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Alterations in histone lysine methylation and epigenetic regulators of gene expression could
play a role in the neurobiology and treatment of patients diagnosed with mood spectrum disorder, including depression and anxiety. Mutations and altered expression of various lysine
methyltransferases (KMTs) and demethylases (KDMs) have been linked to changes in motivational and emotional behaviors in preclinical model systems. However, it is not known
whether regulators operating downstream of histone lysine methylation could affect moodrelated behavior. Malignant Brain Tumor (MBT) domain ‘chromatin reader’ proteins bind to
methylated histone lysine residues and associate with chromatin remodeling complexes to
facilitate or repress gene expression. MBT proteins, including the founding member,
L3mbtl1, maintain high levels of expression in neurons of the mature brain. Here, we exposed L3mbtl1 null mutant mice to a wide range of tests exploring cognition and moodrelevant behaviors at baseline and in the context of social isolation, as a stressor to elicit depression-related behavior in susceptible mice. L3mbtl1 loss-of-function was associated
with significant decreases in depression and and anxiety in some of the behavioral paradigms. This was not associated with a more generalized neurological dysfunction because
cognition and memory remained unaltered in comparison to controls. These findings warrant further investigations on the role of MBT chromatin reader proteins in the context of
emotional and affective behaviors.
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Introduction
Mood spectrum disorders, including depression and various anxiety disorders [1], cause significant morbidity and mortality with at least 40% of subjects only partially responding to currently available pharmacological treatments that primarily target monoamine metabolism and
reuptake [2]. Among the novel therapeutic avenues currently pursued in preclinical studies are
epigenetic mechanisms, affecting chromatin structure and function as well as gene expression
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in response to diverse stimuli [3,4]. Various regulators of post-translational histone modifications, including enzymes targeting histone lysine residues for deacetylation, methylation, and
demethylation, recently emerged as promising starting points for novel epigenetic drug targets
in the treatment of depression and anxiety based on work in animal models and postmortem
brain of subjects diagnosed with major mood disorders and other psychiatric disease [5–13].
Much less is known the molecular machinery operating downstream of the histone modifications implicated in neuronal plasticity and behavior, such as ‘chromatin-readers’ [14].
Malignant Brain Tumor (MBT) domain chromatin reader proteins bind to methylated histone lysine residues and associate with chromatin remodeling complexes. These include typical
and atypical Polycomb repressor complexes that control expression of genes with essential
roles in cell cycle regulation and early development [15,16]. Several MBT proteins, including
the founding member, L3mbtl1, maintain very high levels of expression in mature brain with
broad, near-ubiquitous expression in fore-, mid- and hindbrain neurons [17]. This suggests
that MBT proteins may serve yet unknown functions in terminally differentiated brain cells.
Proper cell-type specific regulation of histone methylation landscapes is essential for normal
brain function [18,19], and rare mono- or oligogenic forms of cognitive disease have been
linked to mutations in histone lysine methyltransferase (KMT) and demethylase (KDM) genes.
These broadly affect the epigenetic landscapes at sites of open or repressive chromatin [5,20–
22]. Motivational and emotional behaviors have also been linked to histone lysine methylation.
For example, Kmt1a(Suv39h1)-, Kmt1c(G9a)- and Kmt1e(Setdb1)-mediated repressive H3K9
methylation regulate amphetamine reward [23,24] and antidepressant-like behaviors in mice
[25]. Furthermore, monoamine oxidase inhibitors exert powerful effects on mood and cognition primarily by elevating brain monoamine levels, but, intriguingly, some members of this
class of drugs also interfere with lysine methylation pathways by blocking Kdm1a/Lsd1 amine
oxidase domain containing KDMs [26,27]. Therefore, exploration of regulators and readers of
histone lysine methylation marks, such as the MBT family of genes, bears potential promise to
discover novel treatment avenues for mood spectrum disorders, including anxiety and depression. However, there is very little information on neurological phenotypes after loss of specific
MBT genes. Thus it remains unclear whether the MBT lysine methylation reader proteins are
essential for mature brain function. Here, we provide a detailed account for a comprehensive
behavioral assessment of adult L3mbtl1 null mutant mice exposed to a wide range of behavioral
tests at baseline and after single housing as a social isolation stressor eliciting depression-related behavior in susceptible mice [28].

