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EVOLUTIONARY BIOLOGY

Early-life environmental enrichment generates
persistent individualized behavior in mice

Sara Zocher'?*, Susan Schilling’?*, Anna N. Grzyb'?*, Vijay S. Adusumill
Jadna Bogado Lopes'?, Sandra Giinther', Rupert W. Overall'?, York Winter?, Gerd Kempermann'?

Individuals differ in their response to environmental stimuli, but the stability of individualized behaviors and their
associated changes in brain plasticity are poorly understood. We developed a novel model of enriched environ-
ment to longitudinally monitor 40 inbred mice exploring 35 connected cages over periods of 3 to 6 months. We
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show that behavioral individuality that emerged during the first 3 months of environmental enrichment persisted
when mice were withdrawn from the enriched environment for 3 additional months. Behavioral trajectories were
associated with stable interindividual differences in adult hippocampal neurogenesis and persistent epigenetic
effects on neuronal plasticity genes in the hippocampus. Using genome-wide DNA methylation sequencing, we
show that one-third of the DNA methylation changes were maintained after withdrawal from the enriched environ-
ment. Our results suggest that, even under conditions that control genetic background and shared environment,
early-life experiences result in lasting individualized changes in behavior, brain plasticity, and epigenetics.

INTRODUCTION

The ability of animals to change their behavior in response to expe-
riences is crucial for their adaptation and fitness and, thus, has evo-
lutionary and ecological consequences (1, 2). Experience-dependent
behavioral changes can differ between individuals within one pop-
ulation (3). This behavioral variability is widespread among species,
including humans (4), and has been attributed to genetic differences,
gene-environment interactions, and developmental stochasticity (5-7).
A characteristic feature of individual behaviors (or personalities) is
their intraindividual stability over time and in different contexts (8).
However, environmental aspects that trigger persistent individualized
behaviors and their underlying neurobiological and molecular basis
are still poorly understood.

We have previously shown that environmental enrichment (ENR)
promotes the development of behavioral variability between inbred
C57BL/6JRj mice (9, 10). In those experiments, interindividual dif-
ferences among inbred mice emerged when they were housed in
the same ENR cage, i.e., even in the absence of nominal genetic and
environmental variation. The complexity of ENR allows the indi-
vidual experience of nonshared environmental components, which
amplifies and reinforces subtle initial differences between animals
over time (9). However, since our previous studies were restricted
to an ENR housing period of 3 months, the within-animal stability
of the behavioral changes over longer periods of time and their
plasticity toward environmental change remained unknown. Do
ENR-induced interindividual differences persist within animals for
long term? Would prolonged ENR lead to even further phenotypic
divergence or does the individualizing effect plateau?

Activity-dependent brain plasticity is a neurobiological basis for
stable behavioral changes that develop in response to environmental
stimulation (11). ENR leads to structural changes in the brain that
correlate with increased synaptic plasticity and improved cognitive
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performance (11-13). A prime example of ENR-induced structural
brain plasticity is the greater number of new neurons that are gen-
erated in the hippocampus of ENR-housed mice (14). Our previous
study has shown that, among a number of measures related to
structural brain changes, adult hippocampal neurogenesis was the
only phenotype which, in ENR animals, showed enhanced variance
in addition to increases in group means that have been reported in
essentially all previous studies (10). Furthermore, we have found that
a substantial part of the variance in adult hippocampal neurogenesis
(22%) was explained by individualized behavioral trajectories that
emerged during time in ENR (9), linking individual behavior with
brain plasticity. Whether variability in responses to early-life stim-
ulation would influence levels of adult hippocampal neurogenesis
in later life was, however, unexplored. We hypothesized that ENR
would lead to persistent brain individualization through long-term
individuality in adult hippocampal neurogenesis, which could po-
tentially serve as a substrate for interindividual differences in brain
function during aging.

To analyze the long-term stability of ENR-induced interindividual
differences in behavior and adult hippocampal neurogenesis, we
designed a novel cage system that allows the automated longitudinal
monitoring of laboratory mice in a large enriched environment over
longer time periods. The established system offers greatly improved
temporospatial resolution of animal activity compared to the enclo-
sure that we had used to establish the emergence of behavioral vari-
ability in our previous study (9). Using this system, we here show
that behavioral and structural brain individualization are maintained
with prolonged stimulation in ENR and even after withdrawal of
the stimulus for 3 months. Thereby, our study demonstrated how
subtle differences in early-life experiences determine individual life
trajectories even in genetically identical animals.

RESULTS

Longitudinal monitoring of mice ina

stimulus-rich environment

To investigate the effects of long-term ENR on behavioral variability,
groups of 40 female C57BL/6]Rj mice were housed in ENR or standard
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housing (STD) for a period of 6 months starting at an age of 5 weeks
(Fig. 1A). To analyze the maintenance of individual behaviors after
stimulus withdrawal, a third equally sized animal group was housed
in ENR for 3 months (experimental phase 1) and afterward returned
to STD cages where the animals stayed for another 3 months (ex-
perimental phase 2; ENR-STD mice).

To longitudinally monitor the behavior of individual mice, we
used a novel ENR cage system that enabled automated behavioral
tracking of animals in a seminaturalistic environment (Fig. 1B). The
ENR cage consisted of 70 interconnected cages arranged on seven
levels. Cages were connected by tunnels equipped with antenna for
radio frequency identification (RFID)-based detection of animal
movements between adjacent cages or levels. During experimental
phase 1, ENR and ENR-STD mice stayed in separated subcompart-
ments of the ENR szlstem, each consisting of 35 cages that covered a
total area of 1.37 m” (Fig. 1C). ENR mice remained in the same sub-
compartment during experimental phase 2.

To monitor the general health status of mice, we measured body
weight of all mice throughout the experiment and found an expected
age-related increase in all animal groups (Fig. 1D). At the end of
phase 1, the body weight of ENR and ENR-STD mice was reduced
compared to STD mice (Fig. 1D and Table 1), which is consistent with
the previously reported decrease of body weight by ENR (10, 14).
However, within 4 weeks after returning ENR-STD mice to STD,
their body weights increased to the levels observed in STD mice,

while the long-term ENR group maintained lower body weights
throughout phase 2 (Fig. 1D). This result showed that ENR-induced
changes in body weight as a gross effect of the stimulation did not
persist for long-term after environmental change.

