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Abstract
Maternal behavior is dynamic and highly sensitive to experiential and contextual factors. In this review, this plasticity will be explored, with a focus on how
experiences of females occurring from the time of fetal development through
to adulthood impact maternal behavior and the maternal brain. Variation in
postpartum maternal behavior is dependent on estrogen sensitivity within the
medial preoptic area of the hypothalamus and activation within mesolimbic
dopamine neurons. This review will discuss how experiences across the lifespan alter the function of these systems and the multigenerational consequences
of these neuroendocrine and behavioral changes. These studies, based primarily
on the examination of maternal behavior in laboratory rodents and nonhuman
primates, provide mechanistic insights relevant to our understanding of human
maternal behavior and to the mechanisms of lifelong plasticity. © 2016 Wiley
Periodicals, Inc.
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Introduction

M

aternal behavior is dynamic and highly sensitive to experiential and contextual factors. This plasticity allows mothers to
adapt to the changing developmental needs of offspring and
promotes reproductive success. Maternal behavioral complexity is mediated by multiple neural and endocrine systems that promote hormone
sensitivity, responsivity to offspring cues, and motivation to engaging in
parental care (Jensen & Champagne, 2012). In particular, mammalian
maternal behavior is dependent on estrogen sensitivity within the medial preoptic area of the hypothalamus (MPOA) and activation within
mesolimibic dopamine (DA) neurons projecting from the ventral tegmental area (VTA) to the nucleus accumbens (see Figure 1.1; see Numan,
2007). These systems account for the behavioral changes observed in females as they transition from pregnancy to the postpartum period (Brunton & Russell, 2008) and for individual differences between mothers
in the frequency and quality of maternal care (Jensen & Champagne,
2012). Plasticity within these systems is evident across the lifespan and
likely accounts for the sensitivity of maternal behavior to the quality of
the environment. Here, research will be highlighted linking the experiences of females from the time of fetal development through to adulthood on maternal behavior and to changes within the MPOA and mesolimbic DA circuits. These studies, based primarily on the examination of
maternal behavior in laboratory rodents and nonhuman primates, provide
mechanistic insights relevant to our understanding of human maternal
behavior and to the mechanisms of lifelong plasticity. This research also
Figure 1.1. The maternal brain
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In the rodent brain, maternal behavior is regulated by hormone sensitive hypothalamic regions
(medial preoptic area—MPOA) projecting to dopaminergic systems involved in motivated behavior
(see Numan, 2007): midbrain dopamine (DA) neurons projecting from the ventral tegmental area
(VTA) to the nucleus accumbens (NAc). DRs, dopamine receptors; ERs, estrogen receptors; OT,
oxytocinergic neurons; OTR, oxytocin receptors.
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highlights the multigenerational consequences of environmentally induced
changes in maternal behavior and the maternal brain.

