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Abstract
As any new parent knows, having a baby provides opportunities for enrichment, learning and
stress –experiences known to change the adult brain. Yet surprisingly little is known about the
effects of maternal experience, and even less about the effects of paternal experience, on neural
circuitry not directly involved in parenting. Here we discuss how caregiving and the
accompanying experiential and hormonal changes influence the hippocampus and prefrontal
cortex, brain regions involved in cognition and mood regulation. A better understanding of how
parenting impacts the brain is likely to help in devising strategies for treating parental depression,
a condition that can have serious cognitive and mental health consequences for children.

Introduction
For all mammalian species, becoming a mother involves remarkable behavioral change
driven by a combination of neuroendocrine and experiential factors. Considerable research
has been devoted to understanding the neural mechanisms of maternal care in rodents and
primates. For a small minority of mammalian species (~6%), including humans, fathers play
a significant role in rearing young [1,2]. Less is known about the neural and hormonal
mechanisms of paternal care but the limited available evidence suggests that mothers and
fathers might recruit similar neural circuitry, hormones and neuromodulators in the service
of parenting behavior (Box 1).

Box 1

Mothers and fathers – are they really so different?

Although significantly less is known about the neural mechanisms of parenting behavior
in fathers than in mothers, evidence suggests striking similarities between the sexes. Such
similarities are particularly surprising because maternal behavior has been linked, in part,
to hormonal changes that occur with pregnancy, parturition and lactation, experiences
that are not available to fathers. From studies of biparental rodents and primate species
that engage in cooperative breeding, we know that caregiving behavior in fathers is
similar to that in mothers, suggesting that the same neural pathways might be involved.

Lesion studies, as well as immediate early gene and neuropeptide distribution studies, in
rodents have identified similar brain regions involved in maternal and paternal behavior,
including the olfactory bulb, medial preoptic area, lateral septum, bed nucleus of the stria
terminalis, amygdala and PFC [84–88]. Although less is known about the neural circuitry
of parenting in humans, exposure to crying infants activates the amygdala and PFC in
fathers and mothers, but not in non-parents [62,63]. Given the hedonic aspects of
parenting, it is not surprising that maternal and paternal behavior in rodents involves
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reward circuitry, namely dopaminergic afferents [89], suggesting neurochemical and
neuroanatomical overlap between the sexes. Similar involvement of reward-related brain
regions has been observed using neuroimaging in human mothers exposed to
photographs of their own happy infants [90], although no study has yet investigated this
issue in fathers.

What role do hormones, with their obvious differences between mothers and fathers,
play? Here the answer is complex. Mothers exhibit drastic alterations in hormones
including decreased estrogen and increased oxytocin and prolactin [11]. These changes
are driven by pregnancy, parturition and lactation, as well as by infant contact, and are
important for maternal behavior. Glucocorticoid levels also increase and although
important for lactation, are not essential for other aspects of maternal behavior [25,91].
Similar but not identical alterations in these hormones are detectable in fathers; these
include increased estrogen, oxytocin, prolactin and glucocorticoids [11,33]. Hormonal
changes in fathers are induced by contact with the mother and the offspring. For instance,
oxytocin levels in human fathers are positively related to the amount of affection the
father displays toward his infant [92]. Variations in testosterone levels have also been
associated with paternal care, although studies suggest species differences. In primate
species, including humans, paternal behavior is related to reduced levels of testosterone
[33,93]. The opposite is the case in some rodents for which paternal care is associated
with elevated levels of testosterone [94–96]. Reduced testosterone, along with elevated
estrogen and oxytocin levels, might facilitate affiliative behavior in primate fathers,
whereas increased testosterone levels in rodents seem to support parental aggression
toward nest intruders. It remains unclear whether differential hormone responses cause,
or are caused by, variation in paternal care, because a definitive link between specific
hormones and paternal behavior remains uncertain [97]. Nonetheless, infant contact itself
seems to modulate endocrine systems and activate neural circuitry in fathers in a manner
that is strikingly similar to that in mothers.

