA2 expression in young mice. Overall,
H3K9me3 repression at BDNF and GABA receptor promoters
decreased with age. Our findings suggest that exercise and
SUV39H1 inhibition differentially modulate BDNF and
GABRA2 expression in an age dependent manner.

MATERIALS AND METHODS

Animals
All experiments were conducted in accordance with the National
Institutes of Health guidelines for animal care and use, and were
approved by the Institutional Animal Care and Use Committee
of the University of California, Irvine. Male 18 month old and
3 month old C57BL/6J mice (n = 21 for each age; Jackson
Laboratory) were individually housed with food and water
ad libitum, and allowed 1 week acclimation to the vivarium prior
to experiments. Lights were maintained on a 12 h light–dark
cycle. Mice were sacrificed by carbon dioxide gas and cervical
dislocation, and brains were rapidly frozen on isopentane cooled
in liquid nitrogen. 1 mm punches of the dorsal hippocampus were
collected from 500 µm slices.

Exercise and ETP69 Treatment
All mice were single housed in either standard cages (sedentary
and ETP69 injected mice) or cages with a running wheel
(exercised mice). Mice were single housed due to the design of the
running wheel apparatus, which allows for only a single animal
per cage. Single housing also gave each animal free and equal
access to a running wheel (Adlard et al., 2011). Exercise cages
consisted of 24 cm × 35 cm × 20 cm clear plastic, containing
a running wheel 40 cm in circumference, 12.7 cm diameter
(Lafayette). Aged exercised mice had access to a running wheel
for 6 weeks and young exercised mice had access to a running
wheel for 4 weeks. 3 weeks was previously shown to improve
learning and memory in young mice, and aged mice were
exercised for longer to compensate for a reduction in running
intensity with age (Adlard et al., 2005; Intlekofer et al., 2013).
Mice were i.p. injected with 10 mg/kg ETP69 dissolved in 50%
weight/volume β cyclodextrin 24 h prior to sacrifice.
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Chromatin Immunoprecipitation
ChIP was performed as described previously based on the
protocol from the Millipore Magna ChIP kit (Malvaez et al.,
2011; Rogge et al., 2013). Tissue was cross-linked with 1%
formaldehyde (Sigma), lysed and sonicated, and chromatin was
immunoprecipitated overnight with 2 µL of H3K9me3 (ab8898)
or 5 µL of anti-mouse IgG (negative control, Millipore). The
immunoprecipitate was collected using magnetic protein A
beads (Millipore). After washing, chromatin was eluted from
the beads and reverse cross-linked in the presence of proteinase
K before column purification of DNA. BDNF, GABBR1, and
GABRA2 promoter enrichment in ChIP samples was measured
by quantitative real-time PCR using the Roche 480 LightCycler
and SYBR green. Primer sequences for BDNF promoters were
taken from Intlekofer et al. (2013) and GABA receptor primers
were designed by the Primer-BLAST program (Supplementary
Table 1). Five microliters of input, anti-H3K9me3, or anti-
mouse IgG immunoprecipitate from mice in each condition
were examined in duplicate. To normalize ChIP-qPCR data,
we used the percent input method. The input sample was
adjusted to 100% and both the IP and IgG samples were
calculated as a percent of this input using the formula:
100 × AEˆ[adjusted input –Ct (IP)]. An in-plate standard curve
determined amplification efficiency (AE).

Quantitative qRT-PCR
qRT-PCR was performed as previously described (Rogge et al.,
2013). RNA was isolated from punches using an RNA Easy Mini
Kit (Qiagen) and cDNA was created using the High-Capacity
cDNA Reverse Transcription Kit with RNase Inhibitor (Thermo
Fisher Scientific). Primer and probe sequences were designed by
Integrated DNA Technologies and are listed in Supplementary
Table 2. All probes were conjugated to the dye FAM except
for GAPDH, which was conjugated to the dye HEX. Samples
were measured in duplicate using the Roche 480 LightCycler and
Gene Expression Master Mix (Integrated DNA Technologies). All
values were normalized to GAPDH expression levels. Analysis
and statistics were performed based on the Pfaffl method (Pfaffl,
2001).

Statistical Analysis
Results were analyzed using one way ANOVA, Welch’s ANOVA,
or two way ANOVA, followed by post hoc analysis using Prism
software. In all cases, p ≤ 0.05 was considered significant. Excel
was used for percent input analysis of ChIP data and Pfaffl
analysis of qRT-qPCR data.

