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INTRODUCTION

The etiology of complex psychiatric disorders results from both genetics and the envi-
ronment. No definitive environmental factor has been implicated, but studies suggest that
deficits in maternal care and bonding may be an important contributing factor in the develop-
ment of anxiety and depression. Perinatal mood disorders such as postpartum depression
occur in approximately 10% of pregnant women and can result in detriments in infant care
and bonding. The consequences of impaired maternal-infant attachment during critical
early brain development may lead to adverse effects on socioemotional and neurocog-
nitive development in infants resulting in long-term behavioral and emotional problems,
including increased vulnerability for mental illness. The exact mechanisms by which envi-
ronmental stressors such as poor maternal care increase the risk for psychiatric disorders
are not known and studies in humans have proven challenging. Two inbred mouse strains
may prove useful for studying the interaction between maternal care and mood disor
ders. BALB/c (BALB) mice are considered an anxious strain in comparison to C57BL/6 (B6)
mice in behavioral models of anxiety. These strain differences are most often attributed to
genetics but may also be due to environment and gene by environment interactions. For
example, BALB mice are described as poor mothers and B6 mice as good mothers and
mothering behavior in rodents has been reported to affect both anxiety and stress behaviors
in offspring. Changes in gene methylation patterns in response to maternal care have also
been reported, providing evidence for epigenetic mechanisms. Characterization of these
two mouse inbred strains over the course of pregnancy and in the postpartum period for
behavioral and neuroendocrine changes may provide useful information by which to inform
human studies, leading to advances in our understanding of the etiology of anxiety and
depression and the role of genetics and the environment.
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and depression in offspring (Wan and Green, 2009; Brumariu and

Maternal psychiatric illness during pregnancy and following child-
birth (the perinatal period) is both common and morbid; if
untreated, it can result in potentially devastating consequences to
the mother and her baby. Both antenatal and postpartum maternal
anxiety and depression have been shown to have adverse effects
on the offspring (O'Hara and Swain, 1996; Bennett et al., 2004;
Flynn et al., 2004; Marmorstein et al., 2004; Gavin et al., 2005;
Gaynes et al., 2005; Feldman et al., 2009; Ross and Dennis, 2009;
Field, 2010) and increase vulnerability to psychiatric disorders in
adulthood (Gluckman et al., 2008). Increased risk for psychiatric
disorders in offspring may be due, in part, to genetic predispo-
sition. However, mothering behavior has also been shown to be
an important factor. Maternal anxiety and depression may lead
to unresponsive or inconsistent care by the mother toward the
child leading to insecure attachment (NECCR, 1999; Campbell
et al., 2004) which has been linked to increased risk for anxiety

Kerns, 2010a,b). Recent studies in rodents support these findings
(Francis et al., 1999b; Champagne et al., 2003; Weaver et al., 2004).
Studies indicate that perinatal maternal stress, which often man-
ifests clinically as anxiety and depression, may also mediate these
persistent effects on health in offspring (Talge et al., 2007). The bio-
logical mechanisms underlying maternal anxiety and depression
have been difficult to define. Furthermore, identifying the means
by which maternal anxiety and depression impact the health of
the offspring has been even more challenging.

Efforts to identify biomarkers that explain the pathophysiol-
ogy of early adverse life events are complicated by a variety of
factors including ethical considerations, lack of experimental con-
trol over the subject’s environment and genetic background and
inaccessibility of primary tissues required for analysis. Therefore,
the use of animal models provides a complementary approach for
understanding the processes by which maternal behavior during
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pregnancy and the postpartum period influences the physiological
and psychological health of offspring, resulting in the develop-
ment of behavioral and emotional disorders. Clearly, this is a
highly complex area of study, as there are a multitude of psy-
chosocial, environmental and biological processes involved in
parenting behavior. Furthermore, it is likely that a combination of
genetic, epigenetic, and environmental processes will most accu-
rately explain the link between insecure mother—infant attachment
and the development of psychiatric disorders in offspring.

