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Behavioral/Cognitive

HDAC3-Mediated Repression of the Nr4a Family Contributes
to Age-Related Impairments in Long-Term Memory

X Janine L. Kwapis,1 Yasaman Alaghband,1 Alberto J. López,1 Jeffrey M. Long,2 Xiang Li,1 Guanhua Shu,1

Kasuni K. Bodinayake,1 Dina P. Matheos,1 X Peter R. Rapp,2 and Marcelo A. Wood1

1Department of Neurobiology and Behavior, Center for the Neurobiology of Learning and Memory, University of California, Irvine, Irvine, California 92697,
and 2Laboratory of Behavioral Neuroscience, National Institute on Aging, Biomedical Research Center, National Institutes of Health, Baltimore,
Maryland 21224

Aging is accompanied by cognitive deficits, including impairments in long-term memory formation. Understanding the molecular
mechanisms that support preserved cognitive function in aged animals is a critical step toward identifying novel therapeutic targets that
could improve memory in aging individuals. One potential mechanism is the Nr4a family of genes, a group of CREB-dependent nuclear
orphan receptors that have previously been shown to be important for hippocampal memory formation. Here, using a cross-species
approach, we tested the role of Nr4a1 and Nr4a2 in age-related memory impairments. Using a rat model designed to identify individual
differences in age-related memory impairments, we first identified Nr4a2 as a key gene that fails to be induced by learning in cognitively
impaired male aged rats. Next, using a mouse model that allows for genetic manipulations, we determined that histone deacetylase 3
(HDAC3) negatively regulates Nr4a2 in the aged male and female hippocampus. Finally, we show that overexpression of Nr4a1, Nr4a2, or
both transcripts in the male mouse dorsal hippocampus can ameliorate age-related impairments in object location memory. Together,
our results suggest that Nr4a2 may be a key mechanism that promotes preserved cognitive function in old age, with HDAC3-mediated
repression of Nr4a2 contributing to age-related cognitive decline. More broadly, these results indicate that therapeutic strategies to
promote Nr4a gene expression or function may be an effective strategy to improve cognitive function in old age.
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Introduction
Normal aging is accompanied by cognitive decline, including
difficulty forming and storing memories. Rather than producing

substantial neuronal death (Rapp and Gallagher, 1996), aging
typically triggers changes in intracellular signaling and impair-
ments in learning-induced transcription (Penner et al., 2010;
Spiegel et al., 2014). As de novo transcription is required for long-
term memory formation (Alberini, 2009), this altered gene ex-
pression might contribute to memory impairments that occur in
old age. Understanding the molecular mechanisms that contrib-
ute to dysregulated transcription in the aged brain is therefore an
important step toward developing therapeutic interventions to
prolong healthy cognitive aging.
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Significance Statement

Aging is accompanied by memory impairments, although there is a great deal of variability in the severity of these impairments.
Identifying molecular mechanisms that promote preserved memory or participate in cognitive reserve in old age is important to
develop strategies that promote healthy cognitive aging. Here, we show that learning-induced expression of the CREB-regulated
nuclear receptor gene Nr4a2 is selectively impaired in aged rats with memory impairments. Further, we show that Nr4a2 is
regulated by histone deacetylase HDAC3 in the aged mouse hippocampus. Finally, we demonstrate that hippocampal overexpres-
sion of either Nr4a2 or its family member, Nr4a1, can ameliorate age-related memory impairments. This suggests that promoting
Nr4a expression may be a novel strategy to improve memory in aging individuals.
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Transcription is controlled in part through changes in chro-
matin structure, which can dynamically promote or restrict ac-
cess to neuronal DNA following a learning event. Numerous
chromatin regulatory mechanisms have been implicated in
memory (Levenson et al., 2004; Jarome et al., 2014; Kwapis and
Wood, 2014), including DNA methylation, nucleosome remod-
eling, and multiple histone modifications (e.g., acetylation,
methylation, phosphorylation). Histone acetylation has received
the most attention as a mechanism involved in age-related cog-
nitive decline, with work from our laboratory (Kwapis et al.,
2018) and others (Peleg et al., 2010; Reolon et al., 2011; Cas-
tellano et al., 2012; Benito et al., 2015; Sharma et al., 2015) dem-
onstrating that altered histone acetylation is associated with
reduced memory performance in old age. We recently demon-
strated that histone deacetylase 3 (HDAC3), which represses hi-
stone acetylation and memory formation (McQuown et al., 2011;
Malvaez et al., 2013; Bieszczad et al., 2015; Alaghband et al.,
2017), contributes to age-related impairments in hippocampal
memory (Kwapis et al., 2018). HDAC3 deletion improves
hippocampal memory and restores expression of a subset of
learning-induced genes, including one member of the Nr4a fam-
ily, Nr4a1 (Kwapis et al., 2018).

The Nr4a family consists of three genes: Nr4a1 (NGFI-B,
NUR77, TR3), Nr4a2 (NURR1, HZF-3, RNR1), and Nr4a3
(NOR1, MINOR, TEC). Each is a transcription factor and imme-
diate early gene (IEG) that is activated by signaling cascades im-
portant for long-term memory formation, including cAMP
responsive element binding protein (CREB; for review, see Hawk
and Abel, 2011). The Nr4a family has been implicated in hip-
pocampal synaptic plasticity (Bridi et al., 2017) and long-term
memory formation (Peña de Ortiz et al., 2000; Hawk et al., 2012;
McNulty et al., 2012; Malvaez et al., 2013; Rogge et al., 2013).
Both NR4A1 and NR4A2 are required for hippocampus-
dependent long-term memory (Peña de Ortiz et al., 2000; Hawk
et al., 2012; McNulty et al., 2012) and are intimately connected
with HDAC activity; not only is transcription of both genes reg-
ulated by HDACs (Vecsey et al., 2007; Hawk et al., 2012; Bridi et
al., 2017), their expression is required for memory enhancements
induced by HDAC inhibition (McQuown et al., 2011; Hawk et al.,
2012; Bridi et al., 2017). Nr4a1 and Nr4a2 are therefore modu-
lated by HDAC expression and critical for long-term memory
formation.

In this study, we tested the hypothesis that HDAC3-mediated
inhibition of Nr4a1 and Nr4a2 contributes to age-related hip-
pocampal memory impairments. As Nr4a2 was previously iden-
tified as a target of HDAC3 (McQuown et al., 2011; Malvaez et al.,
2013; Rogge et al., 2013) and can function synergistically with
Nr4a1 to promote transcription (Maira et al., 1999; Hawk and
Abel, 2011), we anticipated that simultaneous overexpression of
both transcripts would ameliorate age-related impairments in
long-term memory. Here, we used a cross-species approach to
take advantage of a well characterized rat model designed to de-
tect individual differences in age-related cognitive decline (for
review, see Gallagher et al., 2006) and a mouse model that allows
for conditional, site-specific genetic knock-out of Hdac3. We
found that learning-induced Nr4a expression fails in memory-
impaired aged mice and rats. Deletion of HDAC3 restores expres-
sion of Nr4a2, but not Nr4a1 in the aged hippocampus, but
overexpression of either Nr4a1 or Nr4a2 improves long-term
object location memory. Together, these results suggest that
HDAC3-mediated regulation of the Nr4a family of genes con-
tributes to age-related impairments in hippocampal memory
across species.