Methods
All animal work of this study has been approved by the Institutional Animal Care and Use
Committee of the Icahn School of Medicine at Mount Sinai. Generation of L3mbtl1-/- null mutant line has been described previously [29]. Mice are held under specific pathogen-free conditions with food and water being supplied ad libitum in an animal facility with a reversed 12 h
light/dark cycle (light off at 7:00 am) under constant conditions (21 ± 1°C; 60% humidity).
For the present study, male and female null mutant and wildtype mice, all from the same
colony in a predominant C57Bl6/J background, back-crossed for at least 5 generations, and
3–6 months of age, were used. Furthermore, all mice used for the actual experiments were derived from heterozygous (L3mbtl1+/-) breeder pairs. For all test conditions, the male:female
ratio was approximately 1:1, and each mutant animal was analyzed in parallel to one or two
sex-matched wildtype control of the same age ± 2 weeks. All animals had access to food and
water ad libidum. All animals (including those exposed to social isolation were monitored at
least 2–3 times each week to assess well-being and to monitor for any signs of distress.
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Anxiety assays
Open field locomotion test. This test was monitored in test chambers using a photocellbeam-based computer detecting system (OmniTech Electronics. Inc). The apparatus consisted
of an arena (40 x 40 cm) surrounded by 40 cm high walls made from clear plastic. Animals
were introduced into the corner of the test chamber and allowed free exploration for 20 min individually under standard room lighting conditions. The beam breaks were recorded every 5
min to evaluate the spontaneous locomotor activity. Total distance (indicative of locomotor activity) and the duration of time the animals spent in the central and peripheral areas were
also calculated.
The light/dark box test. This test was performed in the open field arena with a black
box insert (20 cm L x 20 cm W x 40 cm H), dividing the arena into dark and light components
connected by a small hole. Animals were introduced into the dark chamber and allowed free
exploration for 10 min. The duration of time spent in the dark and light chambers
were calculated.
Elevated Plus Maze test. The elevated plus maze (Med Associates Inc) contained a center
square (6cm x 6cm), two open arms, and two closed arms (measuring 35cm x 6cm each). The
closed arms were enclosed by black polypropylene walls measuring 20 cm in hight. Mice were
placed in the center square facing one of the closed arms. Time spent in each arm was recorded
and scored by the EthoVision video tracking system. A decrease in time spent in the open arms
reflects a state of increased anxiety.

Behavioral despair/depression assays
Tail suspension test. Animals were suspended with duct tape by the tail. Animals showing
tail climbing behaviors were removed from the statistical analysis. The whole test was videotaped for 5 minutes. Latency to first freezing and the time spent immobile was evaluated by
EthoVision software (Noldus, Wageningen, The Netherlands).
Forced swim test. Animals were placed into a 4 L Pyrex beaker (13 cm diameter, 24 cm
height) filled with 17cm of 22°C water. The whole test was videotaped for 5 minutes. Latency
to first freezing and time spent immobile was evaluated by EthoVision software.

Cognition and working memory assays
Contextual fear conditioning test. Contextual fear conditioning was conducted in a fear
conditioning chamber from Med Associates Inc. Mice were placed in the chamber for a 7 min
training session during which time 3 shocks were delivered. The percentage of time freezing before the first shock (baseline) and after each shock was measured. After 24 hours, mice were returned to the same chamber for a 3-min retrieval testing and percentage of time freezing
was measured.
Radial arm maze test. The radial arm maze test was conducted to measure working memory. The apparatus consisted of 8 arms (5 x 50 cm; 30 cm high walls), which were assembled in
a radial manner around a circular starting platform. Mice were tested for 4 consecutive days in
the apparatus. On each day mice were placed onto the starting platform and were free to enter
the arms. The test was continued until all eight arms had been visited at least once. A mistake
was defined as a repeated entry to an already visited arm before each of the eight arms was visited. Total mistakes during each session were measured. Because this protocol measures spontaneous alternations, food deprivation in conjunction with baited arms was not used.
Dopamine-mediated locomotion test. For this test, mice were placed into an open-field
chamber (OmniTech Electronics. Inc) with their baseline activity recorded for 30 min, then injected with 0.9% saline and locomotor activity recorded for 30 additional min. Finally, mice were
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injected with the D1 receptor agonist SKF81297 at doses of 0.5 and 1 mg/kg body weight and recorded for a final 90 min.

Social Isolation Stress Test
Single housing test. All animals were consistently group-housed during the entire preand post-weaning period, until the beginning of postnatal week four when a subset were
switched to single-housed. After a 3-month single-housing period, behavioral testing on anxiety, depression, working memory and locomotion were conducted in single-housed mice, in
parallel to group-housed mice.

Statistical analyses
Two-tailed unpaired t-test was applied to test for significance of differences between
L3mbtl1-/- and wildtype controls for body weight, behavioral despair (tail suspension and
forced swim) and anxiety (elevated plus maze, light/dark box) test. For comparison of groupvs. single-housed animals (open field, behavioral despair, radial arm maze), two-way ANOVA
followed by post-hoc t-test was applied. For monitoring locomotor activity after acute treatment with D1 agonist (SKF81297), repeated measures ANOVA was applied, followed by posthoc t-test when indicated.