ENR mice develop stable individualized trajectories
in exploratory behavior
We have previously shown that behavioral individualization in ENR
can be detected using roaming entropy (RE) as a measure of territorial
coverage and spatial exploration of the environment by individual
mice (9). Using the longitudinal mouse activity data obtained from
the RFID recordings in the ENR cage, we calculated REs for the
40 mice of the ENR group and analyzed the development and sta-
bility of individual behavior during the 6 months of ENR housing.
Mean REs decreased with time in ENR (Fig. 2A), presumably as
a result of the habituation of mice to the ENR cage. Despite this
decline in exploratory activity, total variances of nightly REs increased
during ENR housing (Fig. 2B), which was accompanied by the di-
vergence of the behavioral trajectories of the individual mice with
time (Fig. 2C). To assess the consistency of individual behavior, we
estimated the variance fraction that is explained by interindividual
behavioral differences and calculated the repeatability of REs within
time blocks of 21 calendar days. Repeatability is a measure used in
behavioral ecology to detect stable differences between animals in
a population that are high relative to intraindividual fluctuations

A . Group separation Behavioral Behavioral
Birth and start of ENR testing testing
|_ J- 1dU Cldu J-
- T T3 e e -1 - S T

Phase 1

Delivery and
transponder injection

Return of ENR-STD
mice to STD cages

Week of mouse life
Phase 2

Perfusion

D Body weight

!

22

Housing

STD

9)

—— ENR

20
—— ENR-STD

5 7 9 11131517 19 21 23 25 27 20 31
Age in weeks
Longitudinal model:
P =0.013 (housing); 1 x 107" (age); 1.6 x 10~'° (interaction)
Brown-Forsythe:
P =0.069 (phase 1); 0.0033 (phase 2)

Fig. 1. Experimental setup, enriched environment, and longitudinal monitoring of body weight. (A) At an age of 5 weeks, 120 female C57BL/6JRj mice were split
into three equally sized groups: 40 mice lived in ENR for 6 months, while a second group stayed in standard housing cages (STD) for 6 months, and the third group (ENR-STD)
lived in ENR for the first 3 months (phase 1) and in STD for the last 3 months of the experiment (phase 2). Behavioral testing was performed with all animals in the last weeks
of both phases. For quantification of adult hippocampal neurogenesis, all mice were injected with the thymidine analogs 5-iododeoxyuridine (IdU) and 5-chlorodeoxyuridine
(CldU) 4 weeks before the ends of phase 1 and phase 2, respectively. (B) Image of the ENR cage system used for automated behavioral tracking of mice by RFID technology
(photo credit: Susan Schilling, DZNE Dresden). (C) Schematic representation of the ENR cage depicting cage and tunnel access for the ENR group (light blue; top) and
ENR-STD group (violet; bottom). RFID antenna were located around every tunnel and are highlighted in red. (D) ENR-induced reduction in body weight rebound to STD
levels after returning ENR-STD mice to STD cages. Data points indicate means and SEM. Arrow marks return of ENR-STD to STD cages. Depicted P values from Brown-Forsythe
test refer to housing effects. Full information on statistical tests is presented in Table 1 and data file S1.
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Table 1. Summary statistics for individual group comparisons.

Adjusted P value (STD vs. Adjusted P value (STD vs. Adjusted P value (ENR vs.

Phenotype Statistical test ENR) ENR-STD) ENR-STD)
Body weight phase 1 Longitudinal model 0.012 0.00016 0.27
Body weight phase 2 Longitudinal model 0.045 0.50 0.50
Body weight phase 2 Brown-Forsythe 0.07 0.00019 0.19
Neurogenesis phase 1 (IdU) Wilcoxon 62x107"° 1.9%107% 0.32
Neurogenesis phase 1 (IdU) Brown-Forsythe 0.00096 0.00018 1.0
Neurogenesis phase 2 (CldU) Wilcoxon 14x107% 0.27 6.8x107%
Neurogenesis phase 2 (CldU) Brown-Forsythe 0.16 0.64 0.14
Locomotion phase 1 Wilcoxon 14x107"3 46x10°" 0.46
Locomotion phase 2 Wilcoxon 9.0x107% 0.46 67x107"
Object exploration phase 1 Wilcoxon 0.0011 0.0014 1
Object exploration phase 1 Brown-Forsythe 0.00090 0.17 0.12
Object exploration phase 2 Wilcoxon 8.6x107% 3.0x107% 1
Object exploration phase 2 Brown-Forsythe 0.00054 0.00011 0.91
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Fig. 2. Mice in ENR develop consistent interindividual differences in behavior. (A) Mean nightly RE of all ENR mice decreased with time. Data prior night 50 was in-
complete as a result of technical problems. (B) SD of nightly REs increased with time. R and P values in (A) and (B) are derived from linear regression. (C) Individual mouse
trajectories of REs aggregated over time blocks of 21 calendar days diverged with time. Numbers of nights per time block: T1, 6; T2, 3; T3, 11;T4,17; 75, 15,76, 17, T7, 16;
and T8, 14. (D) Repeatability of REs between time blocks increased until T5 (fourth month of ENR housing) and remained stable thereafter. Posterior densities depict
probabilities of the variance values obtained from generalized linear mixed model. (E) Variance due to interindividual behavioral differences increased until T6. Shown
are modes of the posterior density with 95% confidence intervals (Cls). (F) Interindividual posterior correlations of RE were significant between later time blocks. Color
code highlights the coefficient of Pearson correlation. (n =39). See tables S1 to S3 for statistical details.

(15, 16). We found that, during the first 6 weeks in ENR (time blocks  of behavior and interindividual variance continuously increased until
T1 and T2), the behavior of mice was characterized by repeatability ~ the fourth month of ENR housing (time block T5), suggesting a
and interindividual variance not significantly different from zero  progressive behavioral individualization of mice in ENR. Accord-
(Fig. 2, D and E, and table S1). After this initial phase, repeatability  ingly, the model assuming heterogeneous interindividual variance of
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REs between time blocks was better supported than the model with
homogeneous variance [A deviance information criteria (DIC) = 105.1;
table S2]. Thereafter, repeatability did not further increase, result-
ing in a stabilization of behavioral trajectories, which was supported
by the high interindividual correlations of REs between time blocks
in later periods of ENR housing (Fig. 2F and table S3).

The results of the longitudinal activity monitoring reproduce our
previously observed development of behavioral individuality in ENR
(9) in a novel ENR cage system and additionally demonstrate that
behavioral trajectories get progressively individualized until the
fourth month in ENR and stabilize thereafter.