Materials and Methods
Subjects. Both rats and mice were used in the current study. Rats were all
male Long–Evans, either young adults [between 6 and 8 months at the
time of object location memory (OLM) training] or aged (between 24
and 26 months old). Rats were individually housed and maintained un-
der a 12 h light/dark cycle at the National Institute on Aging (NIA)
animal facilities until the completion of AU/AI (Aged Unimpaired/Aged
Impaired) categorization. Following categorization as AU/AI, rats were
shipped to the University of California, Irvine, where they continued to
be maintained on a 12 h light/dark cycle.

Mice were either male C57BL/6J (see Figs. 3A–C, 4) or male and female
HDAC3 flox/flox/HDAC3 �/� littermates maintained on a C57BL/6J back-
ground (Fig. 3D–H ). All mice were individually housed 1–2 weeks before
behavior and were maintained on a 12 h light/dark cycle. Young adult
mice were between 2 and 4 months old at the time of training and aged
mice were between 18 and 20 months old.

All animals had ad libitum access to food and water and all behavioral
testing was performed during the light portion of the cycle. All experi-
ments were conducted according to the U.S. 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,
or the NIA Animal Care and Use Committee.

Behavioral characterization of rats as aged unimpaired or aged impaired.
All rats were initially trained and tested in a well characterized water maze
task to categorize aged animals as either AU or AI as previously described
(Gallagher et al., 1993). Rats were given 8 consecutive days of training,
with three training trials per day interspersed with four probe trials (last
trial of every other day). A learning index (LI) score was calculated for
each rat based on the weighted average proximity (in cm) to the hidden
escape location across the last three probe trials. This LI measure has
provided a reliable metric for classifying aged rats as either AU or AI in
previous research (Gallagher et al., 1993; Koh et al., 2010; Spiegel et al.,
2013; Tomás Pereira et al., 2013; Ash et al., 2016). Rats were tested in a
single cued session of the hippocampus-independent cued water maze
task the following day and animals that perform outside of the normal
range on this task are excluded from analyses. Following categorization,
rats were shipped to the University of California, Irvine, for further be-
havioral and molecular analyses. Rats were all given 2– 4 weeks to accli-
mate after arrival at UCI before we began handling for OLM.

Surgery. All mice received surgery 2 weeks before behavior, as de-
scribed previously (White et al., 2016; Alaghband et al., 2018; Kwapis et
al., 2018; Lopez et al., 2018). Briefly, mice were anesthetized with isoflu-
rane, placed in a stereotaxic apparatus, and injection needles were slowly
lowered to the dorsal hippocampus (0.2 mm/15 s). The final coordinates
used were as follows: AP: �2.0 mm, ML: �1.5 mm, DV: �1.5 mm
relative to bregma. Virus was bilaterally injected slowly (10 min/�l),
needles remained in place for an additional 2 min, and injection needles
were then slowly removed. For overexpression of Nr4a1, Nr4a2, or both,
mice were randomly assigned to injection conditions. For HDAC3 �/�

and HDAC3 flox/flox mice, all animals were infused with AAV-CaMKII-
Cre. For all behavioral experiments, animals within each viral condition
were randomly assigned to home-cage/trained groups and all conditions
(objects, boxes, etc.) were counterbalanced between groups.

AAV production. AAV2.1-CaMKII-Cre was purchased from the Penn
Vector Core (titer: 1.81 � 1013 GC/ml). For AAV-HA-Nr4a1 and AAV-v5-
Nr4a2, we amplified wild-type Nr4a1 and Nr4a2 from hippocampal cDNA
and cloned the product into a modified backbone under the control of the
0.4 kB CaMKII promoter and �-globin intron. A v5 tag was added to Nr4a2
and a HA tag was added to Nr4a1 to allow for C-terminal fusion to each
construct, respectively. For the empty vector control, the coding sequence of
Nr4a1 or Nr4a2 was not present, but the plasmid was otherwise identical.
AAV was made by the Penn Vector Core (AAV1-v5-Nr4a2) or in Dr. Tim
Bredy’s laboratory at the University of California, Irvine (AAV1/2-HA-
Nr4a1) as previously described (Leighton et al., 2018). For animals infused
with both AAV-HA-Nr4a1 and AAV-v5-Nr4a2, viruses were mixed in equal
parts before infusing 1 �l of the viral mixture into the dorsal hippocampus.

OLM and object recognition memory. The OLM and object recognition
memory (ORM) tasks were conducted as previously described (Vogel-
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Ciernia and Wood, 2014; Kwapis et al., 2018). Mice were handled for 2
min per day for 4 d and then were given 6 d of habituation, whereas rats
were given 3 d of handling followed by 3 d of habituation. During habit-
uation, mice or rats were placed in the training context in the absence of
objects. During training, the animals were exposed to two identical ob-
jects and allowed to explore for 10 min. The following day, animals were
given a retention test in which one object was moved to a new location
(OLM) or one object was swapped with a novel item (ORM). Habitua-
tion for ORM began at least 1 week after the completion of OLM and a
new context and unfamiliar objects were used (Vogel-Ciernia and Wood,
2014; Kwapis et al., 2018). Preference for the novel item was expressed as
a discrimination index (DI): DI � (tnovel � tfamiliar)/(tnovel � tfamiliar) �
100%). Rodents that explored both objects for less than 2 s during testing
or 3 s during training were removed from further analysis. Training and
testing exploration were scored by hand from video recordings and all
scoring was performed by experimenters blinded to experimental
groups. For molecular studies, home-cage control animals were killed
between trained groups in a counterbalanced fashion.

