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Abstract

Usp46 mutant mice (congenic strain on a B6 genetic background; MT mice) have a low
weaning rate and display poor maternal behavior compared to C57BL/6J mice (B6 mice).
Based on these observations, we examined how maternal behavior is shaped by cross-fos-
tering and in-fostering MT and B6 mice. The experiments consisted of six groups: B6 mice
fostered by their biological mother (B6-CO); MT mice fostered by their biological mother
(MT-CO); B6 mice fostered by a different B6 mother (B6-IF); MT mice fostered by a different
MT mother (MT-IF); B6 mice fostered by an MT mother (B6-CF); and MT mice fostered by a
B6 mother (MT-CF). Maternal behavior was assessed using the pup-retrieval test in adult
female offspring, and four parameters, time nursing pups in the nest, time sniffing or licking
pups, rearing behavior, and latency to retrieve pups, were measured. Cross-fostering signif-
icantly reduced time spent nursing and sniffing/licking pup, and increased the number of
instances of rearing in the B6-CF group, and improved three parameters of maternal behav-
iors (nursing, rearing and latency) in the MT-CF group. These results indicate that the level
of maternal care is transmitted to their pups and proper maternal behaviors can be shaped if
adequate postpartum maternal care is given, even in genetically vulnerable mice. However,
the offspring’s genotype may also influence the development of maternal behaviors in adult-
hood. Thus, MT mice may prove useful as a model for trans-generational transmission of
maternal care, and these findings may provide insight into the mechanisms of maltreating
behaviors in human child abuse.

Introduction

Child abuse is prevalent worldwide and poses a serious public health risk because many,
though not all, maltreated children are at risk of developing psychiatric problems (e.g. depres-
sion, anxiety, drug and alcohol abuse) in adulthood [1-5]. In Japan, the number of cases of
child abuse handled in a consultation office for children has rapidly increased over the last 15
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years, breaking a record for number of cases in 2013 (2013 Annual Report, Ministry of Health,
Labor and Welfare, Japan). It has been reported that maltreating mothers experience more
abuse and neglect during their own childhoods, relative to non-maltreating mothers [6]. This
cycle of abuse has been described in the literature [7-10], but little is known of the physiologi-
cal basis for this phenomenon. To better understand the mechanisms of this cycle, an appropri-
ate animal model, that exhibits poor maternal behavior and a cycle of neglect similar to
maltreating mothers, would be useful.

Recently, in a quantitative trait locus (QTL) genetic analysis using an F2 population cross
between CS (an inbred strain originally established from a hybrid between NBC and SII in
Nagoya University) and normal C57BL/6] (B6) mice, we identified ubiquitin specific peptidase
46 (Usp46) as one of the genes responsible for reductions in time spent immobile in the tail sus-
pension and forced swim test [11]. The Usp46 mutation identified in CS mice has a three base
pair deletion coding for lysine in the open reading frame. Mice with this mutation (MT mice)
exhibit a number of impaired behavioral phenotypes including nest building, ethanol prefer-
ence, ethanol-induced loss of righting reflex, sucrose preference, novelty-suppressed feeding
and marble burying behavior [11, 12]. It is thought that Usp46 deficiency causes dysfunction of
gamma-aminobutyric acid A (GABA ) receptor activity [11, 13]. Meanwhile, we noticed that
the weaning rate of pregnant MT mice was lower than that of wild type mice. This observation
suggested that maternal behavior in these mice might be altered. In fact, we found that mater-
nal behavior during the first 3 days after birth was significantly impaired in MT mice. Many
studies have suggested that both environmental factors during development and genetic factors
are involved in the formation of maternal behavior [14-18]. Therefore, in this study we investi-
gated how maternal behavior is shaped in MT and B6 mice by cross-fostering experiments.