Stability of interindividual differences in adult neurogenesis
ENR enhances variance in adult hippocampal neurogenesis com-
pared to STD mice, which we have previously related to the devel-
opment of stable behavioral trajectories (9, 10). To analyze whether
ENR has lasting consequences on individual rates of adult neuro-
genesis, we injected mice 4 weeks before the end of each phase
with the thymidine analog 5-iododeoxyuridine (IdU; phase 1) and
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5-chlorodeoxyuridine (CIdU; phase 2), which can be separately de-
tected by immunohistochemistry (Fig. 1A). ENR and ENR-STD
mice showed a greater than twofold increase in the numbers of
IdU-positive cells in the dentate gyrus and a significantly higher
variance of cell numbers compared to STD mice (Fig. 3, A and B,
table 1, and fig. S1A). Together with the previously observed increase
in mean and variance of adult neurogenesis after 3 months of ENR
(10), these results indicated that individual differences in numbers
of neurons generated in the hippocampus during early-life ENR are
stable with time and maintained even after withdrawal of ENR.
When we compared the numbers of new hippocampal cells gen-
erated in both phases, we found an expected age-related decrease in
adult hippocampal neurogenesis, as well as an interaction between
phase and housing condition (Fig. 3A). Accordingly, ENR-STD mice
exhibited a lower number of cells generated during experimental
phase 2 (CldU-positive) compared to ENR mice but no difference
compared to STD mice (Fig. 3A and Table 1), indicating that
ENR-stimulated neurogenic activity is not maintained after with-
drawal of environmental stimulation. In contrast, ENR mice showed
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Fig. 3. Long-term maintenance of interindividual differences in adult-born neurons in the hippocampus. Adult neurogenesis during phase 1 and phase 2 was
analyzed by injection of IdU (4 weeks before the end of phase 1) and CldU (4 weeks before the end of phase 2) and quantified at the end of the experiment. (A) Increased
mean and variance in numbers of new hippocampal neurons produced during phase 1 (IdU) were observed in ENR and ENR-STD mice. ENR but not ENR-STD mice showed
increased levels of adult neurogenesis compared to STD mice in phase 2 (CldU). [n =36 (STD), 39 (ENR), and 40(ENR-STD)]. Box and whisker plots: center line, median; plus
sign, mean; upper and lower hinges, first and third quartiles; whiskers, highest and lowest values within 1.5 times the interquartile range outside hinges; dots, individual
data points. (B) Representative images of immunohistochemical stainings for detection of IdU- and CldU-positive cells. Scale bars, 50 um. (C) Adult hippocampal neuro-
genesis is repeatable between phases only in ENR mice. (D) Variance fraction that is explained by interindividual differences shows posterior distribution shifted toward
positive values in ENR compared to STD and ENR-STD mice. Modes of posterior densities with 95% credible intervals are shown. (E) Phenotypic correlation of adult neuro-
genesis to cumulative RE (cRE) in phase 1. See table S1 and data file S1 for statistical details. See also fig. S1.
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a significant twofold increase in CldU-positive cell numbers in the
dentate gyrus compared to STD mice. In addition, numbers of new
hippocampal cells were repeatable and significantly correlated be-
tween phases only in ENR mice (Fig. 3C and fig. S1, B to D), which
suggested that ENR mice developed consistent interindividual dif-
ferences in adult neurogenesis. Although the lower 95% confidence
intervals for interindividual variance in ENR mice abutted zero (Fig. 3D),
the model, which estimated separate interindividual variance in
housing groups, was better supported than a model with homo-
geneous variance (A DIC = 13.6; table S2). Note that the survival
periods of IdU- and CldU-labeled cells were different (4 months and
1 month, respectively). Our results indicate that, despite the discon-
tinuation of the environmental stimulation in the ENR-STD group,
the new neurons generated in response to the initial ENR phase were
maintained, while the de novo production of new neurons was de-
clined to baseline levels.

To relate adult hippocampal neurogenesis to the emerged be-
havioral trajectories, we correlated exploration in ENR (cumulative
RE) with adult neurogenesis (number of IdU-positive cells) for all
mice that were housed in ENR during phase 1 (ENR and ENR-STD
group). In agreement with our previous observations (9), adult neuro-
genesis showed a positive correlation with individual levels of ex-
ploratory behavior (Fig. 3E).

Together, these results showed that (i) individual behavioral tra-
jectories and correlated levels of adult hippocampal neurogenesis
developed in ENR during phase 1, (ii) individuality in behavior and
adult neurogenesis remained stable with continued ENR in phase 2,
and (iii) structural individuality of the hippocampus through adult
neurogenesis in phase 1 was maintained after withdrawal of ENR in
phase 2.

Selective maintenance of ENR-induced individuality

in object exploration after environmental change

We next asked whether the stability of the emerged individual be-
haviors with time was dependent on continuous stimulation in ENR
or whether behavioral patterns were also maintained after returning
mice to STD cages. We have recently shown that ENR-induced
behavioral variability can be detected using open-field and object ex-
ploration tests in a cross-sectional experimental design (10). There-
fore, to investigate the long-lasting effects of ENR on behavioral
variability, all mice were analyzed in these tests at the end of both
experimental phases (Fig. 1A).

ENR changed activity patterns in the open field in phase 1, which
were preserved with prolonged time in ENR but not maintained
after ENR-STD mice returned to STD cages in phase 2 (fig. S2). For
instance, locomotor activity in the open-field arena was reduced in
ENR mice compared to STD mice at the end of phases 1 and 2 (Fig. 4A
and Table 1). In contrast, while locomotion of ENR-STD mice was
reduced compared to STD mice in phase 1, it was similar to STD mice
and increased compared to ENR mice in phase 2. Direct comparison
of locomotion between phases 1 and 2 further showed that individual
locomotor activity was stable within animals in STD and ENR mice,
but not in ENR-STD mice (Fig. 4, B and C, and fig. S3, A to C).

In contrast to the animals’ activity in the open-field test, we found
that the ENR-induced variability in object exploration was not only
stable over time in ENR but also maintained after withdrawal from
ENR. In the object exploration tests of phases 1 and 2, ENR mice
spent more time around objects and showed a significantly higher
variance of the duration of object exploration compared to STD mice
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(Fig. 4D, Table 1, and figs. S2, F and G, and S3D). In both phases,
ENR-STD mice showed greater means and variances of object ex-
ploration compared to STD mice and no differences compared to
ENR mice, suggesting that ENR-induced changes in object explora-
tion are maintained after returning mice to STD cages. Individual
levels of initial object exploration were highly repeatable and signifi-
cantly correlated between the two experimental phases not only in
STD and ENR mice but also in the ENR-STD group (Fig. 4, Eand F,
and fig. S3, E and F). Together, these results confirm the previously
observed variability in object exploration after 3 months of ENR (10)
and additionally demonstrate that the variance-enhancing effect of
ENR in object exploration is preserved with prolonged periods of
ENR housing. Moreover, these results show that ENR-induced in-
creases in object exploration are stably maintained within animals
even after withdrawal of animals from the enriched environment.