Quantitative RT-PCR. RT-qPCR was performed as described previ-
ously (Vogel-Ciernia et al., 2013; Kwapis et al., 2018). One millimeter
punches were collected from area CA1 of the dorsal hippocampus in a
500 �M slice of tissue. RNA was isolated from punches using an RNeasy
Minikit (Qiagen) and cDNA was created using the Transcriptor First
Strand cDNA Synthesis kit (Roche Applied Science). The following
primers were used, designed using the Roche Universal Probe Library:
Rat Nr4a1: forward primer (5�–3�): AGCTTGGGTGTTGATGTTCC, re-
verse primer (5�–3�): ACAGCTAGCAATGCGGTTC, probe, AGG
AGCTG. Rat Nr4a2: forward primer (5�–3�): CCACGTCGACTCCAA
TCC, reverse primer (5�–3�): TAGTCAGGGTTTGCCTGGAA, probe
CAGCCTGG. Rat cFos: forward primer (5�–3�): CCCCTGTCAACACA
CAGGA, reverse primer (5�–3�): GACCAGAGTGGGCTGCAC, probe:
CTCCACCA. Mouse Nr4a1: forward primer (5�–3�), AGCTTGGGTGT
TGATGTTCC; reverse primer (5�–3�), AATGCGATTCTGCAGCTCTT,
probe, TCTGGTCC. Mouse Nr4a2: forward primer (5�–3�), TTGCA
GAATATGAACATCGACA; reverse primer (5�–3�), GTTCCTTGAGC
CCGTGTCT, probe, TTCTCCTG. mouse HA-Nr4a1: forward primer
(5�–3�), CCATACGACGTCCCAGACTAC, reverse primer (5�–3�):
CTCGTTGCTGGTGTTCCATA, probe, CTCCTCCA. For the v5-Nr4a2
transcript, as no Universal Probe Library assay was available, we designed
a PrimeTime qPCR assay (IDT): forward primer (5�–3�): CATGGGTA
AGCCTATCCCTAAC, reverse primer (5�–3�): TCTCCCGAAGAGTG
GTAACT, probe: 6-FAM/TC-TCCTCGGTC/Zen/TCGATTCTACGCC
TT-3lABkFQ. All of the probes for these target genes were conjugated to
the dye FAM. Gapd or Hprt5 was used as a reference gene for RT-qPCR
assays. For rat Gapd, we used the following primers: forward primer
(5�–3�); CTGCACCACCAACTGCTTAG, reverse primer (5�–3�):
TGATGGCATGGACTGTGG, probe, TTGGCATCGTG. For mouse
Gapd, we used the following primers: left primer, 5�-ATGGT-
GAAGGTCGGTGTGA-3�; right primer, 5�-AATCTCCACTTTGC-
CACTGC-3�; probe, TGGCGGTATTGG. For mouse Hprt5, we used the
following primers: forward primer (5�–3�); TGCTCGAGATGTCT-
GAAGG, reverse primer (5�–3�): CTTTTATGTCCCCCGTTGAC,
probe, ATCACATTGTGGCCCCTCTGT. Gapd and Hprt5 probes were
conjugated to LightCycler Yellow 555 to allow for multiplexing in the
Roche LightCycle 480 II machine (Roche Applied Sciences). All values
were normalized to Gapd or Hprt5 expression levels and each trained
group was compared with a home-cage control from the same cohort to
normalize any gene induced nonspecifically by transportation or han-
dling stress. Analyses and statistics were performed using the Roche pro-
prietary algorithms and REST 2009 software based on the Pfaffl method
(Pfaffl, 2001, 2002).

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was performed on punches from area CA1 of the dorsal hip-
pocampus using the protocol from the Millipore ChIP kit as previously
described (Kwapis et al., 2018). Following cross-linking with 1% form-
aldehyde (Sigma-Aldrich), tissue was lysed and sonicated. Chromatin
was immunoprecipitated overnight at 4°C with 2 �l of anti-H4K8Ac
(Millipore) or 2 �l of Normal Rabbit Serum (negative control;
Millipore). Chromatin was washed and then eluted from the beads and

reverse cross-linked in the presence of proteinase K. DNA was column-
purified and qPCR was run using primer sequences designed by the
Primer 3 program. Primers used were as follows: Nr4a1: Forward primer:
5�-GATAGAGGGGTGGCTGAAG-3�, Reverse primer: 5�-AAAAGAGC
TCAGTCCGACGA-3�. Nr4a2: Forward primer: 5�-TGAAGTCCGTG
GTGATGCTA-3�, Reverse primer: 5�-CGGGACAACTGTCTCCACTT-
3�. Five microliters of input, anti-H4K8Ac, or anti-rabbit IgG
immunoprecipitate (IP) from each animal was examined in duplicate.
We used the percentage input method to normalize ChIP-qPCR data, in
which the input was adjusted to 100% and both the IP and IgG samples
were calculated as a percentage of this input using the formula 100 �
AE^[adjusted input � Ct(IP)]. Fold enrichment was then calculated by
normalizing each group to the home-cage control. An in-plate standard
curve determined amplification efficiency.

Experimental design and statistical analysis. Sample sizes were similar
to those generally used in the field, including those reported in previous
publications (Vogel-Ciernia et al., 2013; Kwapis et al., 2018; Lopez et al.,
2018) although no statistical methods were used to predetermine sample
sizes. All behavior was recorded for offline analysis. For water-maze
training and AU versus AI categorization, videos were scored to calculate
a weighted average proximity in cm to the hidden escape platform across
the final three probe trials, as described in detail previously (Gallagher et
al., 1993). Aged rats with an LI of 240 or higher were categorized as AI.

For OLM and ORM, videos were manually scored off-line to deter-
mine exploration time for the two objects present during training or
testing. All experimenters were blind to the group assignments when
scoring. Exploration was scored when the animal’s head was oriented
toward the object within 1 cm or with the nose touching the object and
the DI was calculated as described above. Mice that showed a preference
for one object during training (DI 	 �20) was excluded from further
analysis. Additionally, any mouse that explored the objects for 
2 s
during testing or 3 s during training was removed.

Statistical analyses were performed using either a two-tailed Student’s
t test (Fig. 1A), a Pearson correlation (Fig. 1E), one-way ANOVAs (Figs.
1C,D, 4B–I ) or two-way ANOVAs (Figs. 2, 3) followed by Sidak-
corrected t tests to compare individual groups. Two-way ANOVAs had
factors of Training and Age (Figs. 2, 3 B, C) or Training and Genotype
(Fig. 3E–H ). qPCR and ChIP results were normalized to the mean of each
home-cage control group, except for Figure 4B–E, in which samples are
normalized to the mean of the “Both” condition. We chose to normalize
to the Both condition for these analyses because the empty vector control
showed virtually no expression of the injected viruses, making normal-
ization to the empty vector (EV) control group impossible. All statistics
were performed with GraphPad Prism 7 software. Main effects and in-
teractions for all ANOVAs are described in the text, along with the spe-
cific number of animals of each sex used in each individual experiment.
All analyses were two-tailed and required an � value of 0.05 for signifi-
cance. Error bars in all figures represent SEM. For all experiments, values
�2 SD from the group mean were considered outliers and were removed
from analyses.

Results
Aged rats show individual differences in spatial learning
across tasks
To understand the role of Nr4a1 and Nr4a2 in age-related hip-
pocampal memory impairments, we first used a well character-
ized rat model to identify individual differences in spatial
memory decline in old age using a standardized version of the
Morris water maze (Gallagher et al., 2006; Fig. 1A). Aged rats
showed a significantly higher average LI in this task (indicating
worse memory performance) compared with young rats (two-
tailed Student’s t test: t(24) � 2.07, p � 0.0499) and increased
individual differences among scores, consistent with previous re-
ports (for review, see Gallagher et al., 2006). Within this group of
aged rats, animals were characterized as AU if they performed
similarly to young rats (range � 146 –238, mean � SEM � 201 �
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7.8). Aged rats with an LI of 240 or higher were categorized as AI
(range � 240 –321, mean � SEM � 267.3 � 11.1).

To determine whether these categorizations are valid across
spatial memory tasks, we next tested these rats in the OLM task.
OLM is a simple incidental learning task that produces robust

long-term memory in rodents following a 10-min training ses-
sion (Stefanko et al., 2009; Roozendaal et al., 2010; Barrett et al.,
2011; Reolon et al., 2011; Vogel-Ciernia et al., 2013). Here, rats
previously categorized as AU or AI were given 10 min OLM train-
ing in which they were exposed to two identical objects in a fa-
miliar context (Fig. 1B). The following day, memory was tested
by moving one of the objects to a new location and measuring the
time spent with each object. As rodents prefer novelty, memory
for OLM is demonstrated by increased exploration of the object
in a new location (indicated by a higher score on the DI).