Results
We reported previously that L3mbtl1-/- null mutant mice exhibit normal life expectancy, a
grossly normal brain morphology and cytoarchitecture, and scorings in a locomotor coordination test that were indistinguishable from controls[29]. Notably, however, both male and female L3mbtl1-/- show a subtle but significant reduction in body weight at 3–6 months of age
(approximately 10%) compared to gender- and age-matched controls, while overall locomotor
activity was indistinguishable between mutants and controls (Fig 1A). This is likely important
because a wide range of genetically engineered mice with altered baseline body weight frequently show robust changes in motivational and affective behaviors. Such abnormalities were,
for example, observed in mouse lines carrying loss-of-function mutations for specific chromatin regulators like the Rett syndrome gene Methyl-CpG-binding protein 2 (Mecp2)[30–32], and
the transcription factor Circadian locomotor cycles output kaput (Clock)[33,34]. Therefore, we
asked whether depression and anxiety-related behaviors are altered in L3mbtl1-/- mice that
were kept under normal ‘non-stressed’ group-housing conditions (2–3 sex-matched littermates
as cage mates after weaning).
We first applied two widely used depression-relevant tests, the forced swim and tail suspension tests, which are considered behavioral despair paradigms[35], as a measure for depression
[36] and, importantly, as measure for the effectiveness of antidepressant drugs [37]. Interestingly, L3mblt1-/- mice showed a significant, approximately 30% decrease in immobility in the
tail suspension test (Fig 1B, panel a). Likewise, mutant mice showed a subtle, approximately
15% decrease in immobility in the forced swim test, in comparison to L3mbtl1+/+ controls (Fig
1B, panel b). Both of these tests suggested that L3mbtl1 loss reduced behavioral patterns associated with depression.
Because depression and anxiety spectrum disorders show considerable overlap in terms of
diathesis and underlying neurobiology [1,38,39], we next explored the performance of
L3mbtl1-/- mice in several anxiety-relevant paradigms. We applied the elevated plus maze,
which is based on the animals aversion of open spaces, resulting in avoidance of open areas
and confining movements to enclosed spaces [40]. However, both L3mbtl1 null mutant and
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Fig 1. Behavioral summary of L3mbtl1 null mutant and control mice at baseline. (A) General activity, (a)
body weight and (b) locomotion. (B) Depression, (a) forced swim and (b) tail suspension (N = 25-28/genotype
and test). (C) Anxiety, (a) elevated plus maze, (b) light-dark box, (c) open-field test (N = 17–21 genotype/test).
(D) cognition, assessed by contextual fear conditioning (N = 12 L3mbtl1-/- and N = 17 L3mbtl1+/+). Animals
used for general activity and depression assays were from a different batch than the animals used for anxiety
assays. A third batch of animals was used for the fear conditioning assays. All animals are kept under
baseline conditions (group housing). All data are shown as mean ± S.E.M., * P <0.05; independent-samples
t test and, for fear conditioning assay, repeated measures ANOVA.
doi:10.1371/journal.pone.0121252.g001
PLOS ONE | DOI:10.1371/journal.pone.0121252 April 7, 2015

5 / 12

Methyl-Reader L3mbtl1 in Anxiety and Depression

control animals showed a similar strong preference for the closed as opposed to the open arms
in the elevated plus maze (Fig 1C, panel a).
Next, we tested in the animals in the light-dark box test [41]. The test’s basic measure is the
animal’s preference for dark, enclosed places over bright, exposed places. The time spent in the
light box, and the related exploratory behaviors, inform about the level of anxiety. The
L3mbtl1-/- mice showed a significant decrease in latency to enter the bright chamber in the
light-dark box test [41], indicating decreased anxiety (Fig 1C, panel b). We then applied a third
anxiety paradigm, the open field test [42]. This test measures emotionality and anxiety in rodents, including the time spent in the (anxiogenic) open center (as opposed to the for rodents
less anxiogenic space along the apparatus’ walls), and the general activity in the first few minutes after being place into the apparatus [43]. Of note, the L3mbtl1 -/- mice spent more time in
the center by a 15% difference across the 20 min test period (Fig 1C, panel c). The latter result
did not reach statistical significance but is consistent with the notion that anxiety was reduced.
Taken together, these findings suggest that L3mbtl1 disruption is followed by subtle anxiolytic
and antidepressant-like effects that become manifest in some but not all depression- and anxiety-related paradigms. To further examine whether these phenotypes in L3mbtl1-/- null mice
are representative of broader changes in cognition and behavior, we exposed animals to a contextual fear paradigm exploring retrieval-dependent freezing behavior 24 hours after exposure
to electrical foot shocks in the same test chamber. This test essentially explores cognitive behavioral plasticity resulting from coupling a neutral stimulus with an aversive stimulus, and is
heavily dependent on neural circuitry of the amygdala, while the role of the hippocampus is
less prominent for this type of learning[44]. However, retrieval was indistinguishable between
mutant and controls (Fig 1D), suggesting normal long-term memory function in L3mbtl1 null
mice. Nevertheless, mutant mice showed a consistent, 25–40% decline in freezing time across
all three training days, which was significant (P <0.05, repeated measures ANOVA) (Fig 1D).
Given that L3mbtl1 mutant mice exhibit subtle alterations in anxiety-related behavior at
baseline, we then asked whether cognitive and emotional functions show changes in the context of a stressor such as social isolation by housing mice individually. Such stressors elicit depression-related behaviors in susceptible mice [28]. To this end, another batch of mutant and
controls (different from the animals used for the studies shown in Fig 1A–1D) were single- or
group-housed after weaning, then at 3–4 months of age subjected to open field (anxiety) and
forced swim (behavioral despair) and the eight-arm radial arm maze for working memory. In
rodents, increased open field locomotion after a period of social isolation is thought to reflect
increased levels of anxiety[45]. As expected, social isolation induced increased open field locomotion in L3mbtl1+/+ animals, but this effect was completely lacking in socially isolated
L3mbtl1-/-, or in group-housed mice (Fig 2A). The ~ 25–30% increase in locomotion after social isolation in L3mbtl1+/+, in comparison to null mutant mice, was significant (Fig 2A) and
may indicate that loss of L3mbtl1 renders mice less susceptible to increased anxiety after certain
types of stress. However, single housing induced both in L3mbtl1 null and wildtype mice an ~
25% increase in despair-induced immobility in the forced swim paradigm compared to grouphoused animals (Fig 2B). Furthermore, housing conditions did not affect performance in the
open field test (Fig 2C). Thus, L3mbtl1-/- showed a specific resilience to social isolation in the
open field, but not in other anxiety- and depression-related tests.
Next, we measured spatial working memory as measured by repeat entries (‘errors’) in the
8-arm radial maze in group- and single-housed L3mbtl1+/+ and L3mblt1-/- mice. Importantly,
working memory, defined as a limited capacity storage system involved in information processing over a short time period [46], is associated with a variety of emotional aspects and sensitive
to stress and depression [47]. Therefore, we hypothesized that L3mbtl1-/- mice may perform
differently from controls in such type of cognitive task. In the 8-arm radial maze paradigm,
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Fig 2. Behavioral summary in group housed versus single housed (3 months of social isolation)
L3mbtl1 null mutant and wildtype mice. The figure summarizes the following tests in group and single
housed mice, as indicated (A) General activity/locomotion. (B) Depression/ forced swim. (C) Anxiety/open
field test. (N = 8 group housed L3mbtl1-/-, N = 10 group housed L3mbtl1+/+, N = 10 single housed
L3mbtl1-/-, N = 10 single housed L3mbtl1+/+). (D) Cognition/radial arm maze (N = 8 group housed
L3mbtl1-/-, N = 11 group housed L3mbtl1+/+, N = 11 single housed L3mbtl1-/-, N = 10 single housed
L3mbtl1+/+). Behavioral assays were conducted in the order from the least to the most stressful, and thus (i)
activity/locomotion, followed by (ii) radial arm maze, followed by (iii) anxiety/open field, and (iv) depression /
forced swim as the final test. All data shown as mean ± S.E.M., * P <0.05; independent-samples t-test after
two-way ANOVA: for (A) locomotion: F(1,34) = 3.807, P = 0.05, Bonferroni post test P <0.05 for single housed
L3mbtl1-/- vs. L3mbtl1+/ +); for (B) forced swim: F(1,34) = 10.93, P = 0.022, Bonferroni post test P <0.01 for
single vs. group housed; for (C), (D) no significance. All data shown in Fig 2 are from batches of mice different
from those shown in Fig 1.
doi:10.1371/journal.pone.0121252.g002