The overarching goal of this review is to examine the usefulness
of animal models to disentangle the role of genetics, epigenetics,
and the environment on maternal anxiety and depression with
regard to maternal care and its effects on offspring. We exam-
ine the similarities between humans and rodent models in this
vulnerable period of development and discuss how these simi-
larities present an opportunity to inform human research and
result in clinically relevant and translational discoveries. We will
briefly review the epidemiology, presentation, and pathogenesis of
perinatal mood disorders, clinical syndromes that encompass both
anxiety and depression in humans, and describe their putative role
on impaired mothering behaviors and the resulting adverse effects
in offspring. Finally, we discuss specific inbred mouse strains that
may serve as a model for the complex genetic, environmental, and
epigenetic mechanisms that mediate maternal mental illness dur-
ing the perinatal period including the subsequent influence on
maternal behavior and infant outcomes.

PERINATAL MOOD AND ANXIETY DISORDERS:
EPIDEMIOLOGY, CLINICAL PRESENTATION, AND
PATHOGENESIS

Maternal behavior during pregnancy and the postpartum period is
influenced by many factors. However, it is important to consider
the contributions of perinatal depression on maternal behavior
during this vulnerable time. Perinatal depression is an episode of
major depressive disorder (MDD) occurring during pregnancy or
within the first 6 months postpartum (Gavin et al., 2005; Gaynes
et al., 2005). Perinatal depression is common, has a prevalence
of 10-15% in women of childbearing age and is associated with
significant morbidity and mortality including increased risk for
maternal suicide and infanticide (Lindahl et al., 2005). Perinatal
depression and anxiety have been linked to poor childbirth out-
comes such as preterm delivery and low birth weight (Rahman
et al., 2004; Smith et al., 2011), adverse effects on maternal sensi-
tivity in the postpartum period (NECCR, 1999; Campbell et al.,
2004), decreased maternal engagement with the infant (Weinberg
and Tronick, 1998; NECCR, 1999; Campbell et al., 2004) and a
decrease in healthy child development behaviors (Paulson et al.,
2006).

The literature shows that maternal antenatal stress is associated
with adverse neurobehavioral outcomes in offspring including
both social/emotional and cognitive functioning during child-
hood and later in life (Talge et al., 2007) and may be a mechanism
by which perinatal anxiety and depression results in increased
risk for mood disorders in offspring. One working hypothesis
suggests that negative maternal emotions during pregnancy can
be considered behavioral teratogens; in other words, high levels
of maternal stress, anxiety, or depression can trigger a cascade

of physiological events in the mother, the placenta, and the
fetus that lead to deleterious affects on fetal and postnatal neu-
robehavioral development (Van den Bergh and Marcoen, 2004).
Support for this hypothesis is illustrated by examples in the lit-
erature. Infants of mothers reporting higher levels of depression
and anxiety during pregnancy show increased levels of negative
affect and motor activity when presented with novel toys (Davis
et al., 2004) and this infant behavioral profile may continue into
later childhood and is manifested by shyness and anxiety disor-
ders (Kagan et al., 1987). Prospective studies document increased
rates of ADHD and other anxiety disorders persisting into later
childhood and early adulthood in children exposed to mater-
nal antenatal stress (O’Connor et al., 2002a,b; Van den Bergh
and Marcoen, 2004; Van den Bergh et al., 2005). In sum, these
studies suggest that children who are exposed to maternal ante-
natal stress and anxiety suffer from a range of adverse outcomes
although they can be quite variable. Other maternal/child effects
may contribute to these associations including severity of or
length of exposure to stress, genetic influences, and other indirect
mechanisms.

Although the pathogenesis of perinatal depression is unknown,
it is an active area of research. The transition from pregnancy
to the postpartum period is characterized by an enormous state
of hormonal flux (Mastorakos and Ilias, 2003). In humans, the
third trimester of pregnancy is characterized by high estrogen
and progesterone levels and a hyperactive hypothalamic—pituitary
adrenal (HPA) axis with resulting high plasma cortisol (Nolten
etal., 1980) that is stimulated in part by the high levels of estrogen
and progesterone (Bloch et al., 2003). At childbirth and during the
transition to the postpartum period, levels of estrogen and prog-
esterone fall rapidly and there is blunted HPA axis activity due
to suppressed hypothalamic corticotrophin-releasing hormone
secretion (Magiakou et al., 1996). Estrogen and progesterone have
profound interactions with the HPA axis and may trigger HPA
axis abnormalities in susceptible women. Despite normal levels
of reproductive hormones, women with postpartum depression
(PPD) have an abnormal response to changes in estrogen and
progesterone (Bloch et al., 2000, 2005).