Prenatal Influence on the Maternal Brain
The prenatal period is a time of dynamic change within the brain of the
fetus. Studies in female rodents suggest that expression of estrogen receptors within the MPOA emerge in mid to late gestation and reach adult-like
levels at the time of birth (Vito & Fox, 1981). Midbrain DA neuron proliferation is also increasing during this stage of development and by the time
of birth, the numbers of DA neurons projecting from the VTA in the female
rodent brain is at the level observed in adulthood (Lieb et al., 1996). Thus,
disruption to these systems prenatally (i.e., through exposure to stress or
endocrine-disrupting chemicals), can result in long-term consequences for
maternal behavior.
Prenatal Stress and the Developing Maternal Brain. Fetal exposure to stress in female rodents has consequences for motherhood, resulting in reductions in maternal behavior, reduced pup retrieval (Fride,
Dan, Gavish, & Weinstock, 1985; Kinsley & Bridges, 1988), reduced nestbuilding (Kinsley & Svare, 1988), reduced contact and nursing of offspring
(Bosch, Musch, Bredewold, Slattery, & Neumann, 2007), reduced pup licking/grooming (LG) (Champagne & Meaney, 2006), and increased infanticide (Perez-Laso et al., 2008). The mechanisms through which these behavioral outcomes are mediated are likely complex. Increased depression
and anxiety-like behavior are also a consequence of prenatal stress and may
inhibit the motivation to care for offspring or decrease sensitivity to offspring cues (Bosch et al., 2007; Coulon, Levy, Ravel, Nowak, & Boissy,
2014). Prenatal stress also impacts sexual dimorphism and the reduced
maternal behavior exhibited by prenatally stressed female rodents may reflect a more masculinized pattern of parental behavior (Altman & Bayer,
1978; Kinsley & Svare, 1988). Though nonstressed female rodents typically provide more parental care toward offspring than nonstressed males,
this sex difference is ablated following prenatal stress (Perez-Laso et al.,
2008).
Stress-induced disruption to developing hypothalamic and DA circuits
may be particularly relevant to our understanding of prenatal influence on
the maternal brain. Levels of estrogen receptors within the MPOA are masculinized within the brain of prenatally stressed females (i.e., increased
in stressed females) as are circulating levels of estrogen, which are decreased in prenatally stressed females (Del Cerro, Ortega, Gomez, Segovia,
& Perez-Laso, 2015). Prenatal stress alters the activity of midbrain DA neurons (Hausknecht, Haj-Dahmane, & Shen, 2013; Kaiser, Kruijver, Swaab,
& Sachser, 2003), increases levels of the DA transporter within striatal regions (Converse et al., 2013), and increases DA release in the nucleus accumbens (Alonso, Navarro, Santana, & Rodriguez, 1997). These outcomes
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in adulthood may be a consequence of prenatal stress-induced alterations
in the developmental expression of transcription factors involved in DA
neuron differentiation and survival, namely Nurr1 and Pitx3 (Baier, Katunar, Adrover, Pallares, & Antonelli, 2012; Sousa et al., 2007; Volpicelli
et al., 2007). Expression of Nurr1 is increased in the VTA of prenatally
stressed female rat offspring at postnatal day 7 and this effect persists
through adolescence and into adulthood. Pitx3 expression in the VTA is
decreased transiently in adolescence and then increases in the adult brain
of prenatally stressed female offspring (Katunar, Saez, Brusco, & Antonelli,
2010). Collectively, these neuroendocrine effects of prenatal stress may reduce the activation of hormone-dependent systems within the brain that
increase maternal motivation. Increasing the levels of circulating estrogen in prenatally stressed females restores motivated behavior and functioning within DA circuits (Reynaert et al., in press)—a finding that also
highlights the interplay between hypothalamic/endocrine systems and DA
neurons.
Prenatal Endocrine Disruption of the Maternal Brain. The hormonal environment experienced by the fetus can shape developing neural circuits with consequence for sexually dimorphic behaviors and social
development. For example, in humans, elevated in utero testosterone levels are predictive of social relationships and may serve as a risk factor for
the development of autism (Auyeung, Taylor, Hackett, & Baron-Cohen,
2010; Knickmeyer, Baron-Cohen, Raggatt, & Taylor, 2005). Studies of the
impact of fetal exposure to endocrine-disrupting chemicals in rodents confirm the critical role of prenatal hormones in shaping social and reproductive behavior (Rosenfeld, 2015). In mice, gestational exposure to bisphenol A (BPA), an endocrine-disrupting chemical used in the manufacture
of plastics, which likely acts as an antagonist/agonist at estrogen receptors
(Wetherill et al., 2007), results in reduced contact with pups by adult female offspring (Palanza, Howdeshell, Parmigiani, & vom Saal, 2002). Similar to the case of prenatal stress, disruption to hypothalamic and DA circuits may mediate BPA-induced effects on maternal behavior. Midbrain DA
projections are decreased in nonhuman primate offspring prenatally exposed to BPA (Elsworth, Jentsch, Vandervoort, Roth, & Leranth, 2013)
and DA receptor binding within limbic regions of the mouse brain is decreased following prenatal exposure to BPA (Mizuo, Narita, Yoshida, Narita,
& Suzuki, 2004). Expression of estrogen-receptor alpha (Esr1) and beta
(Esr2) is altered in the neonatal hypothalamus in rats prenatally exposed
to BPA (Cao et al., 2013) and nonlinear dose-dependent effects of prenatal
BPA have been observed on both Esr1 and Esr2 mRNA levels within the hypothalamus of adult female mice (Kundakovic et al., 2013). These gene expression changes are associated with epigenetic variation—decreased DNA