OLM performance confirmed the categorization of each
group as either AU or AI. Young rats showed significant prefer-
ence for the moved object (one-sample t test compared with 0,
t(6) � 6.06, p � 0.0009, n � 7, all male), indicating robust mem-
ory for training. Similarly, rats categorized as AU showed a sig-

Figure 1. Behavioral characterization of young, AU, and AI rats. A, LI scores from young, AU,
and AI rats. Aged rats show significantly higher LI scores and a larger distribution of scores
compared with young rats. B, OLM experimental design. C, Young and AU rats show signifi-
cantly better memory for OLM than AI rats. D, No group differences were observed in total object
exploration time. E, LI scores in the water maze negatively correlate with DI scores in OLM. All
data are shown as mean � SEM. *p 
 0.05, **p 
 0.01.

Figure 2. Learning-induced hippocampal Nr4a2 is impaired in cognitively impaired aged
rats. A, Experimental design. Young, AU, or AI rats were killed 1 h after OLM or were killed from
the HC. B, Nr4a1 mRNA is upregulated in the dorsal hippocampus following OLM in young, but
not AU or AI rats. C, Nr4a2 mRNA is upregulated by OLM in the dorsal hippocampus of young and
AU rats but fails to increase following learning in AI rats. D, Hippocampal cFos expression is
significantly increased by OLM in young, AU, and AI rats. All data are shown as mean � SEM.
*p 
 0.05, **p 
 0.01, ***p 
 0.001.
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nificant preference for the moved object (one-sample t test
compared with 0, t(11) � 5.38, p � 0.0002, n � 12, all male),
comparable to the preference observed in young rats (Fig. 1C;
one-way ANOVA, F(2,23) � 7.27, p � 0.0036, Sidak’s post hoc test
comparing young to AU, p � 0.82). Rats categorized as AI, on the
other hand, failed to show a significant preference for the moved
object (one-sample t test compared with 0, t(6) � 0.297, p � 0.78,
n � 7, all male) and showed a DI significantly lower than that of
the young (Fig. 1C; Sidak’s post hoc test, p � 0.005) and AU
(Sidak’s post hoc test, p � 0.013) rats. No differences in total
exploration were observed between groups (Fig. 1D; one-way
ANOVA, F(2,23) � 2.28, p � 0.125).

Finally, we tested whether there was a correlation between LI
and DI scores (Fig. 1E). We observed a significant inverse corre-
lation between LI and DI scores (Pearson correlation, r � �0.42,
p � 0.032), indicating that rats with lower scores (better perfor-
mance) in the water maze task also tended to show stronger pref-
erence for the moved object in OLM. Together, these results
demonstrate that AU and AI categorization is consistent across
spatial memory tasks.

Cognitively impaired aged rats show failed induction of
Nr4a2 in the dorsal hippocampus following OLM training
Previous work from our laboratory has suggested that aging is
accompanied by dysregulation of Nr4a gene expression (Kwapis
et al., 2018). To determine whether learning-induced dysregula-
tion of Nr4a gene expression accompanies age-related cognitive
impairments, we measured Nr4a1 and Nr4a2 expression during
memory consolidation for OLM in young, AU, and AI rats. Fol-
lowing characterization in the water maze task, a new cohort of
young, AU, and AI rats was trained in OLM and killed 60 min
following the end of training (Fig. 2A), a time point at which both
Nr4a1 and Nr4a2 transcripts are typically upregulated in young
mice (Hawk et al., 2012). Home-cage (HC) rats were treated
identically, except that they received no training session and were
killed between groups in a counterbalanced fashion. Nr4a1 was
significantly increased in the dorsal hippocampus of young rats
following OLM training (two-way ANOVA, significant age
group � training interaction; Fig. 2B; F(2,35) � 6.097, p � 0.005,
Sidak’s post hoc comparing young HC to young OLM, p � 0.0005,
n � 4,4, all male)), consistent with previous reports of learning-
induced Nr4a1 during hippocampal memory consolidation
(Peña de Ortiz et al., 2000; von Hertzen and Giese, 2005; Hawk et
al., 2012; McNulty et al., 2012). This learning-induced increase in
Nr4a1 was blunted in both groups of aged rats; no significant
increases in Nr4a1 expression were observed in either AU (Si-
dak’s post hoc, p � 0.113, n � 5,7, all male) or AI (Sidak’s post hoc,
p � 0.988, n � 10,11, all male) rats. AU rats did show a trend
toward upregulation of Nr4a1 expression in response to learning,
similar to the increase observed in young rats, but this increase
was not statistically significant (p � 0.113). Nr4a1 expression is
therefore upregulated during memory consolidation in young
rats but this learning-induced increase is impaired in aged rats
regardless of cognitive status.

We next measured Nr4a2 expression in these samples. Nr4a2
mRNA was significantly increased in the dorsal hippocampus of
both young rats (Fig. 2C; two-way ANOVA, significant age
group � training interaction: F(2,35) � 3.782, p � 0.033, Sidak’s
post hoc comparing young HC to young OLM, p � 0.003, n � 4,4,
all male) and AU rats (Sidak’s post hoc, p � 0.038, n � 5,7, all
male) following OLM. In contrast, Nr4a2 levels were not
significantly increased in the dorsal hippocampus of AI rats
(Sidak’s post hoc, p � 0.792, n � 10,11, all male). Thus,

learning-induced expression of Nr4a2 fails in the cognitively
impaired aged brain but remains intact in the aged brain with
intact cognitive function.

Finally, we measured cFos expression in these samples to de-
termine whether other IEGs in addition to those in the Nr4a
family might be altered in the AI hippocampus. We found that
cFos expression was induced by learning in all three groups, re-
gardless of age or cognitive status (Fig. 2D; two-way ANOVA,
significant main effect of training: F(2,34) � 21.32, p 
 0.0001; but
no significant effect of age and no significant interaction: n �
4,4,5,7,10,10, all male). As cFos is often used as a marker of activ-
ity after learning, this indicates that OLM training drives neuro-
nal activity in the hippocampus, even in rats with age-related
memory impairments. Further, this demonstrates that some
genes show normal learning-induced increases in the aged brain,
even in the face of cognitive impairments. Together, these results
suggest that Nr4a2 impairments, which are unique to aged rats
with cognitive decline, may be a novel mechanism contributing
to age-related memory decline.

Learning-induced Nr4a2 is also impaired in the dorsal
hippocampus of aging mice
A previous RNA sequencing study from our laboratory identified
Nr4a1 as a key gene that is impaired in the hippocampus of old
mice with memory impairments (Kwapis et al., 2018). Here, us-
ing RT-qPCR, we observed that Nr4a2, but not Nr4a1, was selec-
tively repressed in the hippocampus of aged rats with cognitive
impairments (we discuss the discrepancy in the discussion). To
determine whether Nr4a1, Nr4a2, or both genes are impaired in
the dorsal hippocampus of old mice, we next measured learning-
induced Nr4a mRNA expression in both young (3-month-old)
and old (18-month-old) wild-type mice during object location
memory consolidation (Fig. 3A). Work from our laboratory has
previously demonstrated that 18-month-old wild-type mice
show severe deficits in OLM following 10 min training (Kwapis et
al., 2018). Both trained groups were compared with HC control
groups of the same age that were treated identically except that
they received no training session and were killed between groups
in a counterbalanced manner.