RATIONALE FOR USE OF ANIMAL MODELS: A
COMPLEMENTARY APPROACH

Currently, reliable biomarkers for human PPD do not exist and
efforts to elucidate state biomarkers for MDD have proven dif-
ficult and frustrating (Rich-Edwards et al., 2008; Meltzer-Brody
et al., 2011). Human studies to identify biomarkers for repro-
ductive mood disorders are complicated by a variety of factors
including lack of experimental control over the subject’s environ-
ment and genetic background and inaccessibility of brain tissue
required for analysis. The use of animal models, and particularly
rodents, has been helpful in this regard. Animal models provide
a complementary approach for understanding the processes by
which maternal behavior during pregnancy and the postpartum
period influences the physiological and psychological health of
offspring, resulting in the development of behavioral and emo-
tional disorders that may persist into adulthood. Identification of
discrete genetic or pathophysiological pathways in animal mod-
els can serve to narrow the genomic search space, resulting in a
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more directed approach to gene identification and the effects of
environmental factors in human studies.

Obviously, rodent gestation is substantially different from
human pregnancy — the gestation period is shorter and regu-
larly results in a litter of two or more offspring rather than
a single infant. In addition, mouse pups are less developed at
birth than human infants — the developmental changes that occur
from birth to weaning in mice are roughly equivalent to devel-
opment occurring in the third trimester in humans (Clancy et al.,
2001). However, the endocrine changes throughout pregnancy and
immediately postpartum are similar with one deviation — with-
drawal of progesterone from the maternal circulation in rodents is
necessary to induce parturition while in humans, plasma proges-
terone remains high throughout the latter part of pregnancy and
decreases sharply after parturition (Mitchell and Taggart, 2009).
Regardless of these differences, however, rodents recapitulate many
of the endocrinological and HPA axis changes observed in humans
during pregnancy including, for example, increasing estrogen and
progesterone throughout gestation and high basal HPA activity in
mid to late pregnancy. In addition, many of the same neuropep-
tides and hormones that promote maternal care and behavior in
humans serve the same function in rodents (Brunton and Russell,
2010).

USING MICE TO MODEL ANXIETY AND DEPRESSION
Complex neuropsychiatric syndromes like MDD and PPD are
multifactorial, and result from a combination of genetic and non-
genetic factors. Their complex nature, along with the obvious
ethical and logistical impediments to research in humans, has
impacted the ability to identify the specific genetic and environ-
mental components that predispose individuals to develop these
disorders. While it will never be possible to mimic all facets of a
complex human psychiatric syndrome in a rodent model, specific
features can be modeled. Historically, rodent models of psychi-
atric endophenotypes have focused on models with good pre-
dictive validity, that responded to commonly used anxiolytics or
antidepressants. However, recent commentary has recommended
modeling the underlying pathophysiology and neurobiology of
the disease rather than using behavioral models based on spe-
cific clinical symptoms or response to current pharmacotherapies
(Insel et al., 2010; Nestler and Hyman, 2010; Cuthbert and Insel,
2011).

Functional MRI studies have implicated neural circuitry and
brain regions involved in postpartum anxiety and depression and
maternal bonding (Silverman et al., 2007; Swain et al., 2007; Swain,
2008). Many of the same brain regions and neurotransmitter sys-
tems have been implicated in rodents (Tarantino and Bucan, 2000
O’Mahony et al., 2010a,b; Krishnan and Nestler, 2011). Hormon-
ally mediated behavioral changes in animal models of anxiety and
depression also mimic those seen in humans (Yan et al., 2010;
Krishnan and Nestler, 2011; O’Mahony et al., 2011) indicating
that animal models of anxiety, depression, and maternal behav-
ior may share common etiology with human disorders. Therefore,
animal model research has the potential to provide information
that can be directly translated to humans and, eventually, result
in improvements in both the diagnosis and treatment of these
devastating disorders.

C57BL/6 AND BALB/c INBRED STRAINS AS MODELS OF
MATERNAL CARE, ANXIETY, AND DEPRESSION

Inbred mice have recently emerged as the primary model for
studying genetic and genomic aspects of human disease (Cryan
et al., 2005). This is due, in large part, to the availability of a vast
array of resources for such endeavors in the mouse. The power
of the mouse as a genetic model lies in the availability of hun-
dreds of inbred strains, millions of cataloged genetic variants (e.g.,
single nucleotide polymorphisms, SNPs), inexpensive, and high-
throughput ways to assess hundreds of thousands of SNPs, and
genomic sequence data available for increasing numbers of inbred
strains.