To analyze the influence of ENR on relationships between be-
haviors and brain plasticity, we correlated individual levels of object
exploration with adult hippocampal neurogenesis and spatial explo-
ration (RE) in the ENR cage. In both phases, ENR mice tended to
show positive correlations of object exploration with RE and adult
neurogenesis, which were, however, not statistically significant at the
conventional levels of P = 0.05 (fig. S4). The lack of a strong associ-
ation might suggest that consequences of ENR on object exploration
involve processes that are largely independent of adult hippocampal
neurogenesis and spatial exploration.

In summary, we showed that ENR-induced individualization in
behavior and adult hippocampal neurogenesis in phase 1 resulted in
lasting behavioral and structural brain individuality that was not only
preserved with continuous ENR housing in phase 2 but also main-
tained for 3 months after withdrawal from ENR.

Maintenance of ENR-induced DNA methylation changes

in the dentate gyrus after environmental change
Experience-dependent epigenetic changes, such as DNA methylation,
have been linked to stable behavioral differences (17). Dynamic DNA
methylation changes in neurons contribute to synaptic plasticity and
memory formation (18, 19). To identify molecular mechanisms
underlying the maintenance of individual behavior after withdrawal
of ENR, we performed genome-wide DNA methylation profiling on
microdissected dentate gyrus tissue by reduced representation bi-
sulfite sequencing (RRBS) (20).

We detected significant methylation differences between ENR
and STD mice at 12,167 CpGs (2.67% of all CpGs) and 1927 CpHs
(0.087% of CpHs; fig. S5, A and B, and data file S2). Genes contain-
ing ENR-induced differentially methylated cytosines were enriched
in pathways related to axon guidance and neuronal plasticity (fig. S5,
Cand D). To relate ENR-induced DNA methylation changes to gene
expression, we integrated them with previously published RNA se-
quencing results from the dentate gyrus of mice housed in ENR for
2 months (21). Genes up-regulated by ENR were enriched among
genes containing ENR-induced hypomethylated cytosines located
within gene bodies (fig. S5, E and F), suggesting an association be-
tween ENR-induced DNA methylation and transcriptional changes.
Comparing ENR-STD with STD mice, we identified 10,216 differ-
entially methylated CpGs (2.24% of CpGs) and 1315 differentially
methylated CpHs (0.053% of CpHs; fig. S5, G and H, and data file
§$2), indicating that early-life ENR led to stable DNA methylation
changes in the dentate gyrus that persisted after withdrawal of
the stimulus. Genes with differentially methylated cytosines after
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Fig. 4. Stability of ENR-induced individuality in object exploration with time and maintenance after withdrawal from ENR. (A to C) Locomotion in the open-field
test is depicted as s an example of a behavior that is not maintained after withdrawal from ENR. (A) At the end of phase 1, ENR and ENR-STD mice traveled shorter distances
in the open-field test compared to STD mice. At the end of phase 2, ENR mice maintained reduced levels of locomotion, while ENR-STD mice traveled similar distances as
STD mice. (B) High repeatability of locomotion between phase 1 and phase 2 is observed in ENR and STD mice but not in ENR-STD mice. (C) Lack of correlation of individual
locomotion between phases 1 and 2 in ENR-STD mice suggests behavioral change after withdrawal from ENR. (D) ENR increased duration and variance of object explora-
tion in trial 1 of the object exploration test. Increases in mean and variance of initial object exploration induced by ENR can still be observed after withdrawal from ENR.
(E) High repeatability of initial object exploration between phases 1 and 2 in ENR and ENR-STD mice indicates maintenance of individual levels of object exploration after
withdrawal from ENR. (F) Significant correlation of initial object exploration between phases in ENR-STD mice confirms intraindividual stability of behavior. [n =38 (STD),
39 (ENR), and 40 (ENR-STD)]. Box and whisker plots in (A) and (D) as described in Fig. 3. See table S1 and data file 1 for statistical details. See also fig. S2 and S3.

ENR-STD showed a similar enrichment in neuronal plasticity path-
ways and a similar relationship to gene expression as long-term ENR
mice (fig. S5,1to L).

To evaluate whether DNA methylation patterns of ENR-STD
mice resemble those in ENR animals, we first correlated the methyl-
ation differences of ENR and ENR-STD compared to STD for all
individual cytosines. Significant positive correlations were detected
for CpG (R = 0.55) and CpH (R = 0.55) contexts (Fig. 5A), suggest-
ing that ENR and ENR-STD showed similar methylation changes at
individual cytosines on a genome-wide scale. Next, we overlapped
significantly differentially methylated cytosines by ENR with
cytosines differentially methylated by ENR-STD (Fig. 5B). In total,
27.30% of ENR-induced differentially methylated CpGs and 31.40%
of CpHs also showed similar methylation changes after ENR-STD.
Plotting the absolute DNA methylation percentages for those over-
lapping cytosines showed that the magnitude of the methylation
changes was similar in ENR and ENR-STD mice (Fig. 5C). While
STD mice showed accumulations of CpGs and CpHs with intermediate
methylation percentages, ENR led to long-lasting hypermethylation
of those CpGs and a hypomethylation of the CpHs with intermediate
methylation percentages (Fig. 5C). These results suggested that ENR
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led to DNA methylation changes that are maintained for at least
3 months after withdrawal from ENR.

Context-specific differences were detected in the directionality
of the persistent methylation changes. While in the CpG context,
22.30and 31.72% of ENR-induced differentially methylated cytosines
also changed in ENR-STD mice, in the CpH context, 59.07% of
hypomethylated CpHs but only 3.64% of hypermethylated CpHs
were maintained (Fig. 5B). This indicates that, at CpHs, maintenance
of ENR effects is restricted to hypomethlyation and that ENR-induced
CpH hypermethylation is dependent on continuous stimulation in
ENR and does not persist after withdrawal of ENR.

Gene annotation showed that 36.14% of ENR-induced differen-
tially methylated genes persisted in ENR-STD mice (Fig. 5D). Gene
Ontology and Reactome pathway analyses suggested that genes with
maintained methylation changes were involved in processes related to
ephrin signaling, neuron migration, and synaptic signaling (Fig. 5E).
Twenty-eight genes with known role in ephrin signaling showed
persistent ENR-induced DNA methylation changes (Fig. 5F). One
example of these was a differentially methylated region in proximity
to the transcription start site of the ephrin B1 ligand EfnbI (Fig. 5G).
Ephrin signaling has multiple roles in neuronal plasticity such as
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Fig. 5. ENR-induced long-lasting DNA methylation changes at ephrin signaling-related genes in the dentate gyrus. (A) Differences in CpG and CpH methylation
between ENR and STD mice correlate with methylation differences between ENR-STD and STD mice at individual cytosines (all cytosines sequenced). P values from Pearson
correlation (n =5 per group). (B) Overlap of 27.30% of differentially methylated CpGs and 31.40% of differentially methylated CpHs between ENR-induced and ENR-STD-
induced methylation changes. (C) ENR-STD mice show absolute DNA methylation percentages of the overlapping 3321 CpGs and 605 CpHs similar to ENR mice but
different to STD mice. Median methylation percentages for individual samples are highlighted. (D) Overlap of genes with differentially methylated CpGs or CpHs in ENR
compared to STD and ENR-STD compared to STD mice. (E) The 3214 genes with long-lasting ENR-induced DNA methylation changes are enriched in biological processes
(Gene Ontology) and pathways (Reactome) related to neuronal plasticity, including ephrin signaling, neuron migration, and synaptic plasticity pathways. (F) STRING in-
teraction network of genes with enrichment in ephrin receptor signaling pathways. (G) ENR-induced DNA methylation changes at CpGs located in proximity to exon 1 of

the Efnb1 gene are maintained in ENR-STD mice. Green bar depicts a CpG island. Bars represent mean and SEM for each CpG. See also fig. S5 and data file S2.