methylation—of the Esr1 gene in the female hypothalamus (Kundakovic
et al., 2013), which may account for the stable maintenance of these hypothalamic changes into adulthood.
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Postnatal Sensitivity of the Maternal Brain. Hypothalamic and
dopaminergic pathways involved in the regulation of maternal behavior
continue to develop following birth, extending the sensitivity of the maternal brain and behavior to the postnatal period. In humans, the quality of attachment relationships and parental bonding established during
this period is predictive of the quality of caregiving observed in adulthood (Benoit & Parker, 1994; Miller, Kramer, Warner, Wickramaratne, &
Weissman, 1997). In rodents, the quality of mother–infant interactions
occurring during the postnatal period has long-term effects on the
hypothalamic-pituitary-adrenal response to stress, cognition, and social/reproductive behavior (Meaney, 2001). Female rats that receive elevated
levels of LG during the first week postpartum engage in higher levels of LG
toward their own offspring (Champagne, Francis, Mar, & Meaney, 2003). In
rats, brief periods of maternal separation, which stimulates maternal care,
leads to increased maternal LG in female offspring (Francis, Diorio, Plotsky,
& Meaney, 2002). Female mice reared in a communal nest receive elevated
levels of LG and in adulthood exhibit elevated LG and nursing (Curley,
Davidson, Bateson, & Champagne, 2009). In contrast, disruptions to the
quality of care received during infancy are predictive of reduced maternal
care in female offspring. Female rats reared under conditions of complete
maternal deprivation (artificially reared: AR), engage in reduced pup retrieval and decreased frequencies of LG and nursing compared to motherreared females (Gonzalez, Lovic, Ward, Wainwright, & Fleming, 2001).
These observed deficits in maternal behavior can be partially ameliorated
if females are provided with licking-like tactile stimulation during the postnatal period. In rhesus monkeys, postnatal maternal deprivation leads to
impaired maternal behavior of offspring, with deprived females exhibiting
reduced overall contact with offspring and reduced maternal competency
(Seay, Alexander, & Harlow, 1964).
Prolonged postnatal maternal separation in rodents reduces frequency
of nursing and LG exhibited by female offspring. Among rodent females
that experience both reduced nurturing maternal care (i.e., nursing and
LG) and increased abusive care (i.e., stepping on and dragging), there is an
increased frequency of abusive care observed in adulthood (Roth, Lubin,
Funk, & Sweatt, 2009)—a phenomenon also observed in abused nonhuman primates (Maestripieri, 2005). The impact of mothering on the maternal behavior of offspring leads to the multigenerational transmission of
maternal behavior that has been observed in humans (Benoit & Parker,
1994; Miller et al., 1997), nonhuman primates (Fairbanks, 1989; Maestripieri, 2005; Maestripieri, Wallen, & Carroll, 1997), and rodents (Champagne
et al., 2003; Fleming et al., 2002).
The modulating effects of maternal care received during infancy on
the brain may account for the multigenerational effects of postnatal maternal behavior. Female offspring that experience elevated levels of LG (high
LG compared to low LG) have increased expression of Esr1 in the MPOA
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in adulthood and increased estrogen sensitivity within this brain region
(Champagne, Diorio, Sharma, & Meaney, 2001; Pena, Neugut, & Champagne, 2013). These changes in the MPOA emerge during the first week
postnatal and are likely maintained through changes in DNA methylation
within the Esr1 gene (Pena et al., 2013). Cross-fostering studies indicate
that the expression of Esr1 within the MPOA is determined by the level
of LG experienced prior to postnatal day 10, suggesting a sensitive period
within postnatal development (Pena et al., 2013). Artificial rearing likewise
impacts the MPOA, resulting in reduced c-fos activation following exposure to pups and decreased hormone sensitivity in AR-reared female offspring (Gonzalez & Fleming, 2002; Novakov & Fleming, 2005). Within
developing mesolimbic DA pathways, high levels of LG lead to increased
DA neuron projections from the VTA and elevated expression of DA receptors within the nucleus accumbens (Pena, Neugut, Calarco, & Champagne,
2014). During the postnatal period, females that receive high levels of LG
have elevated levels of expression of Cdkn1c and the transcription factor
Lmx1b within the VTA (Pena et al., 2014). These two factors may shape
the DA system through effects on cell proliferation, survival, and interactions with other factors, such as Nurr1, that exert a developmental influence
on DA neurons (Joseph et al., 2003; Smidt et al., 2000). Postnatal maternal deprivation (AR vs. MR) is associated with elevated basal DA release
and reduced pup-associated DA elevations within the nucleus accumbens
(Afonso, King, Novakov, Burton, & Fleming, 2011). Similar to the case
of prenatal stress effects on DA function, the long-term effects of maternal deprivation on the DA system can be ameliorated following hormonal
treatments (Afonso et al., 2011). This interplay between DA function and
hormones is also evident following targeted manipulation of the levels of
Esr1 within the MPOA. Increasing Esr1 in the MPOA of female offspring
during the first week postnatal results in increased maternal behavior and
increased numbers of DA neurons projecting from the VTA (Pena & Champagne, 2014). Thus, rather than developing independently, these systems
are interacting throughout the postnatal period, and this interplay likely
accounts for the hormonal influence on maternal motivation.