Materials and Methods
Animals

We used B6 mice purchased from CLEA Japan Inc. and Usp46 mutant mice developed as a
congenic strain on a B6 genetic background. These congenic mice (B6.CS-Ngul053) contained
chromosome 5 regions harboring Usp46 of CS mice (MT mice). In addition, we used Usp46
transgenic mice, which were produced by introducing the wild type Usp46 transgene to B6.
CS-Ngul053 mice. Mice were housed in polycarbonate cages (182 x 260 x 128 mm) with soft
wooden chip (Chubu Kagaku Shizai) in our animal facility, under 12 h light/dark cycle (On
8:00, off 20:00), with free access to food (Labo MR Stock, NOSAN) and water, temperature and
humidity maintained at approximately 24°C and 55%, respectively. In this study, we assessed
maternal behavior in parous mice by video recording and nulliparous mice by a pup-retrieval
test that were produced by the cross- and in-fostering procedure. To examine the number of
pups in the uterus, mice were anesthetized with Somnopentyl. We performed the experiments
in accordance with the Guidelines for Proper Conduct of Animal Experiments issued by Sci-
ence Council of Japan (June 1, 2006) and the experiment was approved by the Animal Experi-
ment Committee, Graduate School of Bioagricultural Sciences, Nagoya University (Approval
No. 2011030303, 2012032101, 2013021808). The details of handling the mice are as follows.

1. Final cause of death for the animals: The mice used in this study were sacrificed by euthana-
sia procedures when the experiment was completed.

2. Humane endpoints: This study used humane endpoints.

a. The criteria to be humanely sacrificed: When disposing of mice on completion of the
experiment in accordance with the animal experiment protocol or due to the laboratory
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animals being subjected to severe pain and suffering during the course of the experiment
when anesthetics and analgesics could not be used, we conducted euthanasia.

b. The method of sacrifice: A chemical method (overdose of a barbiturate anesthetic) or a
physical method (cervical dislocation) was used.

c. The frequency of monitor: Basically every day we checked water and food as well as
health conditions.

d. To minimize suffering of the mice: To be able to perceive abnormalities, we checked
physical conditions (body weight, hair etc.) and behavior (food intake, water consump-
tion and activity etc.). If we perceived an abnormality and drugs (anesthetics, analgesics
etc.) could not be used, the mice were sacrificed by euthanasia.

The completed ARRIVE checklist was attached as supplemental information (S2 Table).

Observation of maternal behavior

Virgin B6 and MT female mice were crossed with male mice of the same strain; after pregnancy
was confirmed, male mice were removed from the cage. A CCD (charge-coupled device) cam-
era with night vision (Arucom, Japan) recorded maternal behavior (nursing position [arched-
back or prone] and licking/grooming) for 3 days following parturition, at 30 min intervals (S1
Fig). During the record, mice were housed in a cage with wood-chip bedding. Some whole MT
litters died during this period. In such a case, the observation of these mice was limited to only
when the pup survived. The ratio of occurrence of maternal behaviors was recorded as the per-
cent of total observation time. Recordings were stored in a DVD (digital versatile disc) recorder
(Panasonic, Japan) or HDD (hard disk driver) with PCastVIDEO (Buffalo, Japan). Before ana-
lyzing the recording, the ratio of maternal behavior on the 4™ day following parturition was
compared at three time intervals (10 s at 2, 3 and 6 min intervals during the 30 min recording).
However, no significant differences were observed. Therefore, we analyzed the 30 min record-
ing at 6 min intervals with 10 s assessments (5 points/h) (S1 Fig).

Cross- and in-fostering procedure

Virgin male and female B6 or MT mice (> 8 weeks of age) were crossed in each strain to obtain
pregnant female mice. After confirming the pregnancy (at approximately 14 days of preg-
nancy), male mice were removed from the cage. Pups born from these mice were used in the
pup-retrieval test after they grown up. The experiment consisted of six groups (Fig 1): B6 mice
fostered by their biological mother (B6-CO); MT mice fostered by their biological mother
(MT-CO); B6 mice fostered by a different B6 mother (B6-IF); MT mice fostered by a different
MT mother (MT-IF); B6 mice fostered by an MT mother (B6-CF); and MT mice fostered by a
B6 mother (MT-CF). Mothers for in-foster (IF) and cross-foster (CF) groups were exchanged
only when litters were born within 2 days of each other. Pups were handled using tweezers dur-
ing the short (< 5 min) exchange to avoid odors. Litters consisted of 4-9 pups, which were
weaned at 25 days after birth. Male and female offspring (2-5 siblings in each cage) were sepa-
rated at weaning and housed until the pup-retrieval test. In this test, only female mice (8-12
weeks old) were used.