RESULTS

ETP69 and Exercise Reduce H3K9me3 at
Brain Derived Neurotrophic Factor
Promoter VI in Aged Mice
We first investigated if ETP69 and exercise affected H3K9
trimethylation levels at BDNF promoter regions. We examined
BDNF I, IV, and VI as these regulatory exons are highly expressed

in the hippocampus (Aid et al., 2007). Our lab previously found
that ETP69 treatment before or after the acquisition phase of
an OLM task improved performance in aged mice and reduced
H3K9me3 at the BDNF I promoter (Snigdha et al., 2016).
Building on this study, we investigated if ETP69’s effect on
BDNF repression was dependent on neuronal stimulation or
a behavioral task. Treating sedentary, non-behaving aged mice
with ETP69 reduced H3K9me3 at BDNF promoter VI instead of
promoter I (Figure 1, One way ANOVA **p = 0.0036; Dunnett’s
post hoc test, ∗p = 0.011 ETP69 vs. sedentary). This suggests
that the neuronal activity caused by an OLM task changes the
regulation of BDNF promoter regions.

We also explored the effect of physical activity on H3K9
trimethylation at BDNF promoter regions, as BDNF production
is increased in young but not aged mice after long term
exercise (Neeper et al., 1995; Adlard et al., 2004, 2005).
Our lab previously found that exercise increases H4K8ac
at BDNF I and IV promoters in young mice, suggesting
that exercise may also influence H3K9me3 levels at these
promoters (Intlekofer et al., 2013). Exercise reduced H3K9me3
levels at the BDNF VI transcript in aged mice (Figure 1C;
∗∗p = 0.0021 exercise vs. sedentary), displaying a specific and
parallel effect of exercise and ETP69 on BDNF promoters.
Surprisingly, neither ETP69 nor exercise changed H3K9me3
at BDNF promoter transcripts in young mice (Figures 2A–
C), suggesting that the stability of promoter repression
decreases with age.

Exercise and ETP69 Differentially
Regulate Brain Derived Neurotrophic
Factor Exon Expression in Young and
Aged Mice
To determine if a reduction in H3K9me3 is associated with
increased BDNF expression, we measured BDNF exon mRNA
levels in aged and young mice. Reduced H3K9me3 at BDNF
promoter VI correlated with an increase in BDNF VI expression
in aged mice treated with ETP69, but not aged exercised
mice (Figure 3C; Welch’s ANOVA ∗∗p = 0.007; Dunnett’s
post hoc test, etp vs. sed ∗p = 0.012). There was no change
in BDNF I or IV expression with ETP69 or exercise in aged
mice (Figures 3A,B). This finding is supported by previous
work from our lab showing that exercise did not increase
expression of BDNF exons I, IV, or VI in the aged mouse
hippocampus (Adlard et al., 2005). These results suggest
that BDNF VI levels are regulated by a direct reduction in
H3K9me3 repression in aged mice. In contrast, exercise activates
multiple signaling pathways that modulate BDNF expression,
and its reduction of H3K9me3 does not drive an increase in
exon VI expression.

Neither exercise nor ETP69 affected H3K9me3 binding to
BDNF promoters in young mice (Figures 2A–C), yet exercise
significantly increased BDNF I expression (Figure 2D; One
way ANOVA, ∗p = 0.012; Tukey’s post hoc test, ∗p = 0.018
sed vs. ex, ∗p = 0.03 ex vs. etp). Exercise significantly
elevated BDNF IV levels in comparison to ETP69 treatment,
but failed to reach significance relative to sedentary controls
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FIGURE 1 | Exercise and ETP69 reduce H3K9me3 at BDNF promoter VI in aged mice. Exercise and ETP69 treatment significantly reduce H3K9me3 expression at
BDNF promoter VI (C), but not at promoter I (A, One way ANOVA, p = 0.16) or IV (B, One way ANOVA, p = 0.17). (C) One way ANOVA ∗∗p = 0.0036; Dunnett’s
post hoc test (∗∗p = 0.0021 exercise vs. sedentary; ∗p = 0.011 ETP69 vs. sedentary).