Plasticity of the Juvenile Maternal Brain
Adolescence is a period of hormonal change characterized by continued
refinement of the nervous system and emergence of adult-like patterns of
behavior. Neural systems regulating self-control and reward salience within
the adolescent brain have yet to reach maturity resulting in functional consequences that may impact risk-taking behavior and response to social stimuli (Casey, 2015). Though experiences during this period can impact brain
function and reverse the effects of early-life maternal separation (Francis
et al., 2002; Vivinetto, Suarez, & Rivarola, 2013), less is known regarding the specific impact of this period on maternal behavior and associated
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neuroendocrine systems. Among female rats reared by low LG dams, the experience of social enrichment (social and environmental complexity) during the juvenile/post weaning period results in increased LG (Champagne
& Meaney, 2007). In contrast, female rats that have experienced high levels
of postnatal LG will engage in low levels of LG in adulthood following juvenile/post weaning social isolation. These juvenile experiences ameliorate
postnatal rearing effects on later maternal behavior and lead to altered levels of oxytocin receptor (Otr) levels within the hypothalamus and amygdala
(Champagne & Meaney, 2007). However, it is not known how these experiences shape dopaminergic function or hypothalamic expression of Esr1.

Experiences in Adulthood and the Quality of Mother–Infant
Interactions
Despite an overall reduction in plasticity that is associated with progression into adulthood, the transition to motherhood is a time of heightened
neuroendocrine and behavioral change. Childbirth and lactation involve restructuring of hypothalamic neurons and variation in circulating estrogens,
progesterone, prolactin, and other hormones/neuropeptides that facilitate
heightened sensitivity to infant cues (Brunton & Russell, 2008). This period of hormonal fluctuation can also lead to altered mood and an increased
susceptibility to psychiatric disorder. Thus, mothers enter into a sensitive
period during which time experiences may have both short- and long-term
effects on maternal behavior and the brain. Similar to the prenatal period,
stress and exposure to BPA during the prepartum period in adult mothers impacts the quality of mother–infant interactions. In rats, gestational
stress results in reduced postpartum LG, particularly the frequency of LG
directed at male offspring (Champagne & Meaney, 2006; Moore & Morelli,
1979). This influence of gestational stress on postpartum maternal behavior
may account for many of the phenotypes observed in prenatally stressed offspring (Moore & Power, 1986). Moreover, female rats stressed during gestation continue to engage in reduced maternal care toward subsequent litters
(i.e., following nonstressed pregnancies) (Champagne & Meaney, 2006).
Exposure to elevated levels of BPA during gestation results in altered postpartum maternal behavior in adult female rats and mice, leading to reduced
frequency of nursing and LG of offspring (Boudalia et al., 2014; Della Seta,
Minder, Dessi-Fulgheri, & Farabollini, 2005; Palanza et al., 2002). Similar
to the case of BPA-associated effects in prenatally exposed offspring, nonlinear dose-dependent effects of BPA have been observed in mothers on
measures of postpartum nursing and LG, with lower BPA doses decreasing maternal behavior and higher doses increasing both nursing and LG
(Kundakovic et al., 2013). A consideration in the effects of both gestational
stress and BPA on maternal behavior is exposure-induced changes in the
behavior of offspring. Altered sexual dimorphism and social development
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in offspring may result in a decrease or augmentation of cues typically used
by offspring to solicit maternal care (Nakagami et al., 2009).
The quality of the rearing environment—a factor that contributes significantly to offspring development—also results in changes to the behavior
of mothers. Brief maternal separations stimulate increased LG behavior toward pups, particularly among low LG mothers (Francis, Diorio, Liu, &
Meaney, 1999), whereas prolonged maternal separations between mother
and pups leads to reduced LG (Boccia & Pedersen, 2001). These alterations
in postpartum maternal behavior are associated with changes in hypothalamic levels of estrogen receptors and oxytocin receptors in the brain, with
brief separations leading to increased Esr1, Esr2, and Otr in the MPOA
(Stamatakis et al., 2015). In rats, removal of bedding material from the
home-cage leads to a reduced frequency of nursing/contact, decreased LG,
increased frequency of abusive caregiving, and more fragmented patterns
of maternal behavior (i.e., frequent shifts between contact and noncontact
behaviors). This experience leads to increased adrenal weights and basal
plasma corticosterone levels—suggesting a state of chronic stress, which
may inhibit females from engaging in maternal care (Ivy, Brunson, Sandman, & Baram, 2008). In contrast, lactating adult female mice that are
placed together in a communal nest engage in elevated levels of nursing
and LG. This increase in maternal behavior is particularly evident in mice
strains that typically display reduced frequency of mother–infant interactions (Curley et al., 2009).
The experience of motherhood in adulthood results in a broad change
in the biology of mothers which includes but is not limited to changes in
the brain (see Bridges, 2016). Neural complexity is increased within both
the nucleus accumbens and MPOA following maternal experience (Shams
et al., 2012) and may contribute to the impact of motherhood on the quality
of subsequent mother–infant interactions. In rhesus monkeys reared under
conditions of maternal deprivation, impaired maternal behavior is observed
in first-time mothers (primiparous). However, over subsequent births, maternal competency is increased and level of abusive behavior is decreased
(Ruppenthal, Arling, Harlow, Sackett, & Suomi, 1976). In laboratory mice,
it has been observed that, in contrast to primiparous mothers, multiparous
females engage in reduced frequency of nursing with no alterations in frequency of LG. Though this finding is counterintuitive, given evidence that
maternal experience leads to increased maternal motivation and reduced
rejection of offspring (Dwyer & Smith, 2008; Ruppenthal et al., 1976), it is
likely that increased efficiency of energy usage and lactation by multiparous
females accounts for these effects (Kunkele & Kenagy, 1997). In multiparous females, there are significant brain changes that may account for the
altered nurturance displayed by experienced mothers, including increased
DA release in response to neonates (compared to inexperienced females)
(Afonso, Grella, Chatterjee, & Fleming, 2008) and increased expression of
Esr1, Otr, and opiate receptors in the MPOA (Akbari et al., 2013; Meurisse
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et al., 2005; Munetomo, Ishii, Miyamoto, Sakuma, & Kondo, 2015). Moreover, the experience of elevated circulating estrogens occurring during pregnancy may alter the functioning of DA pathways resulting in amelioration
of deficits in maternal care observed in inexperienced mothers. These effects may also account for the recovery of maternal behavior observed in
maternally deprived nonhuman primates following repeated pregnancies
(Ruppenthal et al., 1976).