Pup-retrieval test

Test mice were isolated in a cage with wood-chip bedding and a nestlet made of pressed cotton
(Lillico; 2.5 g, 5 x 5 cm) for 2 days. The experiment was performed on day 3 (10:00-12:00). B6
pups (1-5 days old), born from different B6 mothers, were placed in 3 corners of the cage
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Fig 1. Outline of fostering experiments. B6-CO: B6 mice fostered by their biological mother. B6-IF: B6 mice fostered by a different B6 mother. B6-CF:
B6 mice fostered by an MT mother. MT-CO: MT mice fostered by their biological mother. MT-IF: MT mice fostered by a different MT mother. MT-CF: MT mice
fostered by a B6 mother. Offspring were tested at 8—12 weeks of age.

doi:10.1371/journal.pone.0136016.g001

(182 x 260 x 128 mm) and maternal behavior of the test mouse was recorded for 30 min using
a video camera [19]. Four maternal behaviors were measured during playback: time spent
nursing pups in the nest; time spent sniffing or licking each pup; number of instances of rearing
(reflecting an interruption of nursing); and latency to retrieve each pup (1%, 274 31y ¢4 the
nest. In addition, we counted the number of pups in the nest at the end of the experiment and
checked if infanticide occurred.

Statistics

All data are expressed as the mean + standard error of the mean (S.E.M). Statistical significance
was determined using a number of different analyses including: one-way ANOVA with Tukey’s
post hoc test; Kruskal-Wallis one-way ANOVA with Steel-Dwass post hoc test; two-way
ANOVA with Tukey’s post hoc test for multiple comparisons; and Student’s ¢-tests or Mann-
Whitney U test for 2 group comparisons.

Results
Effects of Usp46 mutation on weaning rate

We counted the number of pups in the uterus just prior to parturition and found no significant
difference between the 3 strains. However, at weaning, the number of pups in MT litters was
significantly decreased compared to litters from B6 and Usp46 transgenic mice (y* = 57.61,

P < 0.01, Kruskal-Wallis one-way ANOVA, Fig 2).

Maternal behavior

Maternal behaviors could be categorized into arched-back nursing, nursing in a prone position
and licking/grooming behavior. These behaviors were observed for 3 days following parturi-
tion. Although all B6 mice exhibited uniform duration of maternal behaviors and all B6 pups
survived, MT mice showed large individual variations in maternal behaviors (Mann-Whitney
U test, p < 0.05, Fig 3). MT mice whose whole litters died during these 3 days (5/8 litters)
exhibited decreased duration of maternal behaviors compared to those whose litters survived.
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Fig 2. Effects of Usp46 mutation on rate of weaning. A: Number of pups in the uterus prior to
parturition. B: Number of pups weaned at approximately 25 days after birth. The number of mice is shown
within parentheses. **p < 0.01, Kruskal-Wallis one-way ANOVA.

doi:10.1371/journal.pone.0136016.g002

Fostering effects on maternal behavior in B6 mice

We examined the effects of fostering by a non-biological mother and MT mother on maternal
behavior in B6 mice (Fig 4). As observed in nursing mothers after parturition (Fig 3), MT mice
showed significant impairments in maternal behavior compared to B6 mice (nursing: F genetic
effect (1,59) = 33.11, p < 0.01; sniffing/licking: F genetic effect (1,59) = 7-61, p < 0.01; rearing: F genetic
effect (1,59) = 13.60, p < 0.01; latency to retrieve 1% pup: F genetic effect (1,41) = 7.27, p < 0.05; all
two-way ANOVA) (S2 Fig). Although in-fostering effects were not observed, B6 mice fostered
by MT mothers (B6-CF) exhibited a significant reduction in time spent nursing and sniffing/
licking pup, and increased the number of instances of rearing (B6-CO vs. B6-CF, one-way
ANOVA with Tukey’s post hoc test, p < 0.05; B6-IF vs. B6-CF, p < 0.01, F (5, 5) = 7.30 for nurs-
ing, B6-IF vs. B6-CF, p < 0.05, F (5, 51y = 3.10 for sniffing/licking, B6-IF vs. B6-CF, p < 0.01, F
(@, s1) = 6.49 for rearing) (Fig 4).

Fostering effects on maternal behavior in MT mice

In fostering effects were not detected in MT mice as in B6 mice. However, MT mice fostered by
B6 mothers (MT-CF) showed significant improvements in three parameters of maternal
behaviors (MT-IF vs. MT-CF, one-way ANOV A with Tukey’s post hoc test, p < 0.05, F (3, 43y =
4.60 for nursing, MT-IF vs. MT-CF, p < 0.05, F (3, 43) = 3.71 for rearing, MT-IF vs. MT-CF,

P < 0.05, F 5, 59) = 4.61 for latency to retrieve 1* pup) (Fig 5).