applied once daily for 4 days, single-housed L3mbtl1-/- tended to outperform single-housed
controls but these differences did not reach the level of significance and no consistent genotype
effect was observed overall (Fig 2D).
Dopaminergic activity, including dopamine D1-receptor mediated signaling, is also sensitive to stressful exposure and potentially altered in some of the depression-relevant paradigms
[48]. Therefore, in our final set of experiments, using naive animals that had not been included
in any of our behavioral assays described above, we explored the effects of a dopaminergic drug
on group- versus single housing on locomotor activity in L3mbtl1-/- and L3mbtl1+/+ mice,
using the open field apparatus. We treated mice (after 30 min with saline and, after another period of 30 min) with SKF81297, a dopamine D1 receptor agonist and mild stimulant drug [49],
at doses of first 0.5 mg/kg and subsequently 1 mg/kg. Animals had one week of rest before receiving the second dose. In this paradigm, L3mbtl1-/- mice showed subtle decreases in
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Fig 3. Locomotor effects of D1 agonist SKF81297. The figure summarizes SKF81297-induced locomotion
at (A) 0.5mg/kg and (B) 1mg/kg i.p., administered 60 min after placing mice into the open field apparatus and
30 min after a saline control injection. Assays were conducted in group and single housed animals, as
indicated (N = 5 group housed L3mbtl1-/-, N = 9 group housed L3mbtl1+/+) and single-housed animals N = 4
single housed L3mbtl1-/-, N = 5 single housed L3mbtl1+/+). All data are shown as mean ± S.E.M. (B)
repeated measures ANOVA F(1,14) = 3.203 with time point T 60 min Bonferroni post test P <0.05, other time
timepoints *, P <0.05 by independent sample t-test. All data in Fig 3 are from experimentally naive mice.
doi:10.1371/journal.pone.0121252.g003

locomotor activity, while both mutant and wildtype animals showed increased locomotion
after administration of the dopaminergic drug, as expected (Fig 3A and 3B). However, significant differences were limited to group-housed animals due to increased locomotion in wildtype
animals at multiple time points before and after administration of the higher (1mg/kg) dose of
SKF81297 (Fig 3B). We conclude that L3mblt1-/- mutant mice indeed show decreased locomotor activity for at least some of the time periods tested in the open field paradigm, but this is
not associated with a generalized hyper- or hypo-responsiveness to dopamine D1 receptor agonists. These data would suggest that alterations in dopamine D1 signaling are unlikely to be a
major factor in the subtle changes in mood and anxiety related behaviors in the L3mbtl1 null
mutant mice of the present study.