(Figure 2E; Welch’s ANOVA, ∗p = 0.049; Dunnett’s post hoc
test, ∗p = 0.056 ex vs. etp). Exercise and ETP69 did not
increase BDNF VI levels in young mice (Figure 2F; One
way ANOVA, p = 0.24). This is in accordance with previous
findings that exercise induces BDNF I and IV expression
but not BDNF VI expression in young mice after 3 weeks
of exercise (Intlekofer et al., 2013). Exercise has a greater
effect on BDNF exon expression in young mice than in aged
mice, suggesting that BDNF induction by exercise is less
prevalent with age.

Exercise and ETP69 Modulate GABRA2
Expression in an Age Dependent Manner
We next investigated how the repression and expression of
GABA receptors correlate with BDNF, as GABA receptor
activation increases BDNF signaling (Kolarow et al., 2007;
Fiorentino et al., 2009; Brady et al., 2018; Porcher et al., 2018).
We previously found that both BDNF and GABA receptor
expression are regulated by exercise, suggesting that GABA
receptors may be involved in regulating exercise-induced BDNF
expression (Adlard et al., 2004; Berchtold et al., 2019). We first
examined if H3K9me3 levels at the GABBR1 and GABRA2
promoters were changed by exercise and ETP69. Promoter
repression was not significantly different from sedentary mice
in either young or aged animals (Figure 4). However, there
was a non-significant reduction in H3K9me3 at GABRA2 in

aged animals with exercise and ETP69 (Figure 4D; One way
ANOVA, p = 0.066; Dunnett’s post hoc test, p = 0.09 sed vs. ex,
p = 0.073 sed vs. etp). These results suggest that GABA receptor
promoters are resistant to epigenetic changes by exercise and
global reductions in H3K9me3.

We next asked if exercise and ETP69 changed GABA receptor
expression levels and found that the direction of change was
highly dependent on mouse age. Exercise significantly increased
GABRA2 expression in aged mice (Figure 5D; One way ANOVA,
∗p = 0.024; Tukey’s post hoc test, ex vs. sed ∗p = 0.052, ex vs. etp
∗p = 0.044). In contrast, exercise and ETP69 reduced GABRA2
expression in young mice (Figure 5B; One way ANOVA,
∗∗p = 0.0012; Tukey’s post hoc test, ∗∗p = 0.001 sed vs. ex, ∗p = 0.28
sed vs. etp). ETP69’s effect on GABRA2 is surprising considering
it does not reduce H3K9me3 at its promoter, suggesting that
a global reduction in H3K9me3 activates a pathway that
decreases inhibitory signaling. The exercise-induced increase
in GABRA2 in aged mice is supported by our research in
aged postmortem brains, suggesting that the need for inhibitory
signaling increases in the aged brain (Berchtold et al., 2019).
There was no treatment effect on GABBR1 expression, although
there was a non-significant decrease with ETP69 in young
mice (Figure 5A, One way ANOVA, p = 0.13; Tukey’s post
hoc test, p = 0.12 sed vs. etp; Figure 5C, One way ANOVA,
p = 0.93). Therefore, exercise and ETP69 regulate GABRA2
expression independently of promoter H3K9me3 in an age-
dependent manner.
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FIGURE 2 | Exercise increases BDNF I expression in young mice. (A) H3K9me3 at BDNF I promoter, one way ANOVA, p = 0.41. (B) H3K9me3 at BDNF IV
promoter, one way ANOVA, p = 0.6. (C) H3K9me3 at BDNF VI promoter, one way ANOVA, p = 0.89. Exercise increases BDNF I expression (D) but not BDNF IV (E)
or BDNF VI (F) expression relative to sedentary conditions. (D) One way ANOVA, ∗p = 0.012; Tukey’s post hoc test, ∗p = 0.018 sed vs. ex, ∗p = 0.03 ex vs. etp.
(E) Welch’s ANOVA, ∗p = 0.049; Dunnett’s post hoc test, ∗p = 0.056 ex vs. etp. (F) One way ANOVA, p = 0.24.

FIGURE 3 | ETP69 increases BDNF VI expression in aged mice. (C) Welch’s ANOVA, ∗∗p = 0.007; Dunnett’s post hoc test, etp vs. sed ∗p = 0.012. Exercise and
ETP69 did not affect levels of BDNF I (A) or BDNF IV (B) in aged mice. (A) One way ANOVA, p = 0.43. (B) One way ANOVA, p = 0.63.