axon guidance, control of dendritic growth, synapse formation, syn-
aptic plasticity (22), neuronal differentiation, and adult hippocampal
neurogenesis (23). Furthermore, ephrin signaling controls behaviors
related to anxiety, stress, and depression (24, 25). Hence, the ENR-
induced regulation of the ephrin signaling pathway in the hippo-
campus is a potential molecular link between persistent individual
behavior and brain plasticity after withdrawal of ENR.

DISCUSSION

A characteristic feature of behavioral individuality is the stability of
behavioral patterns over time (1, 3). Phenotypic variability can be an
indication of persistent interindividual differences or within-individual
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fluctuations, and these two components can only be distinguished
in longitudinal studies. Here, we showed that variability in behavior
and adult hippocampal neurogenesis induced by ENR is stable within
animals over prolonged periods of ENR housing. Furthermore,
structural individualization of the hippocampus through long-term
integrated adult-born neurons was maintained even after with-
drawal of ENR, together with sustained individualized behavior
in object exploration. Persistent behavioral differences after ENR
were accompanied by changes in hippocampal DNA methylation
patterns, which were maintained after stimulus withdrawal. Our data
reveal the long-term maintenance of behavioral individuality in ENR
and its relation to structural plasticity and the epigenetic state of
the hippocampus.
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ENR increased interindividual differences in spatial exploration
(RE) and variance in object exploration and adult hippocampal neu-
rogenesis, which confirmed the findings from our previous studies
(9, 10). The fact that we detected ENR-induced interindividual
differences in all three studies, despite using structurally distinct en-
riched environment cages, highlights the robustness of the develop-
ment of individuality in ENR. While both previous studies used wide
span cages that allowed exploration and interaction in an open space,
the current study used a novel compartmentalized ENR system
in which mice can navigate through a network of separated cages.
Moreover, in the present study, the two groups, ENR and ENR-STD,
were similarly housed in ENR during experimental phase 1 and tested
in open-field and object exploration tests afterward, which served as
an internal replication of the initial ENR effect. Both groups showed
increased variance in object exploration and adult neurogenesis
compared to STD in phase 1, and no significant behavioral differ-
ences were observed between them. The robustness and reproduc-
ibility of the individualization in behavior and hippocampal structure
in ENR underpin the suitability of enriched environments as a tool
to study mechanisms of individuality development independent of
genetic variation.

Behavioral individualization, as measured by increasing inter-
individual variance and repeatability in RE, progressed until the
fourth month of ENR housing and plateaued thereafter. We have
previously proposed that individuality in ENR develops by the
amplification of initial differences through a self-reinforced positive
feedback loop between behavior and adult hippocampal neurogenesis
(9, 10), which was supported by the positive phenotypic correlation
between neurogenesis and exploratory activity. Other studies also
suggested self-reinforcement as drivers of animal variability (26).
The here detected stability of interindividual differences in adult
hippocampal neurogenesis and the significant repeatability of this
phenotype only in ENR animals further support this model. The
observed age-related decrease in adult hippocampal neurogenesis
and the reduction of exploratory activity due to the habituation to
the ENR cage might have reduced the strength of the positive feed-
back loop with time and resulted in the detected plateauing of be-
havioral individualization. Despite this plateauing effect, behavioral
trajectories, once developed, were stable over time in ENR, which
was highlighted by the high interindividual correlations of RE be-
tween time blocks and by the high repeatability ENR mice showed
in object exploration between phases. Future studies should address
whether these behavioral trajectories remain stable throughout the
animals’ life and result in individualized brain health during aging.

Not all tracking data from the first experimental period could be
used because the recordings from a number of nights were incom-
plete due to technical difficulties or because the cage area available
to the animals had been inadvertently larger than intended. As a
result, the complete data were available from only six nights in the
first week for the T1 block and from three nights in T2 block, which
could result in less accurate estimates of parameters. The technical
issues were resolved from night 50 onward. Nevertheless, the re-
gression patterns of RE did not change, when data prior night
50 was removed from the analysis [mean RE: R? (coefficient of
determination) = 0.4, P = 2 x 10™'% SD RE: R* = 0.13, P = 0.0004].
Furthermore, the support for the model with heterogeneous inter-
individual variance compared to the model with homogenous inter-
individual variance was not affected by exclusion of the potentially
noisy data from T1 and T2 time blocks (A DIC = 54.73). T2 also
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showed positive interindividual correlations with later time blocks,
suggesting a progressive development of rank-order stability of mice
within ENR. Therefore, the main conclusions regarding patterns of
RE were not influenced by the data loss.

Our results show that most activity measures, such as locomotion
and frequency of center crossings in the open-field test and body
weight, are not maintained after withdrawal from ENR. Object
exploration stood out as the only activity measure where the ENR-
induced changes were maintained within mice for at least 3 months
after they were withdrawn from the enriched environment. During
ENR housing, the weekly change of object location and type (toys,
houses, and tunnels) in the cage provides repeated cognitive and
novelty stimulation and, thus, represents a core aspect of ENR. Pre-
vious studies by others have shown stable changes in hippocampal
synaptic plasticity (13), cerebral cortex weight, and cortical acetyl-
cholinesterase activity (27) after withdrawal from ENR, which could
contribute to the observed maintenance of individual behavior. We
here demonstrated that, although the proneurogenic effect of ENR
was depended on continuous stimulation, early-life ENR led to per-
sistent individualization of the hippocampal network through adult
neurogenesis. Because adult hippocampal neurogenesis has a known
role in promoting cognitive flexibility and influencing affective be-
haviors (28, 29), the lasting behavioral changes could be mediated
(atleast in part) by the long-term integration of adult-born neurons
generated during early-life ENR. Future experiments should investi-
gate the causal role of adult hippocampal neurogenesis and other
brain plasticity measures in the development and maintenance of
individual behavioral trajectories.