Discussion
MBT-domain proteins, including L3MBTL1, bind to methylated lysine residues and regulate
chromatin structure and function by mediating nucleosomal compaction and affecting the activity of chromatin remodeling complexes, such as Polycomb[50–52]. L3mbtl1 is highly expressed in neurons of the adult mouse brain. As fine-tuning and regulation of histone lysine
methylation marks is pivotal for neuronal plasticity and complex behaviors, we hypothesized
that L3mbtl1 null mutant mice will show alterations in a broad range of emotional and cognitive behaviors, in comparison to L3mbtl1+/+ control mice from the same colony. Of note,
L3mbtl1-/- mice have normal life expectancy, and show a subtle, but significant, reduction in
body weight compared to controls. However, in line with a previous study exploring the interrelation between body weight and isolation-induced stress and emotional functions in mice
[53], the subtle, ~ 10% reduction in body weight in the mutant mice of our study is unlikely to
account for the mild behavioral phenotypes that define these animals. Furthermore, the association between body weight and cognitive and emotional functions is complex, with the same
behavioral phenotype, for example increased anxiety, reported both in mice with decreased
[54] or increased [55] body weight. The L3mbtl1-/- cohort of the present study exhibited
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significantly decreased anxiety in the light-dark box paradigm, and after social isolation as
stressor, in the open field test. However, this was not associated with generalized changes in
anxiety and depression-related behaviors, because despair-related immobility scores in the
forced swim and tail suspension tests, and performance in the elevated plus maze as an additional measure for anxiety, were not consistently different from controls. We note that immobility times in behavioral despair paradigm were reduced in some cohorts of L3mbtl1-/mutant mice (Fig 1B), but such an effect was not observed in another set of animals in which
genotype was examined together with housing conditions (group- versus single housed) (Fig
2B). Similarly, shock-induced retention was maintained after L3mbtl1 deletion in the fear conditioning paradigm, despite the significant decrease in freezing times during the training sessions in null mutant mice (Fig 1D). Moreover, spatial working memory was not significantly
different between genotypes both at baseline and after social isolation stress (Fig 2D). Locomotor activity in a novel environment (Figs 1A and 2A) and in the context of acute changes in dopaminergic signaling (Fig 3B) showed a subtle decrease in the mutants, but this effect was
variable and not consistently observed across stressed and non-stressed conditions (Fig 3B).
Taken together, our findings demonstrate that L3mbtl1 loss causes subtle changes in behavior in some but not all of the tests applied. Importantly, lower anxiety scores were evident in at
least two independent paradigms (light-dark box and open field test after social isolation).
These findings are interesting given that other regulators of histone lysine methylation had
been previously implicated to influence depression- and anxiety-related phenotypes. For example, mice with transgene-mediated overexpression of KMT1E/SETDB1/ESET histone H3-lysine 9 methyltransferase show robust antidepressant-like phenotypes in behavioral paradigms
for despair, learned helplessness and anhedonia (defined as the inability to experience pleasure)[25]. Conversely, mice with a null mutation of Kap1, encoding the KMT1E-binding partner KRAB-associated protein 1, display elevated levels of anxiety together with impairments in
learning and memory [56]. Notably, in mice exposed to social defeat, which is a strong stressor
linked to the emergence of depression-related phenotypes, the H3K9-specific demethylase
Kdm3a is subject to repressive chromatin remodeling in the ventral striatum, a key structure in
the neuronal circuitry controlling emotional and affective behaviors [57]. In some studies,
global changes in hippocampal histone methylation have been linked to depression-related
phenotypes [58,59]. There is also evidence that non-selective monoamine oxidase inhibitors
acting as antidepressants could potentially inhibit LSD1 type histone demethylases (which contain an amine oxidase domain) even at within the therapeutic range of these drugs [60]. Therefore, the present findings implicating L3mbtl1 in the control of mood and behavior warrant
further investigation to explore the therapeutic potential of this histone methyl-reader protein
in psychiatric disorders. For example, it will be interesting to explore chromatin sites and target
genes regulated by L3mbtl1 and other MBT proteins in preclinical models for anxiety
and depression.

Acknowledgments
The authors thank Dr. Frederick Schroeder for conducting pilot studies in the early part of the
project, and Yin Guo and Lily C. Lin for technical assistance.

Author Contributions
Conceived and designed the experiments: ES YJ WM KF HH SA. Performed the experiments:
ES YJ WM. Analyzed the data: ES YJ KF SA. Contributed reagents/materials/analysis tools:
HH. Wrote the paper: ES YJ KF SA.

PLOS ONE | DOI:10.1371/journal.pone.0121252 April 7, 2015

9 / 12

Methyl-Reader L3mbtl1 in Anxiety and Depression

References
1.

Lang PJ, McTeague LM. The anxiety disorder spectrum: fear imagery, physiological reactivity, and differential diagnosis. Anxiety Stress Coping. 2009; 22: 5–25. doi: 10.1080/10615800802478247 PMID:
19096959

2.

Krishnan V, Nestler EJ. Linking molecules to mood: new insight into the biology of depression. Am J
Psychiatry. 2010; 167: 1305–1320. doi: 10.1176/appi.ajp.2009.10030434 PMID: 20843874

3.

Vialou V, Feng J, Robison AJ, Nestler EJ. Epigenetic mechanisms of depression and antidepressant
action. Annu Rev Pharmacol Toxicol. 2013; 53: 59–87. doi: 10.1146/annurev-pharmtox-010611134540 PMID: 23020296

4.

Lattal KM, Barrett RM, Wood MA. Systemic or intrahippocampal delivery of histone deacetylase inhibitors facilitates fear extinction. Behav Neurosci. 2007; 121: 1125–1131. PMID: 17907845

5.

Peter CJ, Akbarian S. Balancing histone methylation activities in psychiatric disorders. Trends Mol
Med. 2011; 17: 372–379. doi: 10.1016/j.molmed.2011.02.003 PMID: 21429800

6.

Mahgoub M, Monteggia LM. Epigenetics and psychiatry. Neurotherapeutics. 2013; 10: 734–741. doi:
10.1007/s13311-013-0213-6 PMID: 24092614

7.