Mouse inbred strains have been used with great success for
the past 50years to investigate genetic influences on behavior.
Inbred strains are genetically homogeneous within a strain, but
vary widely both genetically and phenotypically across strains.
These reference populations represent a stable genetic resource
that can be tested, analyzed, and compared across laboratories and
across time. Inbred strain studies have provided a vast amount of
information on anxiety and depression-related behaviors.

Two strains in particular, C57BL/6 (B6) and BALB/c (BALB),
have repeatedly shown dramatically different behavioral profiles in
anxiety and are commonly referred to aslow (B6) and high (BALB)
anxiety strains. The results of studies on anxiety-related behaviors,
which generally have been shown to be somewhat labile (Crabbe
etal., 1999), are surprisingly consistent in these two strains. BALB
mice exhibit reduced locomotor activity and less time in unpro-
tected and brightly lit areas in the open field (Carola et al., 2002;
Tang et al., 2002; Francis et al., 2003; Priebe et al., 2005; Depino
and Gross, 2007; Post et al., 2011) and light:dark assays (Crawley
and Davis, 1982; Beuzen and Belzung, 1995; Griebel et al., 2000;
Millstein and Holmes, 2007; O’Mahony et al., 2010b) in compari-
son to B6 mice with very few exceptions. Results from the elevated
plus maze have been less consistent with at least one study showing
no strain differences (Griebel et al., 2000) and some showing what
appears to be less anxiety in the BALB strain (Trullas and Skolnick,
1993; Rogers et al., 1999; Post et al., 2011). These inconsistencies
may be due to substrain differences (Trullas and Skolnick, 1993)
or might reflect a strain-specific response to a particular apparatus
that confounds interpretation of the results.

STRESS REACTIVITY IN B6 AND BALB MICE

Stressful life events have been shown to play an important role
in the development and manifestation of psychiatric illnesses
(Kendler et al., 1999; Charney and Manji, 2004; Anisman and
Matheson, 2005). Interestingly, B6 and BALB mice also differ in
response to stressful stimuli. BALB mice have consistently shown
stressor-provoked hyperactivation of the HPA axis as reflected by
stress-induced increases in corticosterone release (Shanks et al.,
1994; Priebe et al., 2005; Prakash et al., 2006) and ACTH as well
as basal differences in CRH (Anisman et al., 1998a). BALB mice
have also been shown to exhibit stress-induced differences in CRH
receptor immunoreactivity (Anisman et al., 2007) as well as basal
and stress-induced differences in expression of GABA4 receptor
subunits (Poulter et al., 2010). Interestingly, GABA receptor sub-
units have also been implicated in a mouse model of PPD (Maguire
and Mody, 2008). O’Mahony et al. (2010b) have observed that
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BALB mice show blunted stress-induced brain activation (as mea-
sured by c-Fos expression) in the prefrontal cortex in comparison
to B6 mice, indicating that dysregulation in response to stress may
be driving behavioral differences between these two strains.

Exposure to both acute and chronic stress differentially mod-
ulates depressive-like behavior in BALB mice as well. BALB mice
showed significantly greater anhedonia (as measured by decreased
sucrose consumption) following both acute and chronic stress in
comparison to B6 mice (Poulter et al., 2010). BALB mice also show
longer latencies to escape a shuttle box in which they have previ-
ously experienced an inescapable footshock (Shanks and Anisman,
1988) and exhibit decreased responding for reward after exposure
to stress (Zacharko and Anisman, 1989).

MOTHERING BEHAVIOR IN ANIMAL MODELS

Behavioral differences among inbred strains of mice are frequently
studied with regard to their genetic origins. However, environ-
mental factors also play a significant role in the development of
behavior in rodents. As has been demonstrated in humans, defi-
ciencies in maternal care during the postpartum period have been
shown to result in anxiety, stress, and depression-related behaviors
in adult rodent offspring.