H3K9me3 Repression of Brain Derived
Neurotrophic Factor and GABA
Receptors Decreases With Age
Our lab previously found that H3K9me3 is increased with age
in the hippocampi of aged mice, leading us to ask if promoter

bound H3K9me3 was also elevated with age in our study
(Snigdha et al., 2016). We compared percent input levels from
ChIP experiments measuring H3K9me3 binding in young and
aged mice. Surprisingly, we found that H3K9me3 promoter
binding was greater in young mice than in aged mice at
BDNF promoters I, IV, and VI, as well as at the GABRA2
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FIGURE 4 | Exercise and ETP69 do not change H3K9me3 at GABA receptor promoters in young and aged mice. (A) H3K9me3 at GABBR1 promoter in young
mice, one way ANOVA, p = 0.89. (B) H3K9me3 at GABRA2 promoter in young mice, one way ANOVA, p = 0.44. (C) H3K9me3 at GABBR1 promoter in aged mice,
one way ANOVA, p = 0.11. (D) H3K9me3 at GABRA2 promoter in aged mice, one way ANOVA, p = 0.066; Dunnett’s post hoc test, p = 0.09 sed vs. ex, p = 0.073
sed vs. etp.

promoter (Figures 6A,B,C,E). There was no effect of age on
H3K9me3 binding at the GABBR1 promoter (Figure 6D). This
finding suggests that H3K9me3 promoter repression is impaired
with increasing age.

DISCUSSION

Our findings demonstrate that exercise and SUV39H1 inhibition
affect the expression of BDNF exons and GABRA2 in an
age dependent manner. Exercise and ETP69 significantly
decreased H3K9me3 at BDNF promoter VI in aged mice,
corresponding to an increase in BDNF VI expression with
ETP69 treatment. Apart from this important exception, exercise
and ETP69 did not significantly alter H3K9me3 levels at the
promoters of neuronal plasticity genes, although they did
regulate mRNA levels. These findings suggest that H3K9me3
promoter repression is not a primary driver of neuronal
plasticity gene expression. Age had a strong effect on H3K9me3
promoter binding, as H3K9me3 repression of BDNF and GABA
receptors decreased significantly in old mice. Exercise and
ETP69 altered neuronal gene expression in an age-dependent

manner and reduced H3K9me3 recruitment at the BDNF VI
promoter region.

Of the promoters we examined, exercise and ETP69 only
reduced H3K9me3 at the BDNF VI promoter in aged mice,
suggesting that promoter bound H3K9me3 is a largely stable
epigenetic modification. This finding differs from previous
research showing that ETP69 reduces H3K9me3 at BDNF I
following an OLM task (Snigdha et al., 2016). OLM increases the
expression of the immediate early gene Nr4a2, which activates
BDNF promoters and modulates BDNF expression (Volpicelli
et al., 2007; Kwapis et al., 2019). Inhibiting SUV39H1 thus had
a disparate effect on BDNF regulation in home cage mice as
opposed to cognitively engaged mice. ETP69 increased BDNF
VI expression in aged mice, potentially as a means of improving
plasticity in a system where synaptic genes are downregulated
(Lu et al., 2004). BDNF VI is localized to distal dendrites while
BDNF IV is restricted to the soma, and BDNF I is present in
both soma and dendrites (Pattabiraman et al., 2005; Chiaruttini
et al., 2009; Boulle et al., 2012). BDNF VI is also involved in
governing the complexity of dendritic spines (Maynard et al.,
2017). This regulatory exon may be selectively upregulated by
SUV39H1 inhibition to improve plasticity in the aged brain.
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FIGURE 5 | Exercise and ETP69 affect GABRA2 expression in an age-dependent manner. (A) One way ANOVA, p = 0.13; Tukey’s post hoc test, p = 0.12 sed vs.
etp. Exercise and ETP69 reduced GABRA2 expression in young mice. (B) One way ANOVA, ∗∗p = 0.0012; Tukey’s post hoc test, ∗∗p = 0.001 sed vs. ex, ∗p = 0.28
sed vs. etp. Exercise and ETP69 did not affect levels of GABBR1 in aged mice. (C) One way ANOVA, p = 0.93. Exercise increased GABRA2 expression in aged
mice. (D) One way ANOVA, ∗p = 0.024; Tukey’s post hoc test, ex vs. sed ∗p = 0.052, ex vs. etp ∗p = 0.044.