Conclusions
Dynamic changes in mother–infant interactions coincide with plasticity
within neuroendocrine circuits that regulate maternal behavior. Beyond the
classic prenatal and postnatal sensitive periods for neural development, it is
clear that the maternal brain can be modified by experiences during adolescence and adulthood with consequences for the quality of mother–infant
interactions. Viewing motherhood as a sensitive period may promote the
development of interventions that alter hypothalamic and DA circuits and
increase maternal responsiveness. Targeting these systems may have lasting and multigenerational consequences for mothers and offspring. Though
much of our understanding of these processes is derived from animal models, the perspective generated by these studies may guide hormonal and
neuroimaging studies in humans aimed at determining the mechanisms of
plasticity within the human maternal brain. These studies may provide critical insights into how both hormonal and nonhormonal (i.e., experienceassociated and cognitive) processes interact to influence caregiving
behavior.

References
Afonso, V. M., Grella, S. L., Chatterjee, D., & Fleming, A. S. (2008). Previous maternal
experience affects accumbal dopaminergic responses to pup-stimuli. Brain Research,
1198, 115–123.
Afonso, V. M., King, S. J., Novakov, M., Burton, C. L., & Fleming, A. S. (2011). Accumbal dopamine function in postpartum rats that were raised without their mothers.
Hormones and Behavior, 60(5), 632–643.
Akbari, E. M., Shams, S., Belay, H. T., Kaiguo, M., Razak, Z., Kent, C. F., . . . Fleming,
A. S. (2013). The effects of parity and maternal behavior on gene expression in the
medial preoptic area and the medial amygdala in postpartum and virgin female rats:
A microarray study. Behavioral Neuroscience, 127(6), 913–922.
Alonso, S. J., Navarro, E., Santana, C., & Rodriguez, M. (1997). Motor lateralization,
behavioral despair and dopaminergic brain asymmetry after prenatal stress. Pharmacology, Biochemistry and Behavior, 58(2), 443–448.
Altman, J., & Bayer, S. A. (1978). Development of the diencephalon in the rat. I. Autoradiographic study of the time of origin and settling patterns of neurons of the hypothalamus. Journal of Comparitive Neurology, 182(4 Pt 2), 945–971.
Auyeung, B., Taylor, K., Hackett, G., & Baron-Cohen, S. (2010). Foetal testosterone and
autistic traits in 18 to 24-month-old children. Molecular Autism, 1(1), 11.
NEW DIRECTIONS FOR CHILD AND ADOLESCENT DEVELOPMENT • DOI: 10.1002/cad

18

MATERNAL BRAIN PLASTICITY

Baier, C. J., Katunar, M. R., Adrover, E., Pallares, M. E., & Antonelli, M. C. (2012).
Gestational restraint stress and the developing dopaminergic system: An overview.
Neurotoxicity Research, 22(1), 16–32.
Benoit, D., & Parker, K. C. (1994). Stability and transmission of attachment across three
generations. Child Development, 65(5), 1444–1456.
Boccia, M. L., & Pedersen, C. A. (2001). Brief vs. long maternal separations in infancy:
Contrasting relationships with adult maternal behavior and lactation levels of aggression and anxiety. Psychoneuroendocrinology, 26(7), 657–672.
Bosch, O. J., Musch, W., Bredewold, R., Slattery, D. A., & Neumann, I. D. (2007). Prenatal stress increases HPA axis activity and impairs maternal care in lactating female offspring: Implications for postpartum mood disorder. Psychoneuroendocrinology, 32(3),
267–278.
Boudalia, S., Berges, R., Chabanet, C., Folia, M., Decocq, L., Pasquis, B., . . . CanivencLavier, M. C. (2014). A multi-generational study on low-dose BPA exposure in Wistar
rats: Effects on maternal behavior, flavor intake and development. Neurotoxicology and
Teratology, 41, 16–26.
Bridges, R. S. (2016). Long-term alterations in neural and endocrine processes induced
by motherhood in mammals. Hormones and Behavior, 77, 193–203.
Brunton, P. J., & Russell, J. A. (2008). The expectant brain: Adapting for motherhood.
Nature Reviews Neuroscience, 9(1), 11–25.
Cao, J., Rebuli, M. E., Rogers, J., Todd, K. L., Leyrer, S. M., Ferguson, S. A., & Patisaul,
H. B. (2013). Prenatal bisphenol A exposure alters sex-specific estrogen receptor expression in the neonatal rat hypothalamus and amygdala. Toxicology Science, 133(1),
157–173.
Casey, B. J. (2015). Beyond simple models of self-control to circuit-based accounts of
adolescent behavior. Annual Review of Psychology, 66, 295–319.
Champagne, F. A., Francis, D. D., Mar, A., & Meaney, M. J. (2003). Variations in maternal
care in the rat as a mediating influence for the effects of environment on development.
Physiology and Behavior, 79(3), 359–371.
Champagne, F. A., & Meaney, M. J. (2006). Stress during gestation alters postpartum
maternal care and the development of the offspring in a rodent model. Biological Psychiatry, 59(12), 1227–1235.
Champagne, F., Diorio, J., Sharma, S., & Meaney, M. J. (2001). Naturally occurring
variations in maternal behavior in the rat are associated with differences in estrogeninducible central oxytocin receptors. Proceedings of the National Academy of Sciences,
USA, 98(22), 12736–12741.
Champagne, F. A., & Meaney, M. J. (2007). Transgenerational effects of social environment on variations in maternal care and behavioral response to novelty. Behavioral
Neuroscience, 121(6), 1353–1363.
Converse, A. K., Moore, C. F., Moirano, J. M., Ahlers, E. O., Larson, J. A., Engle, J.
W., . . . Schneider, M. L. (2013). Prenatal stress induces increased striatal dopamine
transporter binding in adult nonhuman primates. Biological Psychiatry, 74(7), 502–
510.
Coulon, M., Levy, F., Ravel, C., Nowak, R., & Boissy, A. (2014). Mild effects of gestational stress and social reactivity on the onset of mother-young interactions and
bonding in sheep. Stress, 17(6), 460–470.
Curley, J. P., Davidson, S., Bateson, P., & Champagne, F. A. (2009). Social enrichment during postnatal development induces transgenerational effects on emotional and reproductive behavior in mice. Frontiers in Behavioral Neuroscience,
3, 25.
Del Cerro, M. C., Ortega, E., Gomez, F., Segovia, S., & Perez-Laso, C. (2015). Environmental prenatal stress eliminates brain and maternal behavioral sex differences and
alters hormone levels in female rats. Hormones and Behavior, 73, 142–147.