As discussed above, there is an extensive literature in humans
demonstrating the link between maternal care and bonding and
increased risk for development of mood disorders in offspring.
This research extends to rat models where it has been shown
that offspring of mothers that exhibit higher levels of arched
back nursing (ABN) and licking and grooming (LG) exhibit
reduced endocrine responses to stress as measured by adreno-
corticotropic hormone and corticosterone and decreased anxiety
behaviors (for a review see Francis and Meaney, 1999; Francis et al.,
1999b; Champagne et al., 2003). Offspring of low LG mothers also
exhibit decreased oxytocin receptor binding that is likely related to
decreased levels of estrogen receptor alpha expression in the hypo-
thalamus. Oxytocin is believed to promote mother—infant bonding

in humans (Bartels and Zeki, 2004; Galbally et al., 2011). Interest-
ingly, differences in maternal behavior have also been shown to be
transmitted across generations (Francis et al., 1999a).

Daily removal of pups from the home cage for short periods of
handling (3—15 min), results in decreases in anxiety-related behav-
iors. This observation seems counterintuitive but can be explained
by the observation that dams of handled pups show increased
ABN and LG when pups are returned to the cage (Liu et al., 1997).
Pups exposed to maternal separation for longer periods (3-6h
daily) show increased endocrine responses to stress and increased
behavioral reactivity to novelty (Champagne and Meaney, 2007;
Curley etal.,2011). The effects of postnatal handling and maternal
separation have been shown to change expression levels of genes
involved in HPA reactivity including corticotropin releasing fac-
tor, glucocorticoid receptor, and subunits of the GABA, receptor
(Francis and Meaney, 1999; Francis et al., 1999b; Curley et al.,
2011).

Significant differences in mothering behavior have been
observed in B6 and BALB strains of mice (Carlier et al., 1982;
Anisman et al., 1998b; Priebe et al., 2005; Prakash et al., 2006)
leading to the hypothesis that maternal care differences act sepa-
rately from, or in conjunction with, genetic background to result in
the observed behavioral differences between these strains. BALB
mice have consistently been shown to perform less ABN, spend
less time on the nest, exhibit less LG, and have longer latencies
to retrieve pups that have been removed from the nest (Table 1).
Very few studies have examined maternal separation or handling
in mouse models. B6 mice have been exposed to both mater-
nal separation and handling with mixed results. Male, but not
female B6 mice show increased anxiety behaviors in both the
EPM and OF after maternal separation from days 1 to 9 postpar-
tum (Romeo et al., 2003) but showed no change in the defensive
withdrawal test — an anxiety assay similar to the emergence test
— after handling and under a similar schedule of maternal sep-
aration (Parfitt et al., 2004). A study by Millstein and Holmes

Table 1| Maternal care differences in B6 and BALB mice.

Substrains

Maternal care observation

Mothering behavior
(BALB relative to B6)

Reference

C57BL/6JOrl, BALB/cOrl

C57BL/6ByJ, BALB/cByJ

C57BL/6J, BALB/cByJ

C57BL/6ByJ, BALB/cByJ

C57BL/6J, BALB/cJ

24 £+ 10 h postpartum, between 10
AM and 4 PM

First 7 days postpartum, 1 h twice
daily at 8 AM and 4 PM. 15
observations every hour at 4 min
intervals

First 13 days postpartum, three

21 min observation periods per day
2-6ays postpartum, 1h twice daily at
9 AM and 1 PM, 15 sec every 3min

1-14 days postpartum, 4 observations
per day, once per minute in 30 min
increments twice during lights on and
twice during lights off

Increased latency of first contact with pup
after removal from nest, longer latency to
first retrieval, more time off nest

Less arched back nursing, less licking and
grooming, less time spent on the nest

Poor nest building, less time spent on nest

Less arched back nursing, less time on
nest, longer latency to retrieve pups, poor
nest building

Less arched back nursing, less licking and
grooming, less time spent on nest, nest
building similar

Carlier et al. (1982)

Anisman et al. (1998b)

Millstein and Holmes (2007)

Prakash et al. (2006)

Priebe et al. (2005)
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(2007) examined strain differences in response to both handling
and maternal separation and found that neither had an effect on
B6 or BALB mice in multiple tests of anxiety and depression. These
results indicate that the maternal separation and handling mod-
els of anxiety and depression may not be useful in mice, may
be strain dependent or may be sensitive to procedural differ-
ences. However, too few studies in mice have been conducted
to draw a conclusion (for a review see Millstein and Holmes,
2007).

The observation that B6 and BALB mice differ significantly for
anxiety, stress, and mothering behaviors has led to research focused
on the effects of both genetics and mothering on behavioral
differences in these two strains.