In addition to increasing BDNF VI levels in aged mice,
exercise also elevated BDNF I expression in young mice. This
finding is supported by previous studies in our lab showing
that 3 weeks of wheel running increase BDNF I levels in the
hippocampi of young rats and mice (Tong et al., 2001; Intlekofer
et al., 2013). There was no change in BDNF IV in young or aged
mice, a finding which is supported by an exercise study in young
mice (Intlekofer et al., 2013). As previously mentioned, BDNF
IV is localized at the soma as opposed to dendrites like BDNF
I and VI and does not play a significant role in synaptic plasticity
(Pattabiraman et al., 2005; Chiaruttini et al., 2009; Boulle et al.,
2012). BDNF IV may also be more involved in fear and emotion
based learning than BDNF I and VI. A fear conditioning study
showed that consolidation of fear learning upregulated BDNF
IV expression, while context exposure alone was enough to
upregulate BDNF I and VI (Lubin et al., 2008; Boulle et al., 2012).
Based on these studies, it is possible that BDNF IV expression is
not regulated by the same mechanism as BDNF I and VI.

Intriguingly, exercise and SUV39H1 inhibition significantly
affected GABRA2 expression, yet the direction of change was
dependent on mouse age. While exercise increased GABRA2
expression in aged mice, ETP69 and exercise both reduced
GABRA2 levels in young mice. GABA signaling is reduced in
the hippocampus with age, contributing to overexcitation and
memory impairment (Stanley and Shetty, 2004; Spiegel et al.,

2013; McQuail et al., 2015). A study of 21-month-old mice found
a specific decrease in GABRA2 around neuronal cell bodies
and proximal dendrites in the CA1 and CA3 (Palpagama et al.,
2019). GABA A receptor activity is also correlated with cognitive
performance in aged mice (Koh et al., 2013, 2020). Exercise may
induce an increase in GABRA2 in the aged hippocampus to
compensate for an age-associated decline in inhibitory signaling,
improving cognition in the process. In contrast, exercise may
reduce GABA receptors in young mice to increase neuronal
excitation. This is supported by a study showing that 4 weeks
of wheel running decreased GABRA2 in the forebrain of young
rats (Hill et al., 2010). GABRA2 expression was not mediated
by promoter bound H3K9me3, suggesting that repression of
upstream transcriptional elements may play a greater role in
regulating gene expression. H3K9me3 is prevalent in regions
flanking enhancer regions, suggesting that exercise may reduce
enhancer H3K9me3 in aged mice and increase repression in
young mice (Zhu et al., 2012). Conversely, ETP69 may decrease
GABRA2 in young mice by reducing H3K9me3 at transcriptional
suppressors. Exercise and SUV39H1 inhibition can dynamically
impact neuronal plasticity, but the pathway by which they
regulate neuronal gene expression remains to be established.

Exercise induced changes in BDNF and GABRA2 expression
in our models, yet GABRA2’s role in BDNF regulation remains
unclear. In aged and exercised mice, the increase in GABRA2
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FIGURE 6 | H3K9me3 repression of BDNF and GABA receptors decreases with age. Comparison of ChIP% input data from young and aged mice. (A) H3K9me3
levels at the BDNF 1 promoter were significantly greater in young mice for all three conditions (sedentary, exercise, ETP69). Two way ANOVA main effect of age
F (1,27) = 56.73, ∗∗∗∗p < 0.0001. No significant effect of treatment [F (2,27) = 1.369, p = 0.27] or interaction [F (2,27), p = 0.58]. Sidak’s multiple comparisons test
sed young vs. aged t(7) = 3.03, ∗p = 0.016; ex young vs. aged t(10) = 5.33, ∗∗∗∗p < 0.0001; etp young vs. aged t(10) = 5.041, ∗∗∗∗p < 0.0001. (B) H3K9me3 levels
at the BDNF IV promoter were significantly greater in young mice for all three conditions. Two way ANOVA main effect of age F (1,27) = 29.23, ∗∗∗∗p < 0.0001. No
significant effect of treatment [F (2,27) = 0.41, p = 0.41] or interaction [F (2,27) = 0.24, p = 0.79]. Sidak’s multiple comparisons test sed young vs. aged t(8) = 2.67,
∗p = 0.037; ex young vs. aged t(9) = 3.78, ∗∗p = 0.0024; etp young vs. aged t(10) = 2.99, ∗p = 0.017. (C) H3K9me3 levels at the BDNF VI promoter were
significantly greater in young exercised and ETP69 treated mice. Two way ANOVA main effect of age F (1,25) = 34.9, ∗∗∗∗p < 0.0001. No significant effect of
treatment [F (2,25) = 2.23, p = 0.13] or interaction [F (2,25) = 2.552, p = 0.098]. Sidak’s multiple comparisons test sed young vs. aged t(8) = 1.54, p = 0.36; ex young
vs. aged t(8) = 4.49, ∗∗∗p = 0.0004; etp young vs. aged t(9) = 4.41, ∗∗∗p = 0.0005. (D) H3K9me3 levels at the GABBR1 promoter were not significantly different
between young and aged mice. Two way ANOVA no significant effect of age [F (1,29) = 0.09, p = 0.77], treatment [F (2,29) = 1.48, p = 0.24] or interaction
[F (2,29) = 2.65, p = 0.088]. (E) H3K9me3 levels at the GABRA2 promoter were significantly greater in young exercised and ETP69 treated mice. Two way ANOVA
main effect of age F (1,29) = 17.28, ∗∗∗p = 0.0003. No significant effect of treatment [F (2,29) = 0.06, p = 0.94] or interaction [F (2,29) = 2.442, p = 0.10]. Sidak’s
multiple comparisons test sed young vs. aged t(8) = 0.43, p = 0.96; ex young vs. aged t(10) = 3.45, ∗∗p = 0.0052; etp young vs. aged t(11) = 3.79, ∗∗p = 0.0021.