NEW DIRECTIONS FOR CHILD AND ADOLESCENT DEVELOPMENT • DOI: 10.1002/cad

PLASTICITY OF THE MATERNAL BRAIN ACROSS THE LIFESPAN

19

Della Seta, D., Minder, I., Dessi-Fulgheri, F., & Farabollini, F. (2005). Bisphenol-A exposure during pregnancy and lactation affects maternal behavior in rats. Brain Research
Bulletin, 65(3), 255–260.
Dwyer, C. M., & Smith, L. A. (2008). Parity effects on maternal behaviour are not related to circulating oestradiol concentrations in two breeds of sheep. Physiology and
Behavior, 93(1–2), 148–154.
Elsworth, J. D., Jentsch, J. D., Vandevoort, C. A., Roth, R. H., Jr, D. E., & Leranth, C.
(2013). Prenatal exposure to bisphenol A impacts midbrain dopamine neurons and
hippocampal spine synapses in non-human primates. Neurotoxicology, 35, 113–120.
Fairbanks, L. A. (1989). Early experience and cross-generational continuity of motherinfant contact in vervet monkeys. Developmental Psychobiology, 22(7), 669–681.
Fleming, A. S., Kraemer, G. W., Gonzalez, A., Lovic, V., Rees, S., & Melo, A. (2002).
Mothering begets mothering: The transmission of behavior and its neurobiology
across generations. Pharmacology Biochemistry and Behavior, 73(1), 61–75.
Francis, D. D., Diorio, J., Plotsky, P. M., & Meaney, M. J. (2002). Environmental enrichment reverses the effects of maternal separation on stress reactivity. Journal of
Neuroscience, 22(18), 7840–7843.
Francis, D., Diorio, J., Liu, D., & Meaney, M. J. (1999). Nongenomic transmission across
generations of maternal behavior and stress responses in the rat. Science, 286(5442),
1155–1158.
Fride, E., Dan, Y., Gavish, M., & Weinstock, M. (1985). Prenatal stress impairs maternal
behavior in a conflict situation and reduces hippocampal benzodiazepine receptors.
Life Science, 36(22), 2103–2109.
Gonzalez, A., & Fleming, A. S. (2002). Artificial rearing causes changes in maternal
behavior and c-fos expression in juvenile female rats. Behavioral Neuroscience, 116(6),
999–1013.
Gonzalez, A., Lovic, V., Ward, G. R., Wainwright, P. E., & Fleming, A. S. (2001). Intergenerational effects of complete maternal deprivation and replacement stimulation
on maternal behavior and emotionality in female rats. Developmental Psychobiology,
38(1), 11–32.
Hausknecht, K., Haj-Dahmane, S., & Shen, R. Y. (2013). Prenatal stress exposure increases the excitation of dopamine neurons in the ventral tegmental area and alters
their reponses to psychostimulants. Neuropsychopharmacology, 38(2), 293–301.
Ivy, A. S., Brunson, K. L., Sandman, C., & Baram, T. Z. (2008). Dysfunctional nurturing
behavior in rat dams with limited access to nesting material: A clinically relevant
model for early-life stress. Neuroscience, 154(3), 1132–1142.
Jensen, C. L., & Champagne, F. A. (2012). Epigenetic and Neurodevelopmental Perspectives on Variation in Parenting Behavior. Parenting: Science and Practice, 12(2–3),
202–211.
Joseph, B., Wallen-Mackenzie, A., Benoit, G., Murata, T., Joodmardi, E., Okret, S., &
Perlmann, T. (2003). p57(Kip2) cooperates with Nurr1 in developing dopamine cells.
Proceedings of the National Academy of Sciences, USA, 100(26), 15619–15624.
Kaiser, S., Kruijver, F. P., Swaab, D. F., & Sachser, N. (2003). Early social stress in female
guinea pigs induces a masculinization of adult behavior and corresponding changes in
brain and neuroendocrine function. Behavior and Brain Research, 144(1–2), 199–210.
Katunar, M. R., Saez, T., Brusco, A., & Antonelli, M. C. (2010). Ontogenetic expression of dopamine-related transcription factors and tyrosine hydroxylase in prenatally
stressed rats. Neurotoxicity Research, 18(1), 69–81.
Kinsley, C. H., & Bridges, R. S. (1988). Prenatal stress and maternal behavior in intact virgin rats: Response latencies are decreased in males and increased in females.
Hormones and Behavior, 22(1), 76–89.
Kinsley, C., & Svare, B. (1988). Prenatal stress alters maternal aggression in mice. Physiology and Behavior, 42(1), 7–13.