Discussion

Maternal care is important for the physical and mental development of offspring. In particular,
the early-life environment can significantly affect mental health in later life. Thus, prevention
of child abuse has become an important public health concern. It is critical to understand the
pathogenic mechanisms of child abuse and an appropriate animal model would be help in this
endeavor. Thus, in this study, we evaluated the suitability of MT mice as a model for trans-
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Fig 3. Maternal behaviors post parturition. Maternal behaviors (arched-back nursing, nursing in prone
position and licking/grooming) were observed for 3 days following parturition. The ratio of occurrence of these
behaviors is shown as the percent of total observation time. The number of mice used is shown within
parentheses. *p <0.05, Mann-Whitney U test.

doi:10.1371/journal.pone.0136016.g003

generational transmission of maternal care that is critically involved in the pathological mecha-
nisms of human child abuse. To develop an appropriate model, three criteria (face, construct
and predictive validity), frequently applied to evaluate animal models of neuropsychiatric dis-
orders, should be satisfied [20]. Child abuse has three prominent characteristics: transmission
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Fig 4. Fostering effects on maternal behavior in B6 mice. B6-CF exhibited a significant reduction in time
spent nursing and sniffing/licking pup, and increased the number of instances of rearing. The number of mice
used is shown within parentheses. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s post hoc test.

doi:10.1371/journal.pone.0136016.g004
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Fig 5. Fostering effects on maternal behavior in MT mice. MT-CF showed significant improvements in
time spent nursing, rearing and latency to retrieve 1! pup. The number of mice used is shown within
parentheses. *p < 0.05, one-way ANOVA with Tukey’s post hoc test.

doi:10.1371/journal.pone.0136016.9005

to subsequent generations; onset can be triggered by stressful environments; and there is recur-
rence within the same family [8-10, 21, 22]. In this study, we used cross-fostering experiments
involving MT mice to investigate whether the maltreatment phenotype would be transmitted
to the next generation, enabling assessment of one aspect of face validity.

The weaning rate of MT mice was significantly lower than B6 and Usp46 transgenic mice;
no significant differences were observed between B6 and Usp46 transgenic mice. These results
suggest that the Usp46 mutation gives rise to the lower weaning rate. However, it is also possi-
ble that pups possessing the Usp46 mutation are not strong enough to survive until weaning.
Although this possibility cannot be excluded, the lower survival rate is likely due to poor mater-
nal care during the early nursing period, as the survival rate of MT mice dramatically decreased
within 3 days of parturition and was maintained at the same level afterwards (S3 Fig). It is
known that following parturition, mice show a series of innate maternal behaviors, including
placentophagia, licking, nursing, and pup-retrieval and grouping [23]. The dramatic change in
surroundings mice encounter following parturition may have disturbed the expression of nor-
mal maternal behavior in MT mice. This speculation is supported by our previous results that
show MT mice display neophobia-like behaviors [12]. Thus, it is likely that MT mice are vul-
nerable to stressful conditions. However, as shown in Fig 3, not all MT mice exhibited poor
maternal behavior; normal maternal care, similar to that of B6 mice, was observed in some MT
mice. This may be due to the fact that the Usp46 mutation has moderate, not drastic, effects on
behavioral phenotypes. Therefore, some MT mice that are rendered sensitive to stressful condi-
tions may exhibit alterations in maternal care. If this were the case, MT mice would be a useful
model for studying maltreating maternal behavior, as in most cases, this behavior occurs under
excessive stress [22].
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In this study, we evaluated whether maltreating maternal behaviors in MT mice are trans-
mitted to the next generation by nongenomic means. To examine this, we performed an adop-
tion study in which the biological offspring of B6 or MT mothers were cross-fostered to either
B6 or MT dams. In most of previous studies, cross-fostering was conducted within 1 day of
parturition [16, 24, 25]. In this study, however, offspring cross-fostered within 2 days after par-
turition were used, because several studies indicated that later adoption (e.g. postnatal day 7,
12) is effective to change behavioral phenotypes in the adult offspring [26-28]. First, we com-
pared control and in-fostered groups for each strain, and showed no obvious effects in both
strains (Figs 4 and 5). Next, we examined how postpartum maternal care shapes maternal
behavior of grown female offspring. For B6 mice reared by MT mice, time spent nursing and
sniffing/licking pup decreased, and the number of instances of rearing increased (Fig 4). On
the other hand, in MT mice reared by B6 mice, most of maternal behaviors were improved (Fig
5). These results suggest that proper maternal behaviors can be shaped when adequate postpar-
tum maternal care is given, even in genetically vulnerable mice. However, pup genotype must
also contribute to the development of maternal behavior in adulthood, as MT mice fostered by
non-biological MT mothers exhibited a significant reduction in time spent nursing and an
increase in pup-retrieval latency when compared to B6 mice fostered by MT mothers (B6-CF
vs. MT-IF). The deterioration of maternal behavior of MT-IF mice was also observed in the
number of pups in the nest at the end of the experiment (S1 Table). Thus, both B6 and MT
pups mothered by B6 mice showed similar maternal phenotypes once they became mothers
(B6-IF vs. MT-CF). These data suggest that maternal care by B6 mothers is sufficient to inhibit
the genetic vulnerability of MT mice.