Aguilar-Valles A, Vaissiere T, Griggs EM, Mikaelsson MA, Takacs IF, Young EJ, et al. Methamphetamine-associated memory is regulated by a writer and an eraser of permissive histone methylation.
Biol Psychiatry. 2014; 76: 57–65. doi: 10.1016/j.biopsych.2013.09.014 PMID: 24183790

8.

Turecki G. The molecular bases of the suicidal brain. Nat Rev Neurosci. 2014; 15: 802–816. doi: 10.
1038/nrn3839 PMID: 25354482

9.

Ernst C, Chen ES, Turecki G. Histone methylation and decreased expression of TrkB.T1 in orbital frontal cortex of suicide completers. Mol Psychiatry. 2009; 14: 830–832. doi: 10.1038/mp.2009.35 PMID:
19696771

10.

Cruceanu C, Alda M, Nagy C, Freemantle E, Rouleau GA, Turecki G. H3K4 tri-methylation in synapsin
genes leads to different expression patterns in bipolar disorder and major depression. Int J Neuropsychopharmacol. 2013; 16: 289–299. doi: 10.1017/S1461145712000363 PMID: 22571925

11.

Sabunciyan S, Aryee MJ, Irizarry RA, Rongione M, Webster MJ, Kaufman WE, et al. Genome-wide
DNA methylation scan in major depressive disorder. PLoS One. 2012; 7: e34451. doi: 10.1371/journal.
pone.0034451 PMID: 22511943

12.

Oh G, Wang SC, Pal M, Chen ZF, Khare T, Tochigi M, et al. DNA Modification Study of Major Depressive Disorder: Beyond Locus-by-Locus Comparisons. Biol Psychiatry. 2015; 77: 246–255. doi: 10.
1016/j.biopsych.2014.06.016 PMID: 25108803

13.

Haghighi F, Xin Y, Chanrion B, O'Donnell AH, Ge Y, Dwork AJ, et al. Increased DNA methylation in the
suicide brain. Dialogues Clin Neurosci. 2014; 16: 430–438. PMID: 25364291

14.

Qureshi IA, Mehler MF. An evolving view of epigenetic complexity in the brain. Philos Trans R Soc
Lond B Biol Sci. 2014 Sep 26. pii: 20130506. doi: 10.1098/rstb.2013.0506.

15.

Bonasio R, Lecona E, Reinberg D. MBT domain proteins in development and disease. Semin Cell Dev
Biol. 2010; 21: 221–230. doi: 10.1016/j.semcdb.2009.09.010 PMID: 19778625

16.

Qin J, Whyte WA, Anderssen E, Apostolou E, Chen HH, Akbarian S, et al. The polycomb group protein
L3mbtl2 assembles an atypical PRC1-family complex that is essential in pluripotent stem cells and
early development. Cell Stem Cell. 2012; 11: 319–332. doi: 10.1016/j.stem.2012.06.002 PMID:
22770845

17.

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, et al. Genome-wide atlas of gene expression in the adult mouse brain. Nature. 2007; 445: 168–176. PMID: 17151600

18.

Schaefer A, Sampath SC, Intrator A, Min A, Gertler TS, Surmeier DJ, et al. Control of cognition and
adaptive behavior by the GLP/G9a epigenetic suppressor complex. Neuron. 2009; 64: 678–691. doi:
10.1016/j.neuron.2009.11.019 PMID: 20005824

19.

Cheung I, Shulha HP, Jiang Y, Matevossian A, Wang J, Weng J, et al. Developmental regulation and individual differences of neuronal H3K4me3 epigenomes in the prefrontal cortex. Proc Natl Acad Sci
U S A. 2010; 107: 8824–8829. doi: 10.1073/pnas.1001702107 PMID: 20421462

20.

Takata A, Xu B, Ionita-Laza I, Roos JL, Gogos JA, Ionita-Laza I, et al. Loss-of-function variants in
schizophrenia risk and SETD1A as a candidate susceptibility gene. Neuron. 2014; 82: 773–780. doi:
10.1016/j.neuron.2014.04.043 PMID: 24853937

21.

Shen E, Shulha H, Weng Z, Akbarian S. Regulation of histone H3K4 methylation in brain development
and disease. Philos Trans R Soc Lond B Biol Sci. 2014 Sep 26. pii: 20130514. doi: 10.1098/rstb.2013.
0514.

22.

Ronan JL, Wu W, Crabtree GR. From neural development to cognition: unexpected roles for chromatin.
Nat Rev Genet. 2013; 14: 347–359. doi: 10.1038/nrg3413 PMID: 23568486

PLOS ONE | DOI:10.1371/journal.pone.0121252 April 7, 2015

10 / 12

Methyl-Reader L3mbtl1 in Anxiety and Depression

23.

Maze I, Covington HE 3rd, Dietz DM, LaPlant Q, Renthal W, Russo SJ, et al. Essential role of the histone methyltransferase G9a in cocaine-induced plasticity. 2010; Science 327: 213–216. doi: 10.1126/
science.1179438 PMID: 20056891

24.

Renthal W, Carle TL, Maze I, Covington HE 3rd, Truong HT, Alibhai I, et al. Delta FosB mediates epigenetic desensitization of the c-fos gene after chronic amphetamine exposure. J Neurosci. 2008; 28:
7344–7349. doi: 10.1523/JNEUROSCI.1043-08.2008 PMID: 18632938

25.