In the present study, we analyzed the intraindividual stability of
those behaviors and brain plasticity measures for which we had de-
tected ENR-induced increases in variance in our previous multivariate
study (10). Our behavioral analysis was deliberately focused on the
animals’ exploratory activity; however, we do not exclude lasting ef-
fects of ENR on other behavioral traits. Previous studies have shown
that ENR also reduces anxiety levels (30) and promotes cognitive
abilities, including hippocampus-dependent spatial navigation (12)
and context discrimination (31). The causal relationship between
ENR-induced individuality in exploratory behavior and cognitive
performance or affective behaviors should be unraveled in the future,
in specifically designed experiments. To assess brain plasticity, we here
focused on adult hippocampal neurogenesis for two reasons. First,
our previous research revealed a robust increase in variability of this
brain plasticity measure. Second, adult neurogenesis, to a certain
extent, can be measured at separate time points within one animal.
The individuality-promoting effects of ENR on other forms of
activity-dependent plasticity, including dendritic branching and syn-
aptic plasticity, and on brain connectivity are currently unknown and
should be addressed in future research.

A number of studies suggested epigenetic factors as potential
molecular drivers of individuality development (7, 26). DNA methyl-
ation profiling in humans identified tissue-independent, interindi-
vidual DNA methylation differences, many of which were attributed
to environmental variation, including nonshared environmental in-
fluences, rather than genetic differences (32, 33). Whether ENR in-
creases interindividual differences in DNA methylation patterns in
the dentate gyrus and whether those correlate with exploratory
behavior and brain plasticity would be an exciting research area for
future studies. Here, we have profiled DNA methylation changes that
might be associated with the persistence of individuality in exploratory
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behavior after environmental change. We found that almost one-third
of the ENR-induced DNA methylation changes in the hippocampal
dentate gyrus were maintained for at least 3 months after returning
mice to STD cages. Although DNA methylation patterns of the dentate
gyrus are influenced by numbers and maturation stages of newborn
neurons, the proportion of newborn neurons among all granule cells
is very low (2 to 3%) and below the applied threshold for detection
of differentially methylated cytosines (25%). Therefore, the here
identified persistent ENR-induced differentially methylated genes
reflect changes in mature hippocampal neurons rather than changes
in the cellular composition of the dentate gyrus due to adult hippo-
campal neurogenesis.

Future investigations into the functional role of the detected
ENR-induced DNA methylation changes could provide vital links
to gene expression, additional layers of gene regulation, brain plas-
ticity, and emergent behavioral patterns. Other molecular players,
synergistically with ENR-induced DNA methylation changes or in
isolation, could potentiate individualized behavior. For instance,
preexisting interindividual DNA methylation differences induced
by early-life experiences such as maternal care (34), ENR-induced
epigenetic changes other than DNA methylation (35), or environ-
mentally regulated somatic mosaicism in the hippocampus (36) are
potential drivers of behavioral variability. Furthermore, differential
microRNA (miRNA) levels in the hippocampus have been linked to
lasting behavioral changes after ENR (13) and could play a role in
the observed maintenance of ENR-induced individuality. Because
DNA methylation controls many molecular processes, including ex-
pression of miRNAs (37), somatic mosaicism (38), and other epi-
genetic modifications in the brain (39), the here-identified DNA
methylation changes likely interact with other molecular players to
facilitate the development and maintenance of individual behavior.

The present study showed that female mice develop persistent
individualized behavior when housed in ENR from an age of 5 weeks
onward. Whether the emergence of individuality induced by expo-
sure to ENR is dependent on the animal’s age is not yet known. Since
the phase of early postnatal development is characterized by high
levels of brain plasticity and sensitivity to environmental influences,
starting ENR before the age of 5 weeks would likely have similar, if
not stronger, effects on brain and behavioral individualization. This
would be consistent with previous studies showing that preweaning
ENR modulates behavior of mice in adulthood (40). Although ENR
similarly influences behavior and adult neurogenesis in middle-aged
and aged animals (41), if ENR were started in late adulthood, then
the age-related reduction in brain plasticity that underlies experience-
dependent behavioral effects might lead to a more subtle and less
stable individualization. Whether the development of stable indi-
vidual behavior in ENR is restricted to a sensitive period early in life
will be tested in future experiments. Furthermore, as all of our pub-
lished previous reports on ENR, this study was done using female
mice, both to achieve consistency and to avoid confounding effects
of territorial and dominance behavior of male mice. The question of
potential sex differences, however, is important and interesting. It
remains to be tested in studies with even larger cage size, a start time
earlier in life and cohorts of closely related males.

Our study suggests that a longitudinal version of the enriched
environment paradigm can also be applied to study the neurobio-
logical mechanisms underlying fundamental concepts such as “brain
reserves” and “brain maintenance.” While brain reserve refers to the
accumulation of neural resources during early life that attenuate
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later functional decline during aging, brain maintenance describes
the preservation of brain integrity over time (42, 43). We show that
early exposure to enriched sensory, cognitive, and social stimulation
induces long-lasting changes in behavior, brain plasticity, and the
hippocampal epigenome and thus highlight the potential of environ-
mental experiences to determine life trajectories. At the same time,
we identify plastic responses to ENR that depend on continuous
stimulation. Our paradigm thus offers an opportunity to dissect neu-
robiological mechanisms underlying brain resilience by opening the
related animal research to the inclusion of longitudinal trajectories.

MATERIALS AND METHODS
Animal husbandry
Female C57BL/6JRj mice were purchased at an age of 4 weeks from
Janvier Labs and housed in groups of five animals in standard poly-
carbonate cages (Type III, Tecniplast). In the first week upon arrival,
all animals were subcutaneously injected into their neck with a glass-
coated microtransponder (SID 102/A/2; Euro 1.D.) under brief
isoflurane anesthesia. At an age of 5 weeks, mice were randomly as-
signed to three experimental groups using the online tool “Research
Randomizer” (www.randomizer.org). Two animal groups of 40 mice
each were housed in a cage system custom-built to our specifications
(PhenoSys GmbH, now marketed as “PhenoSys ColonyRack Indi-
viduality 3.0”), which was divided into two equally sized enriched
environments (Fig. 1, B and C). Each enriched environment covered
an area of 1.37 m? and consisted of 35 polycarbonate cages (1264C
Type II, Tecniplast) that were connected via transparent tunnels and
distributed on four levels. Food and water were provided on every
level of the cage system. For cognitive stimulation, the cages were
equipped with plastic toys, tunnels, and hideouts, which were re-
placed and rearranged once per week. Additional 40 mice stayed in
standard polycarbonate cages (36.5 cm by 20.7 cm by 14 cm; Type
II1, Tecniplast) in groups of five animals per cage. Dirty cages in the
enriched environment and the standard housing cages were cleaned
once per week.