NEW DIRECTIONS FOR CHILD AND ADOLESCENT DEVELOPMENT • DOI: 10.1002/cad

20

MATERNAL BRAIN PLASTICITY

Knickmeyer, R., Baron-Cohen, S., Raggatt, P., & Taylor, K. (2005). Foetal testosterone,
social relationships, and restricted interests in children. Journal of Child Psychology
and Psychiatry, 46(2), 198–210.
Kundakovic, M., Gudsnuk, K., Franks, B., Madrid, J., Miller, R. L., Perera, F. P., & Champagne, F. A. (2013). Sex-specific epigenetic disruption and behavioral changes following low-dose in utero bisphenol A exposure. Proceedings of the National Academy of
Sciences, USA, 110(24), 9956–9961.
Kunkele, J., & Kenagy, G. J. (1997). Inefficiency of lactation in primiparous rats: The
costs of first reproduction. Physiology and Zoology, 70(5), 571–577.
Lieb, K., Andersen, C., Lazarov, N., Zienecker, R., Urban, I., Reisert, I., & Pilgrim, C.
(1996). Pre- and postnatal development of dopaminergic neuron numbers in the male
and female mouse midbrain. Brain Research and Developmental Brain Research, 94(1),
37–43.
Maestripieri, D. (2005). Early experience affects the intergenerational transmission of
infant abuse in rhesus monkeys. Proceedings of the National Academy of Sciences, USA,
102(27), 9726–9729.
Maestripieri, D., Wallen, K., & Carroll, K. A. (1997). Infant abuse runs in families of
group-living pigtail macaques. Child Abuse and Neglect, 21(5), 465–471.
Meaney, M. J. (2001). Maternal care, gene expression, and the transmission of individual
differences in stress reactivity across generations. Annual Review of Neuroscience, 24,
1161–1192.
Meurisse, M., Gonzalez, A., Delsol, G., Caba, M., Levy, F., & Poindron, P. (2005). Estradiol receptor-alpha expression in hypothalamic and limbic regions of ewes is influenced by physiological state and maternal experience. Hormones and Behavior, 48(1),
34–43.
Miller, L., Kramer, R., Warner, V., Wickramaratne, P., & Weissman, M. (1997). Intergenerational transmission of parental bonding among women. Journal of the American
Academy of Child and Adolescent Psychiatry, 36(8), 1134–1139.
Mizuo, K., Narita, M., Yoshida, T., Narita, M., & Suzuki, T. (2004). Functional changes in
dopamine D3 receptors by prenatal and neonatal exposure to an endocrine disruptor
bisphenol-A in mice. Addiction Biology, 9(1), 19–25.
Moore, C. L., & Morelli, G. A. (1979). Mother rats interact differently with male and
female offspring. Journal of Comparative Physiology and Psychology, 93(4), 677–684.
Moore, C. L., & Power, K. L. (1986). Prenatal stress affects mother-infant interaction in
Norway rats. Developmental Psychobiology, 19(3), 235–245.
Munetomo, A., Ishii, H., Miyamoto, T., Sakuma, Y., & Kondo, Y. (2015). Puerperal and
parental experiences alter rat preferences for pup odors via changes in the oxytocin
system. Journal of Reproduction and Development, 62(1), 17–27.
Nakagami, A., Negishi, T., Kawasaki, K., Imai, N., Nishida, Y., Ihara, T., . . . Koyama, T.
(2009). Alterations in male infant behaviors towards its mother by prenatal exposure
to bisphenol A in cynomolgus monkeys (Macaca fascicularis) during early suckling
period. Psychoneuroendocrinology, 34(8), 1189–1197.
Novakov, M., & Fleming, A. S. (2005). The effects of early rearing environment on the
hormonal induction of maternal behavior in virgin rats. Hormones and Behavior, 48(5),
528–536.
Numan, M. (2007). Motivational systems and the neural circuitry of maternal behavior
in the rat. Developmental Psychobiology, 49(1), 12–21.
Palanza, P. L., Howdeshell, K. L., Parmigiani, S., & vom Saal, F. S. (2002). Exposure to a
low dose of bisphenol A during fetal life or in adulthood alters maternal behavior in
mice. Environmental Health Perspectives, 110 (Suppl 3), 415–422.
Pena, C. J., & Champagne, F. A. (2014). Neonatal over-expression of estrogen receptoralpha alters midbrain dopamine neuron development and reverses the effects of low
maternal care in female offspring. Developmental Neurobiology, 75(10), 1114–1124.