correlated with an increase in BDNF VI expression, suggesting
that GABRA2 may upregulate BDNF in aged models of
exercise. In contrast, exercise induced a significant decrease
in GABRA2 and an increase in BDNF I expression in young
mice. GABRA2 may only be involved in BDNF upregulation in
systems where BDNF and GABA signaling is impaired, such as
models of aging. Future studies should examine the signaling
pathway between GABRA2 and BDNF in models of aging
and exercise to determine if GABRA2 differentially upregulates
BDNF expression.

Although promoter H3K9me3 was largely unaffected by our
manipulations, its stability and binding affinity appear to decline
with age. With the exception of GABBR1, H3K9me3 binding
was greater in young mice than aged mice at the promoters
of neuronal plasticity genes. Our findings demonstrate that
H3K9me3 at promoter regions decreases with age even as
overall H3K9me3 increases, which may indicate a change in
H3K9me3’s localization and function (Snigdha et al., 2016).

Although we examined promoter bound H3K9me3 in this
study, H3K9me3 is more abundant at repeat rich sequences
packaged into constitutive heterochromatin (Maze et al., 2011;
Becker et al., 2017). These regions may be under tighter
control with age as increased age is associated with impaired
heterochromatin stability (Kane and Sinclair, 2019). Chronic
stress has also been linked to chromatin remodeling, and
the stress associated with advanced age may similarly change
H3K9me3 localization (Hunter et al., 2009). Apart from gene
repression and heterochromatin maintenance, H3K9me3 is also
involved in double strand break repair (Ayrapetov et al., 2014).
Future studies should explore if the genomic placement and
function of H3K9me3 changes with age.

This study opens up avenues for future investigation into the
regulation of neuronal plasticity genes. The role of GABRA2
in BDNF regulation has yet to be explored, and studies
involving GABRA2 inhibition or overexpression could elucidate
its effect on BDNF expression. Studies on H3K9me3 localization
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throughout the lifespan will further suggest how its function
changes with age. Our SUV39H1 inhibitor, ETP69, globally
reduces H3K9me3 but cannot modify this marker at specific
genes. ChIP-sequencing could be used to identify how H3K9me3
binding changes with age and exercise, and RNA-sequencing
can determine if these changes are correlated with gene
expression. A comprehensive examination of H3K9me3 will
clarify its effect on neuronal gene expression and specific sites of
pharmacological manipulation.

CONCLUSION

We have demonstrated that H3K9me3 regulates the expression
of BDNF VI in aged mice. Reducing H3K9me3 with ETP69
increases BDNF VI expression, thus increasing synaptic plasticity
at distal dendrites. Increased age reduces H3K9me3 promoter
binding and changes the regulation of BDNF and GABRA2
by exercise and ETP69. Overall, exercise and SUV39H1
inhibition can effectively modify the expression of genes
involved in cognition.
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