Mice were maintained on a 12-hour light/12-hour dark cycle with
55 + 10% humidity at the animal facility of the Center for Regener-
ative Therapies Dresden. Control and enriched animals received the
same fortified chow (no. V1534; Sniff) with 9% of energy from fat,
24% from protein, and 67% from carbohydrates. Food and water
were provided freely. All mice received intraperitoneal injections of
IdU (57.5 mg/kg) 9 weeks after start of the experiment and of CldU
(42.5 mg/kg) 4 weeks before perfusion. IdU and CldU were dissolved
in 0.9% sodium chloride and injected three times at 6-hour time
intervals. All experiments were conducted in accordance with the
applicable European and national regulations (Tierschutzgesetz)
and were approved by the local authority (Landesdirektion Sachsen;
file number 25-5131/354/63).

Analysis of RFID data

Antenna contacts were recorded using the software PhenoSoft Con-
trol (PhenoSys GmbH), which saved antenna identifier and mouse
identifier together with the time stamp of the antenna contact into
a database. During the course of the experiment, over 24.13 million
(phase 1) and 8.52 mln (phase 2) events were registered. Data be-
tween the 40th and 49th day of ENR were removed from the analysis
due to technical problems resulting in incomplete recordings. Be-
tween the 9th and 35th day of ENR, animals repeatedly forced the

9 of 12


http://www.randomizer.org

SCIENCE ADVANCES | RESEARCH ARTICLE

locks introduced in the tunnels between two compartments of the
cage system and thus ENR and ENR-STD group mixed. Because the
number and locations at which animal can be recorded influences
its distribution and entropy value, the data from this period could
not be compared with the rest of the data and were therefore ex-
cluded from further analysis. These technical problems, which
occurred because the present experiment was the first large-scale
experiment with our custom-built cage system, were resolved after
night 49.

Data reduction and calculation of RE were performed as previ-
ously described (9). Because mice are nocturnal animals, only the
events recorded during the dark phase were retained. Each night
was divided into 8640 segments of 5-s length, and for each mouse
and each time segment, the last registered antenna was recorded into
a time series. Frequencies of antenna in this time series were con-
verted to probabilities p;;; of a mouse i being at an antenna j at a
night t. Shannon entropy of the roaming distribution was calculated

asRE;; = —Z}LO (pijtlogpijs) /log(k), where k is the number of an-
tenna. Dividing the entropy by log(k) scales the RE to the range be-
tween zero and one. Data from nights following events that could
disturb patterns of exploration, such as cleaning of the cage or be-
havioral testing, were excluded. The reduced dataset comprised
99 nights, which were partitioned into eight time blocks, each spanning
21 calendar days. The number of nights per each time block in the
final dataset was as follows: T1, 6; T2, 3; T3, 11; T4, 17; T5, 15; T,
17; T7, 16; and T8, 14. Cumulative RE at the end of phase 1 was
calculated by cumulative addition of mean RE from the first four
time blocks.

Open-field and object exploration tests

The open-field and object exploration tests were performed similarly
as previously described (10). Briefly, mice were placed into a square
arena (60 cm by 60 cm), and their exploration was recorded using a
camera (Logitech) and EthoVision software (Noldus). In total, four
trials were performed on two consecutive days with a trial length of
5 min each (fig. S3A). In the first trial (open-field test), mice were
put in the empty arena, which also served as habituation for the
object exploration tests. In the following two trials, mice were pre-
sented with two identical objects. In the fourth trial, one object was
replaced with a “new” object. To avoid preference for object prop-
erties or placement, the use of object A and object B as “old” or new
object and the position of the new object were randomized. Object
A was a composite of a red and yellow plastic tube, each with a
diameter of 55 mm and a height of 98 mm. Object B was a gray
cuboid of 13 cm by 10 cm by 6 cm with a blue surface and holes on
one side. Data analysis of open-field and object exploration tests was
performed as previously described (10).

Tissue preparation and immunohistochemistry

Tissue fixation and immunohistochemistry for the analysis of adult
neurogenesis were performed as previously described (10). Briefly,
mice were anesthetized with ketamine (WDT) (100 mg/kg) and
xylazin (10 mg/kg) (Serumwerk Bernburg AG) and transcardially
perfused with 0.9% sodium chloride. Brains were removed from the
skull, and one hemisphere was fixed in 4% paraformaldehyde pre-
pared in phosphate buffer (pH 7.4) overnight at 4°C. Brains were
incubated in 30% sucrose in phosphate buffer for 2 days and cut
into 40-um coronal sections using a dry ice-cooled copper block on
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a sliding microtome (Leica, SM2000R). Sections were stored at 4°C
in cryoprotectant solution [25% ethylene glycol and 25% glycerol in
0.1 M phosphate buffer (pH 7.4)].

For detection of IdU- and CldU-positive cells, the peroxidase
method was applied. Briefly, free-floating sections were incubated
in 0.6% hydrogen peroxide for 30 min to inhibit endogenous peroxi-
dase activity. For antigen retrieval, sections were incubated in
prewarmed 2.5 M hydrochloric acid for 30 min at 37°C, followed
by extensive washes. Unspecific binding sites were blocked in
tris-buffered saline (TBS) supplemented with 10% donkey serum
(Jackson ImmunoResearch Labs) and 0.2% Triton X-100 (Carl Roth)
for 1 hour at room temperature. Primary antibodies were applied
overnight at 4°C as follows: monoclonal mouse anti-5-bromo-2’'-
deoxyuridine (BrdU) (1:500; BD Biosciences) for IdU detection and
monoclonal rat anti-BrdU (1:500; Serotec) for CIdU detection.
Biotinylated secondary antibodies (Jackson ImmunoResearch Labs)
were incubated for 2 hours at room temperature. Antibodies were
diluted in TBS supplemented with 3% donkey serum and 0.2% Triton
X-100. Detection was performed using the VECTASTAIN Elite
ABC Reagent (9 ug/ml of each component: Vector Laboratories,
LINARIS) with diaminobenzidine (0.075 mg/ml; Sigma-Aldrich)
and 0.04% nickel chloride as a chromogen. All washing steps were
performed in TBS. Stained sections were mounted onto glass slides,
cleared with Neo-Clear (Millipore), and cover-slipped using Neo-
Mount (Millipore). IdU- and CldU-positive cells were counted on
every sixth section along the entire rostro-caudal axis of the dentate
gyrus using a bright-field microscope (Leica DM 750).