From an evolutionally standpoint, maternal rejections which contribute to offspring inde-
pendency can be interpreted by parent-offspring conflict arising from differences in optimal
parental investment to an offspring [29]. In this theory, behavioral conflict between parents
and offspring arise when parent investment terminates, but offspring demand as much as the
investment given until that time. It is possible to consider that Usp46 is involved in the adapta-
tion of this behavior in the evolutionary process and impairment of the down-stream pathway
of this gene affects the parent-offspring relationship.

We previously reported that Usp46 regulates GABA 4 receptor function [13]. Although a
number of studies have demonstrated that the GABAergic system is implicated in regulation of
maternal behavior [30-33], it has not been determined whether poor maternal behavior in MT
mice is caused by dysfunction of GABA 4 receptors. Further, the mechanism of nongenomic
transmission of maternal care in these mice is unknown, although epigenetic programming by
maternal care for subsequent maternal care has been well-described [2, 14-17, 34]. To elucidate
these issues in these mice may lead to improved understanding of the mechanisms shaping
maternal behavior, particularly because our attention in future work can be confined to down-
stream pathways of Usp46.

Supporting Information

S1 Fig. Time sampling for behavioral observation. The ratio of occurrence of maternal
behaviors was compared at three intervals (10 s observation at 2, 3 and 6 min intervals).
(TIF)

S2 Fig. In-fostering effects on maternal behavior. MT mice (MT-CO and MT-IF) showed
significantly poorer maternal behavior than B6 mice (B6-CO and B6-IF) across all parameters.
*p <0.05,**p < 0.01, two-way ANOVA.

(TTF)
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S3 Fig. Survival rate of B6 and MT mice during the nursing period. The survival rate of MT
mice dramatically decreased within 3 days of parturition. The number of mice used is shown
within parentheses. **p < 0.01, Student’s -test.

(TTF)

S1 Table. Results of pup-retrieval test.
(PDF)

S2 Table. The ARRIVE guidelines checklist.
(PDF)

Author Contributions

Conceived and designed the experiments: SU SE. Performed the experiments: SU AM MF.
Analyzed the data: SU SI. Wrote the paper: SI SE.

References

1. Mullen PE, Martin JL, Anderson JC, Romans SE, Herbison GP. The long-term impact of the physical,
emotional, and sexual abuse of children: a community study. Child abuse & neglect. 1996; 20(1):7-21.
PMID: 8640429.

2. Meaney MJ. Maternal care, gene expression, and the transmission of individual differences in stress
reactivity across generations. Annual review of neuroscience. 2001; 24:1161-92. doi: 10.1146/
annurev.neuro.24.1.1161 PMID: 11520931.

3. Bebbington PE, Bhugra D, Brugha T, Singleton N, Farrell M, Jenkins R, et al. Psychosis, victimisation
and childhood disadvantage: evidence from the second British National Survey of Psychiatric Morbid-
ity. The British journal of psychiatry: the journal of mental science. 2004; 185:220-6. doi: 10.1192/bjp.
185.3.220 PMID: 15339826.

4. FreydJJ, Putnam FW, Lyon TD, Becker-Blease KA, Cheit RE, Siegel NB, et al. Psychology. The sci-
ence of child sexual abuse. Science. 2005; 308(5721):501. doi: 10.1126/science.1108066 PMID:
15845837.