Jiang Y, Jakovcevski M, Bharadwaj R, Connor C, Schroeder FA, Lin CL, et al. Setdb1 histone methyltransferase regulates mood-related behaviors and expression of the NMDA receptor subunit NR2B. J
Neurosci. 2010; 30: 7152–7167. doi: 10.1523/JNEUROSCI.1314-10.2010 PMID: 20505083

26.

Mosammaparast N, Shi Y. Reversal of histone methylation: biochemical and molecular mechanisms of
histone demethylases. Annu Rev Biochem. 2010; 79: 155–179. doi: 10.1146/annurev.biochem.78.
070907.103946 PMID: 20373914

27.

Prusevich P, Kalin JH, Ming SA, Basso M, Givens J, Li X, et al. A selective phenelzine analogue inhibitor of histone demethylase LSD1. ACS Chem Biol. 2014; 9: 1284–1293. doi: 10.1021/cb500018s
PMID: 24707965

28.

Chourbaji S, Zacher C, Sanchis-Segura C, Spanagel R, Gass P. Social and structural housing conditions influence the development of a depressive-like phenotype in the learned helplessness paradigm
in male mice. Behav Brain Res. 2005; 164: 100–106. PMID: 16046006

29.

Qin J, Van Buren D, Huang HS, Zhong L, Mostoslavsky R, Akbarian S, et al. Chromatin protein
L3MBTL1 is dispensable for development and tumor suppression in mice. J Biol Chem. 2010; 285:
27767–27775. doi: 10.1074/jbc.M110.115410 PMID: 20592034

30.

Castro J, Garcia RI, Kwok S, Banerjee A, Petravicz J, Woodson J, et al. Functional recovery with recombinant human IGF1 treatment in a mouse model of Rett Syndrome. Proc Natl Acad Sci U S A.
2014; 111: 9941–9946. doi: 10.1073/pnas.1311685111 PMID: 24958891

31.

Mellios N, Woodson J, Garcia RI, Crawford B, Sharma J, Sheridan SD, et al. Beta2-Adrenergic receptor
agonist ameliorates phenotypes and corrects microRNA-mediated IGF1 deficits in a mouse model of
Rett syndrome. Proc Natl Acad Sci U S A. 2014; 111: 9947–9952. doi: 10.1073/pnas.1309426111
PMID: 24958851

32.

Chen RZ, Akbarian S, Tudor M, Jaenisch R. Deficiency of methyl-CpG binding protein-2 in CNS neurons results in a Rett-like phenotype in mice. Nat Genet. 2001; 27: 327–331. PMID: 11242118

33.

Roybal K, Theobold D, Graham A, DiNieri JA, Russo SJ, Krishnan V, et al. Mania-like behavior induced
by disruption of CLOCK. Proc Natl Acad Sci U S A. 2007; 104: 6406–6411. PMID: 17379666

34.

Oishi K, Atsumi G, Sugiyama S, Kodomari I, Kasamatsu M, Machida K, et al. Disrupted fat absorption
attenuates obesity induced by a high-fat diet in Clock mutant mice. FEBS Lett. 2006; 580: 127–130.
PMID: 16343493

35.

Porsolt RD, Le Pichon M, Jalfre M. Depression: a new animal model sensitive to antidepressant treatments. Nature. 1977; 266: 730–732. PMID: 559941

36.

Castagne V, Moser P, Roux S, Porsolt RD. Rodent models of depression: forced swim and tail suspension behavioral despair tests in rats and mice. Curr Protoc Neurosci. 2011; Chapter 8: Unit 8 10A. doi:
10.1002/0471142301.ns0810as55

37.

Petit-Demouliere B, Chenu F, Bourin M. Forced swimming test in mice: a review of antidepressant activity. Psychopharmacology (Berl). 2005; 177: 245–255. PMID: 15609067

38.

Kormos V, Gaszner B. Role of neuropeptides in anxiety, stress, and depression: from animals to humans. Neuropeptides. 2013; 47: 401–419. doi: 10.1016/j.npep.2013.10.014 PMID: 24210138

39.

Neumann ID, Wegener G, Homberg JR, Cohen H, Slattery DA, Zohar J, et al. Animal models of depression and anxiety: What do they tell us about human condition? Prog Neuropsychopharmacol Biol Psychiatry. 2011; 35: 1357–1375. doi: 10.1016/j.pnpbp.2010.11.028 PMID: 21129431

40.

Walf AA, Frye CA. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents. Nat Protoc. 2007; 2: 322–328. PMID: 17406592

41.

Kulesskaya N, Voikar V. Assessment of mouse anxiety-like behavior in the light-dark box and openfield arena: role of equipment and procedure. Physiol Behav. 2014; 133: 30–38. doi: 10.1016/j.
physbeh.2014.05.006 PMID: 24832050

42.

Heredia L, Torrente M, Colomina MT, Domingo JL. Assessing anxiety in C57BL/6J mice: a pharmacological characterization of the open-field and light/dark tests. J Pharmacol Toxicol Methods. 2014; 69:
108–114. doi: 10.1016/j.vascn.2013.12.005 PMID: 24374104

43.

Prut L, Belzung C. The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors: a review. Eur J Pharmacol. 2003; 463: 3–33. PMID: 12600700

PLOS ONE | DOI:10.1371/journal.pone.0121252 April 7, 2015

11 / 12

Methyl-Reader L3mbtl1 in Anxiety and Depression

44.