NATURE OR NURTURE - IT'S LIKELY BOTH

The use of animal models to disentangle the roles of nature and
nurture in the development of anxiety, stress and depression has
advantages over human studies —in particular, the ability to control
both environmental factors and genetics and perform experimen-
tal manipulations during pregnancy and the postpartum period
as well as having access to brain tissue for analysis. However, this
endeavor is not as straightforward as it may seem. Studies in
humans have shown that mothers suffering from PPD demon-
strate less attachment to their infants (Fleming and Corter, 1988),
which can, in turn, lead to increased risk for psychiatric disorders
in the offspring. However, genetic factors also play a role. Moth-
ers contribute half of the genetic material to offspring, therefore,
individuals with mothers who suffer from PPD already have an
increased genetic risk making it difficult to separate genetic and
environmental factors, both of which can act additively or interact
to result in increased risk. Adoption studies in humans allow for
partitioning of genetic and environmental influences on disease
risk but these approaches often suffer from inadequate sample
sizes (Merikangas and Low, 2004) along with other drawbacks
common to human studies.

In rodents, cross fostering can be used to assess the role of genes
and environment on the development of behavior. Cross-fostering
involves removal of pups from their biological mother at birth
and placing them with a foster mother. This manipulation can be
used to study the effects of maternal care on behavior. In cross-
fostering studies with rats, low LG offspring fostered to high LG
dams exhibit decreased fear and stress behaviors similar to those
observed in high LG offspring reared by their biological mothers.
Conversely, high LG offspring fostered to low LG dams exhibited
increases in fear and stress related behavior (Francis et al., 1999a).
These data substantiate the role of early maternal care on subse-
quent behavior and, importantly, the non-genomic transmission
of individual differences.

The cross-fostering approach has also been used with B6 and
BALB mice in several studies with mixed results. Several studies
have reported an increase in anxiety behaviors and corticosterone
release in response to stress in B6 mice fostered by BALB mothers
(Francis et al., 2003; Priebe et al., 2005) but other groups observed
no change (Anisman et al., 1998b). BALB mice fostered to B6
mothers have been reported to show decreased anxiety in cer-
tain behavioral tests like the elevated plus maze (Priebe et al.,
2005) and also improved performance in the Morris water maze

(Anisman et al., 1998b), but no change in the open field (Priebe
etal., 2005). These results indicate that the effects of maternal care
are not sufficient to explain the behavioral differences between
these strains, and variations in maternal care result in different out-
comes depending upon which behavioral test is employed (even
tests within the same domain).

It is likely that both genetics and environment interact to pro-
duce the behavioral differences observed in these inbred strains.
The interaction of genes and the environment to produce phe-
notypic outcomes has been acknowledged and accepted for quite
some time in the scientific community. However, the exact mech-
anism by which the environment can act on genetic material
has only recently begun to be investigated in a more systematic
manner.

A ROLE FOR EPIGENETICS IN THE LINK BETWEEN MATERNAL
CARE AND BEHAVIORAL OUTCOMES IN ANIMAL MODELS
The observation that the behavioral effects of maternal care were
associated with gene expression changes that persisted into adult-
hood and could be transmitted across generations suggested a
potential role for epigenetic DNA modifications. The term “epige-
netics” was coined in the 1940s to describe gene by environment
interactions, but as the molecular mechanisms of those inter-
actions have been better characterized, the term has evolved to
be more specific. The modern definition of epigenetics is the
study of DNA modification leading to changes in gene expres-
sion caused by a mechanism other than changes to the DNA
sequence (Adrian, 2007). Epigenetic modifications can include
DNA methylation, histone modification, and non-coding RNA
as well as more recently identified mechanisms such as hydroxy-
methylcytosine residues in the brain (Kriaucionis and Heintz,
2009; Skinner et al., 2010). Of these, DNA methylation has been
the most actively studied due to its role in developmental silencing
of genes through imprinting or X-inactivation. DNA methyla-
tion refers to the process by which a methyl group attaches to
DNA via cytosine at specific locations in the genome called CpG
sites (Razin, 1998). The bond formed between the DNA cytosine
and the methyl group is strong, causing a stable but potentially
reversible change in gene expression (Jones and Taylor, 1980). At
its most basic functional level, methylation results in the silenc-
ing of a gene, but recent evidence indicates that methylation may
also be associated with gene activation (Metivier et al., 2008).
It was commonly thought that DNA methylation changes that
occurred during development were stable and unchangeable later
in life. However, recent evidence suggests that DNA methylation is
a dynamic process that allows the genome to adapt to alterations
in the environment throughout life (Meaney and Szyf, 2005) pro-
viding a mechanism by which early life experiences can leave an
indelible mark on the brain and influence behavior and health
(Weaver et al., 2004).