5. Kaffman A, Meaney MJ. Neurodevelopmental sequelae of postnatal maternal care in rodents: clinical
and research implications of molecular insights. J Child Psychol Psyc. 2007; 48(3—4):224—44. doi: 10.
1111/J.1469-7610.2007.01730.X WOS:000244740600002.

6. Cicchetti D, Rogosch FA, Toth SL. Fostering secure attachment in infants in maltreating families
through preventive interventions. Development and psychopathology. 2006; 18(3):623—-49. PMID:
17152394.

7. Egeland B, Jacobvitz D, Sroufe LA. Breaking the cycle of abuse. Child development. 1988; 59
(4):1080-8. PMID: 3168615.

8. Pears KC, Capaldi DM. Intergenerational transmission of abuse: a two-generational prospective study
of an at-risk sample. Child abuse & neglect. 2001; 25(11):1439-61. PMID: 11766010.

9. BerlinLJ, Appleyard K, Dodge KA. Intergenerational continuity in child maltreatment: mediating mecha-
nisms and implications for prevention. Child development. 2011; 82(1):162—76. doi: 10.1111/j.1467-
8624.2010.01547.x PMID: 21291435; PubMed Central PMCID: PMC3059248.

10. Schury K, Kolassa IT. Biological memory of childhood maltreatment: current knowledge and recom-
mendations for future research. Annals of the New York Academy of Sciences. 2012; 1262:93-100.
doi: 10.1111/j.1749-6632.2012.06617.x PMID: 22823440.

11. Tomida S, Mamiya T, Sakamaki H, Miura M, Aosaki T, Masuda M, et al. Usp46 is a quantitative trait
gene regulating mouse immobile behavior in the tail suspension and forced swimming tests. Nat Genet.
2009; 41(6):688—-695. Epub 2009/05/26. ng.344 [pii] doi: 10.1038/ng.344 PMID: 19465912.

12. Imai S, Kano M, Nonoyama K, Ebihara S. Behavioral characteristics of ubiquitin-specific peptidase 46-
deficient mice. PLoS One. 2013; 8(3):e58566. doi: 10.1371/journal.pone.0058566 PMID: 23472206;
PubMed Central PMCID: PMC3589359.

13. Imai S, Mamiya T, Tsukada A, Sakai Y, Mouri A, Nabeshima T, et al. Ubiquitin-specific peptidase 46
(Usp46) regulates mouse immobile behavior in the tail suspension test through the GABAergic system.
PLoS One. 2012; 7(6):€39084. doi: 10.1371/journal.pone.0039084 PMID: 22720038; PubMed Central
PMCID: PMC3375232.

PLOS ONE | DOI:10.1371/journal.pone.0136016 August 18,2015 9/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136016.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136016.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136016.s005
http://www.ncbi.nlm.nih.gov/pubmed/8640429
http://dx.doi.org/10.1146/annurev.neuro.24.1.1161
http://dx.doi.org/10.1146/annurev.neuro.24.1.1161
http://www.ncbi.nlm.nih.gov/pubmed/11520931
http://dx.doi.org/10.1192/bjp.185.3.220
http://dx.doi.org/10.1192/bjp.185.3.220
http://www.ncbi.nlm.nih.gov/pubmed/15339826
http://dx.doi.org/10.1126/science.1108066
http://www.ncbi.nlm.nih.gov/pubmed/15845837
http://dx.doi.org/10.1111/J.1469-7610.2007.01730.X
http://dx.doi.org/10.1111/J.1469-7610.2007.01730.X
http://www.ncbi.nlm.nih.gov/pubmed/17152394
http://www.ncbi.nlm.nih.gov/pubmed/3168615
http://www.ncbi.nlm.nih.gov/pubmed/11766010
http://dx.doi.org/10.1111/j.1467-8624.2010.01547.x
http://dx.doi.org/10.1111/j.1467-8624.2010.01547.x
http://www.ncbi.nlm.nih.gov/pubmed/21291435
http://dx.doi.org/10.1111/j.1749-6632.2012.06617.x
http://www.ncbi.nlm.nih.gov/pubmed/22823440
http://dx.doi.org/10.1038/ng.344
http://www.ncbi.nlm.nih.gov/pubmed/19465912
http://dx.doi.org/10.1371/journal.pone.0058566
http://www.ncbi.nlm.nih.gov/pubmed/23472206
http://dx.doi.org/10.1371/journal.pone.0039084
http://www.ncbi.nlm.nih.gov/pubmed/22720038

@’PLOS ‘ ONE

Maternal Behavior in Usp46 Mutant Mice

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Francis D, Diorio J, Liu D, Meaney MJ. Nongenomic transmission across generations of maternal
behavior and stress responses in the rat. Science. 1999; 286(5442):1155-8. PMID: 10550053.