Using RT-qPCR, we found that learning-induced increases in
Nr4a2, but not Nr4a1, were impaired in the dorsal hippocampus
of aged mice. Nr4a1 mRNA was significantly increased by learn-
ing in the hippocampus of both young and old mice (Fig. 3B;
two-way ANOVA, significant main effect of training: F(1,30) �
26.08, p 
 0.0001; no significant effect of genotype or significant
interaction, Sidak’s post hoc tests comparing Young HC vs OLM:
p � 0.0009, Old HC vs OLM: p � 0.005, n � 8,9,8,9, all male).
Thus, even though 18-month-old mice show age-related deficits
in long-term object location memory, Nr4a1 mRNA is normally
induced by OLM training. Nr4a2 mRNA, in comparison, was
significantly increased by OLM in the young hippocampus but
this induction failed in the old hippocampus (Fig. 3C; two-way
ANOVA, significant main effect of training: F(1,31) � 15.58, p �
0.0004; no significant effect of genotype or significant interac-
tion, Sidak’s post hoc tests comparing Young HC vs OLM: p �
0.001, Old HC vs OLM: p � 0.18, n � 8,9,9,9, all male). These
results demonstrate that learning-induced expression of Nr4a2,
but not Nr4a1, is impaired in the dorsal hippocampus of aged
mice. Together with Figure 2, these findings demonstrate that
Nr4a2 mRNA is impaired in the dorsal hippocampus of both
mice and rats showing age-related cognitive deficits.
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HDAC3 negatively regulates expression
of Nr4a2 and acetylation at the
Nr4a2 promoter
Next, we aimed to test whether the repres-
sive histone deacetylase HDAC3 might
contribute to this observed impairment in
learning-induced Nr4a2 in the old hip-
pocampus. Numerous studies have sug-
gested that the Nr4a1 and Nr4a2 are
critical targets of HDAC3 during learning
and previous work has demonstrated that
deletion of HDAC3 restores learning-
induced increases in Nr4a2 in the dorsal
hippocampus. Further, in a previous RNA
sequencing experiment from our labora-
tory (Kwapis et al., 2018), Nr4a1 was one
of only four genes identified as impaired
with age, but restored by HDAC3 dele-
tion. Finally, work has shown that knock-
down of Nr4a2 prevents the memory-
enhancing effects of HDAC3 deletion
(McQuown et al., 2011). Together, these
studies suggest that Nr4a1 and Nr4a2 are
key targets of HDAC3; possibly serving as
a mechanism through which HDAC3
negatively regulates long-term hippocam-
pal memory.

To determine whether HDAC3-
mediated regulation of Nr4a1 and Nr4a2
contributes to age-related memory im-
pairments, we used the HDAC3 flox/flox

mouse line, which allowed us to create fo-
cal genetic deletions of HDAC3 in the
dorsal hippocampus of aged, 18-month-
old mice by locally infusing AAV-
CaMKII-Cre. Previous work from our
laboratory has demonstrated that 18-
month-old HDAC3�/� mice show severe
deficits in OLM following 10 min training
and deleting HDAC3 in the dorsal hip-
pocampus of HDAC3 flox/flox littermates is
sufficient to ameliorate age-related im-
pairments in both long-term memory and
synaptic plasticity (Kwapis et al., 2018).
To determine whether HDAC3-mediated
repression of Nr4a1 and Nr4a2 contrib-
utes to age-related impairments in OLM,
we used RT-qPCR and ChIP-qPCR in 18-
month-old HDAC3�/� and HDAC3flox/flox

littermates (Fig. 3D).
We first examined expression of Nr4a1

and Nr4a2 mRNA in the dorsal hip-
pocampus. Nr4a1 mRNA was induced by
learning in both HDAC3�/� and
HDAC3 flox/flox mice [Fig. 3E; two-way
ANOVA, significant main effect of train-
ing: F(1,23) � 17.35, p � 0.0004; but no
significant effect of genotype or signifi-

Figure 3. HDAC3 negatively regulates both Nr4a2 mRNA and acetylation at the Nr4a2 promoter in the aged mouse hippocam-
pus. (A) Experimental design for B–C. Young and old mice were sacrificed 1h after OLM training or were sacrificed from HC. (B)
Nr4a1 mRNA was significantly increased in the dorsal hippocampus of both young and old mice following OLM. (C) Nr4a2 mRNA
was upregulated in the dorsal hippocampus of young mice after OLM but failed to increase in old mice. (D) Experimental design for
E–H. 18-month-old HDAC3 �/� and HDAC3 flox/flox mice injected with AAV-CaMKII-Cre into the dorsal hippocampus were sacri-
ficed 1h after OLM training (OLM) or were sacrificed from HC. (E) Nr4a1 mRNA was significantly increased in the dorsal hippocam-
pus of both aged HDAC3 �/� and aged HDAC3 flox/flox mice following OLM. (F ) Nr4a2 mRNA failed to increase after OLM in aged
HDAC3 �/� mice, but is significantly upregulated by OLM in the absence of HDAC3 in aged HDAC3 flox/flox mice. (G) Occupancy of
H4K8Ac at the Nr4a1 promoter was not affected by OLM training in either HDAC3 �/� or HDAC3 flox/flox mice. (H ) Occupancy of
H4K8Ac at the Nr4a2 promoter was not altered by learning in HDAC3 �/� mice, but H4K8Ac was enriched at the Nr4a2 promoter

4

following OLM training in aged HDAC3 flox/flox mice. All data are
shown as mean � SEM. *p 
 0.05, **p 
 0.01, ***p 
 0.001.
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cant interaction: n � 6(2F),7(3F),7(4F),7(5F)]. Despite showing
age-related impairments in long-term memory, these 18-month-
old mice show successful learning-induced increases in Nr4a1,
even in the presence of HDAC3, consistent with the results of
Figure 3B. Nr4a2 mRNA, on the other hand, failed to be induced
by learning in aged HDAC3�/� mice [Fig. 3F; two-way ANOVA,
significant training by genotype interaction: F(1,22) � 4.424, p �
0.047; Sidak’s post hoc comparing HDAC3�/� HC vs HDAC3�/�

OLM: p � 0.606, n � 5(1F),6(2F)], consistent with the age-
related impairment in Nr4a2 observed in Figure 3C. For aged
HDAC3 flox/flox mice, however, learning-induced increases were
restored [Sidak’s post hoc comparing HDAC3 flox/flox HC vs
HDAC3 flox/flox OLM: p � 0.0006, n � 7(4F),8(5F)]. This indi-
cates that the failed induction of Nr4a2 in age-impaired mice is
reversed by HDAC3 deletion, consistent with previous reports
showing that Nr4a2 is an important target of HDAC3-mediated
repression. Together, these results suggest that Nr4a2, but not
Nr4a1 expression is repressed by HDAC3 in the aged brain, pos-
sibly contributing to age-related memory impairments.