Weaver et al. (2004) provided the first direct evidence of an
epigenetic change in response to mothering behavior with the
observation that rats exposed to poor maternal care exhibited
increased methylation ata 5’ CpG site in the promoter region of the
glucocorticoid receptor gene. The increase in methylation effec-
tively reduced the number of receptors and resulted in heightened
response to stress (Weaver et al., 2004). Champagne et al. (2006)
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also reported increased methylation in response to maternal care
in the signal transducer and activator of transcription 5 (Stat5)
binding site in the estrogen receptor alpha (Esr) gene promoter
region and cross-fostering reversed this effect. Esr is involved in
the regulation of oxytocin receptor binding.

Franklin et al. (2010) have extended these studies to C57BL/6
mice and demonstrated that the stress of chronic and unpre-
dictable early life maternal separation in male offspring alters the
profile of DNA methylation in the promoter of several candidate
genes including the Mecp2 gene, a transcriptional regulator that
binds methylated DNA, the cannabinoid receptor 1 (CbI) that has
been associated with emotionality in rodents and corticotropin
releasing hormone receptor 2 (Crhr2), a stress hormone receptor
(Franklin et al., 2010).

In sum, neurobehavioral epigenetics holds great promise for
the future. The ability to conduct whole genome methylation
analysis (Pokholok et al., 2005; Jeddeloh et al., 2008; Butcher and
Beck, 20105 Li et al., 2010) along with the availability of novel
resources in mouse systems genetics (Churchill et al., 2004) pro-
vides the starting point for further research into the complex
genetic, environmental, and epigenetic mechanisms that mediate
maternal mental illness during the perinatal period including the
subsequent influence on maternal behavior and infant outcomes.

FUTURE DIRECTIONS: EXPANDING KNOWLEDGE OF GENE BY
ENVIRONMENT INTERACTIONS IN B6 AND BALB MICE

Based on the behavioral and neuroendocrine data reviewed above,
BALB and B6 mice may prove to be an excellent model for
the effects of perinatal anxiety and depression on maternal care
and bonding and subsequent behavior in offspring. Research in
humans indicates that women who suffer from MDD and anx-
iety are more likely to develop PPD (Kammerer et al., 2006). It
is clear that BALB mice display an increased basal level of anx-
iety. However, no studies have examined changes in anxiety- or
depression-related behaviors in BALB mice during pregnancy or
the postpartum period. In both humans and rodents, pregnancy
is characterized as a period of high basal HPA activity (Brunton

and Russell, 2008) — a phenomenon that has also not been charac-
terized specifically in pregnant BALB mice who show significant
basal differences in HPA reactivity.

Neuroendocrine changes during pregnancy and immediately
postpartum have been shown to be important for the expres-
sion of maternal behavior in both human and rodent models.
For example, oxytocin, which is essential for lactation, also plays a
major role in facilitating maternal behavior and bonding (Neu-
mann, 2008). Interestingly, oxytocin administered centrally or
peripherally, has also been shown to have anxiolytic effects (Ring
et al., 2006) and attenuate stress-induced activity of the HPA axis
(Neumann, 2002). Prolactin, which also plays a role in milk pro-
duction, has been shown to be involved in maternal behavior as
indicated by the severe maternal behavior deficits observed in pro-
lactin receptor knockout mice (Lucas et al., 1998). However, little
or no published information exists regarding levels of oxytocin
or prolactin during pregnancy and postpartum in either B6 or
BALB mice specifically. Unpublished gene expression data from
our own laboratory as well as publicly available data from multi-
ple sources show decreased expression of oxytocin in BALB mice
in comparison to B6 (Figure 1). Although these results have not
yet been confirmed and gene expression differences by no means
translate automatically to functional differences, these data offer
tantalizing evidence regarding differences in the neuroendocrine
systems of these two strains that may contribute to behavioral
profiles.