Francis DD, Szegda K, Campbell G, Martin WD, Insel TR. Epigenetic sources of behavioral differences
in mice. Nature neuroscience. 2003; 6(5):445-6. doi: 10.1038/nn1038 PMID: 12665797

Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR, et al. Epigenetic program-
ming by maternal behavior. Nature neuroscience. 2004; 7(8):847-54. doi: 10.1038/nn1276 PMID:
15220929.

Meaney MJ. Epigenetics and the biological definition of gene x environment interactions. Child develop-
ment. 2010; 81(1):41-79. doi: 10.1111/j.1467-8624.2009.01381.x PMID: 20331654.

Shoji H, Kato K. Maternal care affects the development of maternal behavior in inbred mice. Develop-
mental psychobiology. 2009; 51(4):345-57. doi: 10.1002/dev.20375 PMID: 19365795.

Kuroda KO, Meaney MJ, Uetani N, Fortin Y, Ponton A, Kato T. ERK-FosB signaling in dorsal MPOA
neurons plays a major role in the initiation of parental behavior in mice. Mol Cell Neurosci. 2007; 36
(2):121-31. Epub 2007/08/21. S1044-7431(07)00131-5 [pii] doi: 10.1016/j.mcn.2007.05.010 PMID:
17707653.

Nestler EJ, Hyman SE. Animal models of neuropsychiatric disorders. Nature neuroscience. 2010; 13
(10):1161-9. doi: 10.1038/nn.2647 PMID: 20877280; PubMed Central PMCID: PMC3750731.

Fluke JD, Yuan YY, Edwards M. Recurrence of maltreatment: an application of the National Child
Abuse and Neglect Data System (NCANDS). Child abuse & neglect. 1999; 23(7):633-50. PMID:
10442829.

Barth RP, Blythe BJ. The contribution of stress to cild abuse. Social Service Review. 1983; 57:477-89.

Kuroda KO, Tachikawa K, Yoshida S, Tsuneoka Y, Numan M. Neuromolecular basis of parental behav-
ior in laboratory mice and rats: with special emphasis on technical issues of using mouse genetics.
Progress in neuro-psychopharmacology & biological psychiatry. 2011; 35(5):1205-31. doi: 10.1016/j.
pnpbp.2011.02.008 PMID: 21338647.

Curley JP, Rock V, Moynihan AM, Bateson P, Keverne EB, Champagne FA. Developmental shifts in
the behavioral phenotypes of inbred mice: the role of postnatal and juvenile social experiences. Behav
Genet. 2010; 40(2):220-32. doi: 10.1007/s10519-010-9334-4 PMID: 20130977; PubMed Central
PMCID: PMC2862468.

Priebe K, Romeo RD, Francis DD, Sisti HM, Mueller A, McEwen BS, et al. Maternal influences on adult
stress and anxiety-like behavior in C57BL/6J and BALB/cJ mice: a cross-fostering study. Developmen-
tal psychobiology. 2005; 47(4):398-407. doi: 10.1002/dev.20098 PMID: 16284964.

Lu LL, Mamiya T, Lu P, Niwa M, Mouri A, Zou LB, et al. The long-lasting effects of cross-fostering on
the emotional behavior in ICR mice. Behavioural Brain Research. 2009; 198(1):172—8. doi: 10.1016/J.
Bbr.2008.10.031 WOS:000263616300023. PMID: 19027040

Barbazanges A, Vallee M, Mayo W, Day J, Simon H, LeMoal M, et al. Early and later adoptions have dif-
ferent long-term effects on male rat offspring. Journal of Neuroscience. 1996; 16(23):7783-90. WOS:
A1996VY43300039. PMID: 8922434

Darnaudery M, Koehl M, Barbazanges A, Cabib S, Le Moal M, Maccari S. Early and later adoptions dif-
ferently modify mother-pup interactions. Behav Neurosci. 2004; 118(3):590-6. doi: 10.1037/0735-
7044.118.3.590 WOS:000221750200017. PMID: 15174937

Trivers RL. Parent-offspring conflict. American Zoologist. 1974; 14(1):249-64.