Next, to determine whether deletion of HDAC3 restores
Nr4a2 expression by enabling learning-induced histone acetyla-
tion, we used ChIP-qPCR to measure acetylation of histone 4,
lysine 8 (H4K8ac) at the Nr4a1 and Nr4a2 promoters. H4K8Ac is
associated with active transcription (Kouzarides, 2007), is a target
of HDAC3 (McQuown et al., 2011; Malvaez et al., 2013; Kwapis et
al., 2017), and is enriched at multiple memory-relevant genes
following a learning event, including Nr4a2 (Malvaez et al., 2013;
Rogge et al., 2013; Kwapis et al., 2017). H4K8Ac levels at the
Nr4a1 promoter were not altered by learning in either
HDAC3�/� or HDAC3 flox/flox mice [Fig. 3G; two-way ANOVA,
no significant main effects of genotype or training and no signif-
icant interaction: n � 8(4F),13(5F),12(5F),11(6F)]. For Nr4a2,
on the other hand, we observed no change in H4K8Ac occupancy in
response to learning in HDAC3�/� mice, but in HDAC3flox/flox mice,
learning enriched H4K8Ac at the Nr4a2 promoter [Fig. 3 H; two-way
ANOVA, significant main effect of training: F(1,36) � 7.83, p � 0.0082,
Sidak’s post hoc tests: HDAC3�/� HC vs HDAC3�/� OLM, p�0.444;
HDAC3flox/flox HC vs HDAC3flox/flox OLM, p � 0.014, n �
7(5F),12(4F),12(5F),9(6F)]. These results suggest that
HDAC3 limits expression of Nr4a2, but not Nr4a1, in the aged
hippocampus by restricting learning-induced histone acetyla-
tion at its promoter.

Overexpression of either Nr4a1 or Nr4a2 in the aged
hippocampus improves memory for OLM.
Our results demonstrate that impairments in Nr4a2 expression
accompany cognitive deficits in aged mice and rats. Further,
HDAC3 contributes to this age-related repression of Nr4a2, as
focal deletion of HDAC3 restores both Nr4a2 expression (Fig.
3F) and long-term memory formation (Kwapis et al., 2018) in
aged mice. This suggests that Nr4a2 may be a key mechanism
through which HDAC3-mediated regulation represses memory
formation in the aged brain. To determine whether overexpres-
sion of Nr4a2 is sufficient to ameliorate age-related impairments
in hippocampal memory formation, we locally injected a virus
expressing the full-length Nr4a2 construct with a V5 epitope tag
(AAV-v5-Nr4a2). Additionally, as Nr4a2 heterodimerizes with
Nr4a1 to synergistically promote transcription at NurRE (Nur
response element) sequences, we also locally injected a virus ex-
pressing full-length Nr4a1 tagged with HA (AAV-HA-Nr4a1) ei-
ther alone or in combination with AAV-v5-Nr4a2. Two weeks
after injection, when viruses are maximally expressed (Mc-

Quown et al., 2011; Kwapis et al., 2018), we trained animals in the
hippocampus-dependent OLM task followed by the ORM task,
which does not require the dorsal hippocampus for retrieval
(Vogel-Ciernia et al., 2013; Fig. 4A).

To confirm that the AAVs expressed appropriately following
injection in the dorsal hippocampus, we measured immunoreac-
tivity to the V5 and HA epitope tags for each group. Although
visualization of the HA epitope tag was unsuccessful, we observed
robust expression of V5 in mice injected with either AAV-V5-
Nr4a2 alone or both AAV-V5-Nr4a2 and AAV-HA-Nr4a1 (Fig.
4B). V5 labeling was observed throughout areas CA1 and CA3 of
the dorsal hippocampus, similar to the spread previously ob-
served in our laboratory following intrahippocampal AAV2.1
(Barrett et al., 2011; McQuown et al., 2011; Vogel-Ciernia et al.,
2013; Kwapis et al., 2017, 2018). Because we were unable to verify
the expression of AAV-HA-Nr4a1 with immunofluorescence
(the HA epitope may be obscured), we used RT-qPCR to confirm
the presence of each virus in hippocampal tissue from each ani-
mal using primers against both the endogenous and exogenous
transcripts. First, primers against the HA region of the HA-Nr4a1
transcript confirmed significantly higher expression of HA-
Nr4a1 in the group infused with AAV-HA-Nr4a1 (one-way
ANOVA: F(3,32) � 15.15, p 
 0.0001; Sidak’s post hoc comparing
AAV-EV to AAV-HA-Nr4a1: p 
 0.0001) or both viruses (Si-
dak’s post hoc comparing AAV-EV to both, p � 0.0002) com-
pared with EV controls (Fig. 4C; n � 10,9,9,8, all males).
Similarly, primers against the v5 region of v5-Nr4a2 showed sig-
nificantly higher expression in the groups infused with either
AAV-v5-Nr4a2 (one-way ANOVA: F(3,32) � 237.2, p 
 0.0001;
Sidak’s post hoc comparing AAV-EV to AAV-V5-Nr4a2: p 

0.0001) or both viruses (Sidak’s post hoc comparing AAV-EV to
both, p 
 0.0001) compared with EV controls (Fig. 4D; n �
10,9,9,8, all males). Next, we designed primers targeting the en-
dogenous Nr4a1 and Nr4a2 transcripts to determine whether
these viruses produce overexpression of each target. Indeed, we
observed significantly higher expression of Nr4a1 in the group
infused with AAV-HA-Nr4a1 (one-way ANOVA: F(3,32) � 6.936,
p � 0.001; Sidak’s post hoc comparing AAV-EV to AAV-V5-
Nr4a1, p � 0.0012) or both viruses (Sidak’s post hoc comparing
AAV-EV to both, p � 0.0175) compared with EV controls (Fig.
4E; n � 10,9,9,8, all males). Similarly, for Nr4a2, we found sig-
nificantly higher expression in both groups infused with AAV-
v5-Nr4a2 compared with EV controls (Fig. 4F; one-way ANOVA,
F(3,32) � 237.2, p 
 0.0001; Sidak’s post hoc comparing AAV-EV
to AAV-Nr4a2, p 
 0.0001; Sidak’s post hoc comparing AAV-EV
to both, p 
 0.0001 n � 10,9,9,8, all males). The viruses therefore
appropriately overexpressed Nr4a1, Nr4a2, or both transcripts in
the dorsal hippocampus.

To determine whether overexpression of Nr4a1, Nr4a2, or
both transcripts in the dorsal hippocampus improves
hippocampus-dependent memory, we injected the viruses locally
into the dorsal hippocampus 2 weeks before behavior (Fig. 4A).
Mice infused with AAV-HA-Nr4a1, AAV-v5-Nr4a2, or both vi-
ruses showed significantly improved memory for OLM at test
relative to EV controls (Fig. 4G; one-way ANOVA: F(3,28) �
6.826, p � 0.0014; Sidak’s post hoc comparing AAV-EV to AAV-
HA-Nr4a1: p � 0.003; AAV-EV to AAV-V5-Nr4a2: p � 0.011;
AAV-EV to both: p � 0.003, n � 10,5,11,6, all males) with no
group differences observed in total exploration time (one-way
ANOVA: F(3,28) � 0.689, p � 0.566; Fig. 4H). Overexpression of
Nr4a1, Nr4a2, or both transcripts in the dorsal hippocampus was
therefore sufficient to ameliorate age-related impairments in
long-term hippocampus-dependent memory.