NEW DIRECTIONS FOR CHILD AND ADOLESCENT DEVELOPMENT • DOI: 10.1002/cad

PLASTICITY OF THE MATERNAL BRAIN ACROSS THE LIFESPAN

21

Pena, C. J., Neugut, Y. D., Calarco, C. A., & Champagne, F. A. (2014). Effects of maternal care on the development of midbrain dopamine pathways and reward-directed
behavior in female offspring. European Journal of Neuroscience, 39(6), 946–956.
Pena, C. J., Neugut, Y. D., & Champagne, F. A. (2013). Developmental timing of the
effects of maternal care on gene expression and epigenetic regulation of hormone
receptor levels in female rats. Endocrinology, 154(11), 4340–4351.
Perez-Laso, C., Segovia, S., Martin, J. L., Ortega, E., Gomez, F., & Del Cerro, M. C.
(2008). Environmental prenatal stress alters sexual dimorphism of maternal behavior
in rats. Behavior and Brain Research, 187(2), 284–288.
Reynaert, M. L., Marrocco, J., Mairesse, J., Lionetto, L., Simmaco, M., Deruyter, L., . . .
Nicoletti, F. (in press). Hedonic sensitivity to natural rewards is affected by prenatal
stress in a sex-dependent manner. Addiction Biology.
Rosenfeld, C. S. (2015). Bisphenol A and phthalate endocrine disruption of parental and
social behaviors. Frontiers in Neuroscience, 9, 57.
Roth, T. L., Lubin, F. D., Funk, A. J., & Sweatt, J. D. (2009). Lasting epigenetic influence
of early-life adversity on the BDNF gene. Biological Psychiatry, 65(9), 760–769.
Ruppenthal, G. C., Arling, G. L., Harlow, H. F., Sackett, G. P., & Suomi, S. J. (1976).
A 10-year perspective of motherless-mother monkey behavior. Journal of Abnormal
Psychology, 85(4), 341–349.
Seay, B., Alexander, B. K., & Harlow, H. F. (1964). Maternal Behavior of Socially Deprived
Rhesus Monkeys. Journal of Abnormal Psychology, 69(4), 345–354.
Shams, S., Pawluski, J. L., Chatterjee-Chakraborty, M., Oatley, H., Mastroianni, A., &
Fleming, A. S. (2012). Dendritic morphology in the striatum and hypothalamus differentially exhibits experience-dependent changes in response to maternal care and
early social isolation. Behavior and Brain Research, 233(1), 79–89.
Smidt, M. P., Asbreuk, C. H., Cox, J. J., Chen, H., Johnson, R. L., & Burbach, J. P. (2000).
A second independent pathway for development of mesencephalic dopaminergic neurons requires Lmx1b. Nature Neuroscience, 3(4), 337–341.
Sousa, K. M., Mira, H., Hall, A. C., Jansson-Sjostrand, L., Kusakabe, M., & Arenas, E.
(2007). Microarray analyses support a role for Nurr1 in resistance to oxidative stress
and neuronal differentiation in neural stem cells. Stem Cells, 25(2), 511–519.
Stamatakis, A., Kalpachidou, T., Raftogianni, A., Zografou, E., Tzanou, A., Pondiki, S.,
& Stylianopoulou, F. (2015). Rat dams exposed repeatedly to a daily brief separation
from the pups exhibit increased maternal behavior, decreased anxiety and altered levels of receptors for estrogens (ERalpha, ERbeta), oxytocin and serotonin (5-HT1A) in
their brain. Psychoneuroendocrinology, 52, 212–228.
Vito, C. C., & Fox, T. O. (1981). Androgen and estrogen receptors in embryonic and
neonatal rat brain. Brain Research, 254(1), 97–110.
Vivinetto, A. L., Suarez, M. M., & Rivarola, M. A. (2013). Neurobiological effects of
neonatal maternal separation and post-weaning environmental enrichment. Behavior
and Brain Research, 240, 110–118.
Volpicelli, F., Caiazzo, M., Greco, D., Consales, C., Leone, L., Perrone-Capano, C., . . .
di Porzio, U. (2007). Bdnf gene is a downstream target of Nurr1 transcription factor
in rat midbrain neurons in vitro. Journal of Neurochemistry, 102(2), 441–453.
Wetherill, Y. B., Akingbemi, B. T., Kanno, J., McLachlan, J. A., Nadal, A., Sonnenschein,
C., . . . Belcher, S. M. (2007). In vitro molecular mechanisms of bisphenol A action.
Reproduction and Toxicology, 24(2), 178–198.

FRANCES A. CHAMPAGNE, PhD, Associate Professor, and JAMES P. CURLEY, PhD,
Assistant Professor, Department of Psychology, Columbia University.
NEW DIRECTIONS FOR CHILD AND ADOLESCENT DEVELOPMENT • DOI: 10.1002/cad