Maguire J, Mody |. GABA(A)R plasticity during pregnancy: relevance to postpartum depression. Neu-
ron. 2008; 59(2):207—13. Epub 2008/08/01. S0896-6273(08)00537-0 [pii] doi: 10.1016/j.neuron.2008.
06.019 PMID: 18667149.

Caldji C, Diorio J, Meaney MJ. Variations in maternal care alter GABA(A) receptor subunit expression
in brain regions associated with fear. Neuropsychopharmacology. 2003; 28(11):1950-9. doi: 10.1038/
sj.npp.1300237 PMID: 12888776.

Caldji C, Diorio J, Anisman H, Meaney MJ. Maternal behavior regulates benzodiazepine/GABAA
receptor subunit expression in brain regions associated with fear in BALB/c and C57BL/6 mice. Neu-
ropsychopharmacology. 2004; 29(7):1344-52. doi: 10.1038/sj.npp.1300436 PMID: 15085086.

Zhang TY, Hellstrom IC, Bagot RC, Wen X, Diorio J, Meaney MJ. Maternal care and DNA methylation
of a glutamic acid decarboxylase 1 promoter in rat hippocampus. J Neurosci. 2010; 30(39):13130-7.
doi: 10.1523/JNEUROSCI.1039-10.2010 PMID: 20881131.

Champagne FA. Epigenetic mechanisms and the transgenerational effects of maternal care. Frontiers
in neuroendocrinology. 2008; 29(3):386—97. doi: 10.1016/j.yfrne.2008.03.003 PMID: 18462782;
PubMed Central PMCID: PMC2682215.

PLOS ONE | DOI:10.1371/journal.pone.0136016 August 18,2015 10/10


http://www.ncbi.nlm.nih.gov/pubmed/10550053
http://dx.doi.org/10.1038/nn1038
http://www.ncbi.nlm.nih.gov/pubmed/12665797
http://dx.doi.org/10.1038/nn1276
http://www.ncbi.nlm.nih.gov/pubmed/15220929
http://dx.doi.org/10.1111/j.1467-8624.2009.01381.x
http://www.ncbi.nlm.nih.gov/pubmed/20331654
http://dx.doi.org/10.1002/dev.20375
http://www.ncbi.nlm.nih.gov/pubmed/19365795
http://dx.doi.org/10.1016/j.mcn.2007.05.010
http://www.ncbi.nlm.nih.gov/pubmed/17707653
http://dx.doi.org/10.1038/nn.2647
http://www.ncbi.nlm.nih.gov/pubmed/20877280
http://www.ncbi.nlm.nih.gov/pubmed/10442829
http://dx.doi.org/10.1016/j.pnpbp.2011.02.008
http://dx.doi.org/10.1016/j.pnpbp.2011.02.008
http://www.ncbi.nlm.nih.gov/pubmed/21338647
http://dx.doi.org/10.1007/s10519-010-9334-4
http://www.ncbi.nlm.nih.gov/pubmed/20130977
http://dx.doi.org/10.1002/dev.20098
http://www.ncbi.nlm.nih.gov/pubmed/16284964
http://dx.doi.org/10.1016/J.Bbr.2008.10.031
http://dx.doi.org/10.1016/J.Bbr.2008.10.031
http://www.ncbi.nlm.nih.gov/pubmed/19027040
http://www.ncbi.nlm.nih.gov/pubmed/8922434
http://dx.doi.org/10.1037/0735-7044.118.3.590
http://dx.doi.org/10.1037/0735-7044.118.3.590
http://www.ncbi.nlm.nih.gov/pubmed/15174937
http://dx.doi.org/10.1016/j.neuron.2008.06.019
http://dx.doi.org/10.1016/j.neuron.2008.06.019
http://www.ncbi.nlm.nih.gov/pubmed/18667149
http://dx.doi.org/10.1038/sj.npp.1300237
http://dx.doi.org/10.1038/sj.npp.1300237
http://www.ncbi.nlm.nih.gov/pubmed/12888776
http://dx.doi.org/10.1038/sj.npp.1300436
http://www.ncbi.nlm.nih.gov/pubmed/15085086
http://dx.doi.org/10.1523/JNEUROSCI.1039-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20881131
http://dx.doi.org/10.1016/j.yfrne.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18462782