Kwapis et al. • HDAC3 Represses Nr4a Genes in the Aged Brain J. Neurosci., June 19, 2019 • 39(25):4999 –5009 • 5005



Finally, we tested whether local overexpression of Nr4a1 or
Nr4a2 affects ORM, in which one of the trained objects is re-
placed with a novel object at test (Fig. 4A). All four groups of aged
mice showed poor memory for ORM, with no improvement ob-
served following overexpression of Nr4a1, Nr4a2, or both tran-
scripts (Fig. 4I; one-way ANOVA: F(3,31) � 0.8231, p � 0.4911,
n � 8,8,9,10, all male). We also saw no significant difference
between groups in total exploration time (one-way ANOVA:
F(3,31) � 2.284, p � 0.0984; Fig. 4J). Local overexpression of
either Nr4a1 or Nr4a2 therefore improved memory for a
hippocampus-dependent task (OLM) in aged mice without ame-
liorating memory impairments in a hippocampus-independent
task (ORM).

Discussion
This study demonstrates that repression of Nr4a2 contributes to
age-related impairments in memory, in addition to its known
role in supporting memory formation in the young brain. Using
a cross-species approach, we found that learning-induced in-
creases in hippocampal Nr4a2 expression are impaired in aged
mice and rats with cognitive deficits. In comparison, Nr4a1 ex-
pression was not consistently affected by age across species, nor
indicative of performance related to memory. Age-related im-
pairments in Nr4a2 expression and H4K8 acetylation at the
Nr4a2 promoter were reversed with local HDAC3 deletion, sug-
gesting that HDAC3 typically restricts Nr4a2 expression in the

Figure 4. Hippocampal overexpression of Nr4a1, Nr4a2, or both transcripts enhances OLM. A, Experimental design. Following injection of AAV-EV, AAV-HA-Nr4a1, AAV-V5-Nr4a2, or both
AAV-HA-Nr4a1 and AAV-V5-Nr4a2, mice were trained and tested in OLM. A subset of these animals was then trained in ORM. B, Representative immunofluorescence images showing expression of
the V5 epitope tag (green) in the dorsal hippocampus following injection of EV, AAV-HA-Nr4a1, AAV-V5-Nr4a2, or both viruses. V5 labeling was observed in animals injected with AAV-V5-Nr4a2 or
both viruses. Neurons are counterstained with NeuroTrace (red), a fluorescent Nissl stain. Immunolabeling of the HA epitope tag on AAV-HA-Nr4a1 was unsuccessful and is not shown. C–F, RT-qPCR
verification of viral expression. C, The HA-Nr4a1 transcript was expressed in the groups infused with AAV-HA-Nr4a1 and both viruses. D, V5-Nr4a2 was expressed in groups infused with AAV-v5-
Nr4a2 or both viruses. E, Endogenous Nr4a1 mRNA was expressed at significantly higher levels in groups injected with either AAV-HA-Nr4a1 or both viruses. F, Endogenous Nr4a2 mRNA was
expressed at significantly higher levels in group injected with either AAV-v5-Nr4a2 or both viruses. G, Mice injected with either AAV-HA-Nr4a1, AAV-v5-Nr4a2, or both viruses showed significantly
better memory for OLM than AAV-EV controls. H, All groups showed similar levels of total object exploration during the OLM test. I, Hippocampal infusion of the viruses did not improve memory for
ORM. J, All groups showed similar levels of total object exploration during the ORM test. All data are shown as mean � SEM. *p 
 0.05, **p 
 0.01, ***p 
 0.001.
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aged brain by promoting a closed chromatin state at the Nr4a2
promoter. Finally, we found that local overexpression of either
Nr4a1, Nr4a2, or both transcripts within the dorsal hippocampus
ameliorates memory impairments in aged mice. Together, these
results indicate that epigenetic repression of Nr4a2 contributes to
age-related memory impairments, but overexpression of either
Nr4a2 or its binding partner Nr4a1 can ameliorate these memory
deficits.

Here, we chose to use a cross-species approach to exploit the
different strengths of two different rodent models of age-related
memory decline. First, we used a well characterized rat model
that is sensitive to individual differences in age-related memory
performance (Gallagher et al., 2006). Using an outbred popula-
tion of Long–Evans rats, this model detects a range of cognitive
abilities in the aged rat that allows AU rats to be assessed sepa-
rately from AI rats in the same population. Using this approach,
we identified Nr4a2 as a potential mechanism that supports pre-
served cognitive function; impairments in Nr4a2 expression were
only observed in the cognitively impaired aged group of rats. To
complement this approach, we next used a mouse model to en-
able genetic manipulations of both HDAC3 (a known regulatory
mechanism of Nr4a2; McQuown et al., 2011; Malvaez et al., 2013;
Rogge et al., 2013; Kwapis et al., 2017) and Nr4a2 itself in the
aging brain. This confirmed that HDAC3 represses Nr4a2 expres-
sion in the aged hippocampus and demonstrated that overex-
pression of the Nr4a gene family can improve memory in the aged
mouse. Thus, Nr4a2 is a prime candidate gene that may support
preserved cognitive function in aging, with HDAC3-mediated
deficits in Nr4a2 likely contributing to the impaired memory
observed in AI rats and aged mice.

Although the cross-species approach provided converging
lines of evidence that Nr4a2 plays a critical role in age-related
memory decline, our findings for Nr4a1 across species were less
consistent. In aged rats, Nr4a1 was not significantly increased by
OLM training, even in AU rats, although there was a trend toward
a learning-induced increase in this group. For aged mice, on the
other hand, OLM training triggered a significant increase in
Nr4a1 in two separate groups of old wild-type mice (Fig. 3B,E),
even though aged mice show impaired long-term memory using
this same task under identical training and testing procedures
(Kwapis et al., 2018). There are a number of possible reasons for
these disparate results across species, including genetic variability
(the rats are outbred whereas the mice are inbred), differences in
the severity of age-related memory impairments (aged rats show
more variability in memory performance than aged mice), and
slight procedural differences in the task across species. In any
case, the consistent repression of Nr4a2 in age-impaired animals
across this cross-species variability strengthens the likelihood
that Nr4a2 is a key mechanism contributing to cognitive perfor-
mance in old age.

Additionally, our finding that aged mice show normal
learning-induced increases in Nr4a1 (Fig. 3B,E) was somewhat
surprising, as a previous study from our laboratory had identified
Nr4a1 as one of a small subset of genes that fit the criteria of being
induced by learning in the young mouse hippocampus, impaired
in the old mouse hippocampus, but induced by learning in the
old hippocampus in mice with a conditional deletion of HDAC3
(Kwapis et al., 2018). Although unexpected, there are a few pos-
sible reasons for the discrepancy between this study and our pre-
vious report. First, it is possible that Nr4a1 expression was falsely
identified in our previous RNA sequencing study as being im-
paired with age but restored following HDAC3 deletion. As Pe-

riod1 (Per1) was the focus of our previous paper, we did not use
RT-qPCR to confirm the pattern of Nr4a1 expression observed in
our sequencing data. Further, in our RNA-seq study, Nr4a2 ex-
pression appeared to follow the same general pattern as Nr4a1
(Fig. 4C; Kwapis et al., 2018), but the fold-change was not suffi-
ciently robust to be identified in our unbiased sequencing analy-
sis. Second, it seems that the variability in Nr4a1 expression may
have contributed to the inconsistent results across experiments,
possibly because Nr4a1 expression levels may reflect the severity
of cognitive impairment in mice. We observed high variability in
Nr4a1 expression in both wild-type and HDAC3 flox/flox mice,
consistent with the relatively high variability observed in our AU
rat group (Fig. 2B). Here, we show in two independent groups of
wild-type mice (Fig. 3B,E) that Nr4a1 expression is readily in-
duced by OLM training in the old hippocampus. Thus, although
the results of our previous RNA sequencing study suggested that
aging impairs learning-induced Nr4a1 expression, the current
study demonstrates that learning-induced Nr4a1 expression is
intact in aged mice.