Statistical analysis

Experiments were carried out with the experimenter blind to the
experimental group. Statistical analyses were performed using the
statistical software R (R Core Team, 2014). To compare means of
longitudinal data, we used a rank-based nonparametric test apply-
ing the nparLD function from the nparLD package, which reports
analysis of variance (ANOVA)-type statistics for time, group,
and time:group interaction, followed by pairwise comparison with
Wilcoxon’s test. To compare variances between groups, Brown-Forsythe
test was performed using the leveneTest function from the car pack-
age. Ninety-five percent confidence intervals for variance ratios
between groups were derived from a product of ratio of sample

variances (s%) and reciprocals of quantiles of F distribution with #; - 1,

s s
n, — 1 degrees of freedom (% T
o?

S Sz)' All tests were two-tailed,
and differences were considered to be statistically significant at
P < 0.05. Multiple testing correction was performed using the Holm
method. Data were visualized using the ggplot2 package. In the
box-whisker plots, center line and plus sign mark the median and
mean, respectively. Upper and lower hinges indicate first and third
quartiles, respectively. The upper whisker extends from the hinge to
the largest value no more than 1.5 times the interquartile range
(IQR; a distance between the first and third quartiles); the lower
whisker extends from the hinge to the smallest value at most 1.5 times
IQR. Full results of statistical tests are available in data file S1.

Mixed linear models and repeatability estimation
Repeatability (R) is the fraction of total variance, which can be at-
Vind
Vind + Vies’
where Vi is a residual, i.e., within individual variance (16, 44). To

tributed to the differences between individuals (Ving): =
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decompose the phenotypic variance into interindividual and within-
individual components, we used generalized linear mixed models in
a Bayesian framework implemented in the MCMCglmm package
v2.29in Rv3.4.4.

Behavioral phenotypes from open-field and object exploration
tests were square root transformed to correct the skew, and the nor-
mal distribution of the data was confirmed using Shapiro-Wilk test.
RE and neurogenesis were mean centered and scaled to unity vari-
ance. The full model for RE in the ENR animals included the time
block as a fixed effect and an interaction between time block and an
individual identifier as a random effect, which was specified using
the function us. This specification of the random term allowed to
estimate interindividual variance for each time block, as well as co-
variance between the time blocks. The residual variance was estimated
separately in each time block using the function idh. The models for
behavioral parameters and neurogenesis included an interaction
between housing and the phase as fixed effects, and an interaction
between housing and an individual identifier as a random effect, as
well as heterogeneous residual variance specified with the function
idh. To assess whether interindividual variance differed between time
blocks (RE) or housing conditions (behavior and neurogenesis), we
omitted respective terms in the model and compared the DIC be-
tween the full and simpler models, assuming that a DIC score reduced
by at least two units indicates better fit to the data.

Models were fitted by Markov chain Monte Carlo estimation with
Gibbs sampling using the MCMCglmm package. We used weakly
informative default proper priors for fixed effects and assumed a
Gaussian error distribution. For the residual variance, we used an
inverse Wishart distribution prior with a low belief parameter
nu = 0.002. To estimate interindividual variances and covariances,
we used parameter-expanded proper priors (45). We confirmed that
results were not affected by changes in the prior specification. For
each model, we fitted five chains using at least 600,000 iterations,
100,000 burn-in, and a thinning interval of 100. Chain mixing and
convergence were first inspected visually. To confirm model con-
vergence, we ensured that the Gelman-Rubin potential scale reduc-
tion factor statistic, calculated with the gelman.diag function from
the R package coda, was close to 1. The R code with the prior and
model specifications is available in data file S3. The estimates of
repeatability and interindividual correlations and their 95% credible
intervals were derived from posterior (co)variance distributions
using a mode of the posterior density with the function posterior.
mode and the parameter adjust set to 1, and the function HPDinterval
from the MCMCglmm package, respectively. Because variance must
have a positive value, significant repeatability is indicated by confi-
dence intervals not abutting zero, while confidence intervals for sig-
nificant correlations are not including zero. Full results are reported
in tables S1 to S3.

Reduced representation bisulfite sequencing

Animals used for DNA methylation analysis were selected randomly.
Genomic DNA was isolated from microdissected dentate gyrus tissue
using the QIAamp DNA Micro Kit (Qiagen) following the manu-
facturer’s manuals. Libraries for RRBS were prepared from 100 ng
DNA per sample using the Premium RRBS Kit (Diagenode). Final
libraries were purified twice using Agencourt AMPure XP beads
(1x bead volume; Beckman Coulter). The quality and concentration
of RRBS libraries were determined using the High Sensitivity NGS
Fragment Analysis Kit (Advanced Analytical) and a fragment ana-
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lyzer with capillary size of 33 cm (Advanced Analytical). Sequencing
was performed using a NextSeq 5000 platform in a 75-base pair
single-end mode with a minimum sequencing depth of 15 million
reads per sample.

Bioinformatic data analysis of DNA methylation data

FASTQ reads were trimmed using Trim Galore 0.4.4 and the func-
tion Cutadapt 1.8.1 in RRBS mode and mapped against mm10 us-
ing Bismark 0.19.0. Detection of differentially methylated cytosines
was performed using methylKit v1.5.2 (46). Briefly, methylation levels
were extracted from sorted Binary Alignment Map files using the
function processBismarkAln. Data were filtered for cytosines with
a minimum coverage of 10 reads and a maximum coverage of 99.9%
percentile in at least three samples per group using the functions
filterByCoverage and unite. Differentially methylated cytosines were
identified using the methDiff function applying the Chi-squared
test with multiple testing correction using the sliding linear model
(SLIM) method, a significance threshold of g < 0.001 and a threshold
for absolute cytosine methylation differences higher than 25%. Over-
laps of cytosines were performed using the function subsetByOverlaps
of the R package Genomic Ranges 3.7. Venn diagrams were generated
using the function draw.pairwise.venn of the VennDiagram package.
Violin plots were created using the R package ggplot2.

Differentially methylated cytosines were annotated to the gene
with the nearest transcription start site using data tables downloaded
from Ensembl BioMart (downloaded as of 28 May 2019). Functional
gene enrichment analysis was performed using the R packages TopGO
and ReactomePA. Gene Ontology and pathway enrichment analyses
were performed with differentially methylated genes as query lists
and all genes covered by RRBS as background lists.

For comparison of DNA methylation with gene expression, we
used genes that significantly changed expression (adjusted P < 0.05)
in either ventral or dorsal dentate gyrus after ENR housing as re-
ported in (21). Genomic coordinates for promoters, gene bodies, and
enhancers were retrieved from the University of California Santa
Cruz Genome Browser. Enrichment analysis was performed using
hypergeometric testing applying the phyper/dhyper function in R.
P values were adjusted using false discovery rate correction. Back-
ground lists were normalized for genes detected in DNA methyl-
ation analysis and RNA sequencing analysis.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eabb1478/DC1

View/request a protocol for this paper from Bio-protocol.
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