Studies in rats have examined the development of mother-
ing behavior in virgin females and suggest that animals that are
stressed or anxious are less likely and take longer to display moth-
ering behaviors (Bridges et al., 1972; Pereira et al., 2005; Mann
and Gervais, 2011). These results are fairly intuitive based on the
observation that oxytocin, which is known to induce mothering
behavior, is also anxiolytic. Expanding upon these studies in mice
may allow for more direct evidence in BALB for the role of innate
anxiety and its effects on mothering behavior.

The environment in which an animal is raised can also have an
effect on subsequent behaviors. Francis et al. (2002) have shown
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FIGURE 1 | Differential expression of Oxt in (A) hypothalamus, Wiltshire are available at http://webqtl.org, accessions GN123, GN273, respectively. The
and Tarantino (unpublished), (B) whole brain, PhenoGen Informatics, Wiltshire et al. data utilized the Affymetrix 430 v2 array. The Williams et al.
University of Colorado at Denver Health Sciences Center (Bhave et al., data utilized the Affymetrix Mouse Exon 1.0 ST Array. The 3’ UTR probeset
2007), and (C) hippocampus, Williams et al. (unpublished). Datasets (B,C)  from the Exon 1.0 ST Array was utilized for comparison purposes.
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that environmental enrichment from weaning until adulthood
ameliorates HPA axis reactivity and stress behaviors in rats that
have been exposed to maternal separation as pups. Environmental
enrichment in BALB mice has been shown to decrease anxiety-
related behaviors as well (Chapillon et al., 1999). Moreover, Curley
et al. (2009) have also shown that social enrichment in BALB
mice enhances maternal care and reduces anxiety behaviors and
that these effects may be mediated by increased receptor densities
of both oxytocin and vasopressin (V1a). These studies highlight
the impact of early environment as a protective influence as well
and present the potential for studying mechanisms that “rescue”
phenotypes resulting from the detrimental environments early in
life.

CONCLUSION

Postpartum depression is debilitating to women who experience
it and potentially damaging to their offspring. Although the eti-
ology of PPD remains unclear, headway is being made toward
a better understanding of the complicated interplay of repro-
ductive steroids with the HPA axis and other neuroregulatory
systems implicated in depressive illness. Further study of alter-
ations in the HPA axis during the transition from pregnancy to
the postpartum period may provide new insights into the patho-
physiology of PPD. Moreover, understanding the pathophysiol-
ogy of PPD can potentially lead to the discovery of biomarkers
specific for PPD so that prospective identification of those at
risk may become feasible. This would have enormous implica-
tions for both the prevention and treatment of women at risk
for PPD as well as the transmission of adverse sequelae to off-
spring exposed to mothers with PPD including adverse effects on
neurobehavioral development and increased risk for psychiatric
illness.

Although humans and mice evolved with very different sets of
reproductive and selective pressures, complete genome sequencing
has revealed that mouse and human genomes are highly conserved
(Mouse Genome Sequencing Consortium et al., 2002), thereby
substantiating the use of mouse models to study genetic aspects
of human disease. Animal studies have been used successfully to
model perinatal maternal behavior and to study the pathogene-
sis of perinatal anxiety, stress, and depression. Although animal
models do not fully recapitulate human psychiatric syndromes
and behaviors, many of the key characteristics observed in human
disorders can be observed in mice and many of the same genetic
and neuroendocrine factors are involved.

In particular, B6 and BALB mice exhibit divergent pheno-
types for stress, anxiety, and mothering behaviors. Moreover,
these phenotypic differences have been shown to be at least par-
tially genetically determined, can be modulated by environmental
manipulations and result in behavioral changes in adult offspring.
The mechanism by which early environmental stress results in
lasting changes in behavior and increased risk for psychiatric dis-
orders has not yet been resolved. We believe that more detailed
behavioral and neuroendocrine studies using genetic reference
populations like B6 and BALB inbred mice will provide insight
into the mechanisms by which early environment shapes later
behavior and, more generally, into the etiology of anxiety and
depression. Furthermore, the rapidly growing field of behavioral
epigenetics offers an intriguing area of study that may provide
new insights into the nature of gene—environment interactions
during development. The dramatic expansion of genomic data
and genetic resources in the mouse provides the perfect oppor-
tunity to expand on the building evidence for environmentally
mediated epigenetic changes and their role, along with genetic
predisposition, in increasing risk for psychiatric disorders.
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