Although we initially hypothesized that HDAC3-mediated re-
pression of both Nr4a1 and Nr4a2 would contribute to age-
related memory impairments, we only observed consistent
repression of Nr4a2 in the aged hippocampus following OLM.
Further, HDAC3 deletion failed to restore expression of Nr4a1 or
acetylation at the Nr4a1 promoter in the dorsal hippocampus of
aged mice. Nonetheless, we found that overexpression of Nr4a1,
like overexpression of Nr4a2, was able to ameliorate age-related
impairments in memory performance for OLM. There are a few
potential reasons for our observed memory rescue following
overexpression of either Nr4a1 or Nr4a2. As we observed no
synergistic effects in response to overexpression of both tran-
scripts, it is possible that at sufficient levels, Nr4a1 is capable of
driving transcription of key Nr4a2 target genes to restore mem-
ory function. Indeed, NR4A1 and NR4A2 bind identical se-
quences in DNA to activate transcription of target genes (Wilson
et al., 1991; Paulsen et al., 1995; Zetterström et al., 1996; Cheng et
al., 1997; Maira et al., 1999) with their unique functions coming
from differential activation through post-translational modifica-
tions and heterogeneous binding partners (Hawk et al., 2012).
Similarly, it is possible that overexpression of NR4A1 improves
memory in the aged brain by improving NR4A2’s stability or
targeting, as these molecules are known to heterodimerize to syn-
ergistically drive transcription (Maira et al., 1999; Hawk and
Abel, 2011). Future work will be necessary to determine the
mechanism through which Nr4a1 and Nr4a2 overexpression can
improve memory formation in aged mice, including investiga-
tion of putative Nr4a family gene targets such as Bdnf, Fosl2, and
Pak6 (Hawk et al., 2012).

The previous RNA sequencing study from our laboratory also
identified the circadian gene Per1 as a downstream target of
HDAC3 that, like Nr4a2, is repressed in the aging brain (Kwapis
et al., 2018). Although it is unclear how (or whether) these age-
related changes in Per1 and the Nr4a gene family are related,
overexpressing either Per1, Nr4a1, or Nr4a2 in the dorsal hip-
pocampus is sufficient to ameliorate age-related impairments in
long-term memory formation. In addition to being negatively
regulated by HDAC3, each of these genes can be directly regu-
lated by CREB, a transcription factor that is critical for long-term
memory formation. It is possible that CREB promotes the ex-
pression of both Per1 and the Nr4a genes following HDAC3 re-
moval after a learning event. Another possibility is that Per1 may
gate the likelihood of learning-induced Nr4a gene expression
over the 24 h day, possibly by restricting or enabling CREB phos-
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phorylation at different times of day (Rawashdeh et al., 2014,
2016) to affect Nr4a gene expression. Finally, it is possible that
Nr4a1 and Nr4a2, which are transcription factors themselves,
may be upstream of Per1, although this was not identified as a
putative Nr4a target gene in previous work (Hawk et al., 2012).
Understanding how age-related changes in Nr4a1 and Nr4a2 in-
teract with changes in Per1 and other genes implicated in age-
related memory decline will be a major goal for future research.

In conclusion, we found that learning-induced Nr4a2, but not
Nr4a1, is impaired in the dorsal hippocampus of rats and mice
with age-related memory deficits. Further, Nr4a2 expression is
limited in the aged brain through the repressive histone deacety-
lase HDAC3. Finally, overexpression of either Nr4a1, Nr4a2, or
both transcripts in the dorsal hippocampus is sufficient to ame-
liorate age-related impairments in hippocampal memory forma-
tion. Together, these results show that HDAC3-mediated
repression of Nr4a2 may contribute to age-related cognitive im-
pairments. Treatments that enhance expression or activity of the
Nr4a gene family may therefore be an effective strategy to im-
prove memory in old age.

References
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Roesler R (2011) Posttraining systemic administration of the histone
deacetylase inhibitor sodium butyrate ameliorates aging-related memory
decline in rats. Behav Brain Res 221:329 –332.

Rogge GA, Singh H, Dang R, Wood MA (2013) HDAC3 is a negative regu-
lator of cocaine-context-associated memory formation. J Neurosci
33:6623– 6632.

Roozendaal B, Hernandez A, Cabrera SM, Hagewoud R, Malvaez M, Stefanko
DP, Haettig J, Wood MA (2010) Membrane-associated glucocorticoid
activity is necessary for modulation of long-term memory via chromatin
modification. J Neurosci 30:5037–5046.

Sharma M, Shetty MS, Arumugam TV, Sajikumar S (2015) Histone
deacetylase 3 inhibition re-establishes synaptic tagging and capture in
aging through the activation of nuclear factor kappa B. Sci Rep 5:16616.

Spiegel AM, Koh MT, Vogt NM, Rapp PR, Gallagher M (2013) Hilar in-
terneuron vulnerability distinguishes aged rats with memory impairment.
J Comp Neurol 521:3508 –3523.

Spiegel AM, Sewal AS, Rapp PR (2014) Epigenetic contributions to cogni-
tive aging: disentangling mindspan and lifespan. Learn Mem 21:569 –574.

Stefanko DP, Barrett RM, Ly AR, Reolon GK, Wood MA (2009) Modula-
tion of long-term memory for object recognition via HDAC inhibition.
Proc Natl Acad Sci U S A 106:9447–9452.

Tomás Pereira I, Coletta CE, Perez EV, Kim DH, Gallagher M, Goldberg IG,

Rapp PR (2013) CREB-binding protein levels in the rat hippocampus
fail to predict chronological or cognitive aging. Neurobiol Aging
34:832– 844.

Vecsey CG, Hawk JD, Lattal KM, Stein JM, Fabian SA, Attner MA, Cabrera
SM, McDonough CB, Brindle PK, Abel T, Wood MA (2007) Histone
deacetylase inhibitors enhance memory and synaptic plasticity via CREB:
CBP-dependent transcriptional activation. J Neurosci 27:6128 – 6140.

Vogel-Ciernia A, Matheos DP, Barrett RM, Kramár EA, Azzawi S, Chen Y,
Magnan CN, Zeller M, Sylvain A, Haettig J, Jia Y, Tran A, Dang R, Post RJ,
Chabrier M, Babayan AH, Wu JI, Crabtree GR, Baldi P, Baram TZ, et al.
(2013) The neuron-specific chromatin regulatory subunit BAF53b is
necessary for synaptic plasticity and memory. Nat Neurosci 16:552–561.

Vogel-Ciernia A, Wood MA (2014) Examining object location and object
recognition memory in mice. Curr Protoc Neurosci 69:8.31.1–17.

von Hertzen LS, Giese KP (2005) Memory reconsolidation engages only a
subset of immediate-early genes induced during consolidation. J Neuro-
sci 25:1935–1942.
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