Burman MA, Simmons CA, Hughes M, Lei L. Developing and validating trace fear conditioning protocols in C57BL/6 mice. J Neurosci Methods. 2014; 222: 111–117. doi: 10.1016/j.jneumeth.2013.11.005
PMID: 24269252

45.

Ishikawa J, Ogawa Y, Owada Y, Ishikawa A. Hyperlocomotor activity and stress vulnerability during
adulthood induced by social isolation after early weaning are prevented by voluntary running exercise
before normal weaning period. Behav Brain Res. 2014; 264: 197–206. doi: 10.1016/j.bbr.2014.02.007
PMID: 24534713

46.

Baddeley A. Working memory: looking back and looking forward. Nat Rev Neurosci. 2003; 4: 829–839.
PMID: 14523382

47.

Takeuchi H, Taki Y, Nouchi R, Hashizume H, Sekiguchi A, Kotozaki Y, et al. Working memory training
improves emotional states of healthy individuals. Front Syst Neurosci. 2014; 8: 200. doi: 10.3389/
fnsys.2014.00200 PMID: 25360090

48.

Francis TC, Chandra R, Friend DM, Finkel E, Dayrit G, Miranda J, et al. Nucleus Accumbens Medium
Spiny Neuron Subtypes Mediate Depression-Related Outcomes to Social Defeat Stress. Biol Psychiatry. 2014; 77: 212–222. doi: 10.1016/j.biopsych.2014.07.021 PMID: 25173629

49.

Desai RI, Terry P, Katz JL. A comparison of the locomotor stimulant effects of D1-like receptor agonists
in mice. Pharmacol Biochem Behav. 2005; 81: 843–848. PMID: 16000217

50.

Trojer P, Cao AR, Gao Z, Li Y, Zhang J, Xu X, et al. L3MBTL2 protein acts in concert with PcG proteinmediated monoubiquitination of H2A to establish a repressive chromatin structure. Mol Cell. 2011; 42:
438–450. doi: 10.1016/j.molcel.2011.04.004 PMID: 21596310

51.

Hoya-Arias R, Tomishima M, Perna F, Voza F, Nimer SD. L3MBTL1 deficiency directs the differentiation of human embryonic stem cells toward trophectoderm. Stem Cells Dev. 2011; 20: 1889–1900. doi:
10.1089/scd.2010.0437 PMID: 21341991

52.

Gurvich N, Perna F, Farina A, Voza F, Menendez S, Hurwitz J, et al. L3MBTL1 polycomb protein, a candidate tumor suppressor in del(20q12) myeloid disorders, is essential for genome stability. Proc Natl
Acad Sci U S A. 2010; 107: 22552–22557. doi: 10.1073/pnas.1017092108 PMID: 21149733

53.

Martin AL, Brown RE. The lonely mouse: verification of a separation-induced model of depression in female mice. Behav Brain Res. 2010; 207: 196–207. doi: 10.1016/j.bbr.2009.10.006 PMID: 19819265

54.

Chotiwat C, Harris RB. Increased anxiety-like behavior during the post-stress period in mice exposed to
repeated restraint stress. Horm Behav. 2006; 50: 489–495. PMID: 16870191

55.

Goto T, Kubota Y, Tanaka Y, Iio W, Moriya N, Toyoda A. Subchronic and mild social defeat stress accelerates food intake and body weight gain with polydipsia-like features in mice. Behav Brain Res.
2014; 270: 339–348. doi: 10.1016/j.bbr.2014.05.040 PMID: 24875770

56.

Jakobsson J, Cordero MI, Bisaz R, Groner AC, Busskamp V, Bensadoun JC, et al. KAP1-mediated epigenetic repression in the forebrain modulates behavioral vulnerability to stress. Neuron. 2008; 60:
818–831. doi: 10.1016/j.neuron.2008.09.036 PMID: 19081377

57.

Wilkinson MB, Xiao G, Kumar A, LaPlant Q, Renthal W, Sikder D, et al. Imipramine treatment and resiliency exhibit similar chromatin regulation in the mouse nucleus accumbens in depression models. J
Neurosci. 2009; 29: 7820–7832. doi: 10.1523/JNEUROSCI.0932-09.2009 PMID: 19535594

58.

Chaudhury S, Aurbach EL, Sharma V, Blandino P Jr, Turner CA, Watson SJ, et al. FGF2 is a target and
a trigger of epigenetic mechanisms associated with differences in emotionality: partnership with
H3K9me3. Proc Natl Acad Sci U S A. 2014; 111: 11834–11839. doi: 10.1073/pnas.1411618111 PMID:
25071177

59.

Hunter RG, McCarthy KJ, Milne TA, Pfaff DW, McEwen BS. Regulation of hippocampal H3 histone
methylation by acute and chronic stress. Proc Natl Acad Sci U S A. 2009; 106: 20912–20917 doi: 10.
1073/pnas.0911143106 PMID: 19934035

60.

Lee MG, Wynder C, Schmidt DM, McCafferty DG, Shiekhattar R. Histone H3 lysine 4 demethylation is
a target of nonselective antidepressive medications. Chem Biol. 2006; 13: 563–567. PMID: 16793513

PLOS ONE | DOI:10.1371/journal.pone.0121252 April 7, 2015

12 / 12