There is an increasing body of literature showing that structural, electrophysiological and
molecular changes occur in the maternal and paternal brain. These include modifications not
only in brain areas known to be involved in the control of parental behavior, but also in
regions not traditionally associated with parenting, but that are instead more widely known
to be involved in cognition and mood regulation. Here we highlight maternal and paternal
influences on neuroplasticity in two such brain regions, the hippocampus and prefrontal
cortex (PFC). We also consider the complex role that hormones and environment play in
mediating the impact of parenting on these brain regions and discuss the potential functional
consequences of these changes.

Identifying how the brain changes in response to parenthood could be important to better
understand mood disturbances, including depression, which are known to be prevalent in
new mothers and, as suggested by recent studies, in fathers as well (Box 2). Postpartum
mental illness is often associated with inadequate child care, which has been linked to
impaired cognitive and emotional function in offspring [3–5], including increased likelihood
of developing anxiety and depression later in life [6]. Elucidating the influence of parenting
on the brain could also be critical for ensuring the long-term health of offspring.

Box 2

Depression in new parents

In the US, an estimated 10–15% of new mothers experience postpartum depression [98];
a slightly lower percentage of men (6–12%) also experience depression shortly after the
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birth of a child [99,100]. Among men whose partners have postpartum depression, the
rate is even higher, suggesting a link between maternal and paternal depression [101].

Early parental depression is a significant problem, not just for the afflicted, but also for
those in their care. Depression in mothers has been related to persistent disturbances in
cognitive and emotional function in offspring [3–5], including increased likelihood of
developing anxiety and depression later in life [6]. Depression in fathers can also
negatively affect infant development; it has been associated with greater risk of later
emotional, behavioral and cognitive difficulties [100,102,103].

Depressed parents seem to provide inadequate care to their offspring, which in turn
impairs emotional and cognitive development [104]. Parents with depression are less
emotionally attached to their infants, display less affection and interact less overall
[3,105], qualities that infants seem to be able to detect. For example, babies become
noticeably distressed when an adult (mother, father or unrelated caregiver) maintains a
non-interactive still face [106,107]. Lack of social interaction during early life probably
contributes heavily to emotional problems that emerge later in the children of depressed
parents. Moreover, depressed parents read less often to their children than non-depressed
parents, a difference that leads to smaller vocabularies in youngsters [100,103].

The neural mechanisms by which inadequate parental care contributes to negative
emotional and cognitive outcomes in offspring are incompletely understood, but animal
studies have provided some suggestions. Early postnatal maternal separation is a widely
used paradigm to study maternal influence over offspring development in rats. In
adulthood, rat pups subjected to maternal separation exhibit increased anxiety-like
behavior, impaired cognitive capabilities and dysregulation of the hypothalamus–
pituitary–adrenal axis [108]. These effects stem not from maternal separation itself, but
indirectly from abnormal parenting behavior exhibited by mothers on return to their pups
[108]. Similar outcomes have been reported in the offspring of mother rats that naturally
display low levels of maternal care [109].

Maternal separation is associated with diminished structural plasticity in brain regions
linked to cognition and mood regulation, including the hippocampus and PFC. In the
hippocampus, maternal separation and low levels of maternal care lead to suppressed
postnatal neurogenesis [110,111], reduced dendritic spine density [109,112], and reduced
hippocampal BDNF expression and cholinergic innervation [109]. In the PFC, maternal
separation, as well as paternal separation (in biparental species), is associated with
changes in dendritic spines and synapses [113–115]. If structural changes contribute to
behavioral problems associated with inadequate parenting, then the potential to repair
these abnormalities by modulating ongoing plastic processes, including adult
neurogenesis and dendritic remodeling, might exist. Indeed, studies have shown that
environmental enrichment, an experience that enhances structural plasticity in adulthood
[28,29,47], restores many of the behavioral abnormalities arising from maternal
separation and low maternal care during early life [116,117]. Future studies will be
necessary, however, to forge the translational link between animal models of early
inadequate parenting and depressed human parents.

Behavioral changes that define parenting
The postpartum period is a time of dramatic behavioral changes for all mammalian species.
In rodents, females that were previously unresponsive or aggressive toward pups engage in
an elaborate repertoire of caregiving activities at birth and postpartum that includes cleaning
the pups, eating the debris of birth, nursing, nest building, licking and grooming, pup
retrieval, assuming a nursing (i.e. arched back) posture over the pups and increased
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aggression toward intruders. In nonhuman primates, maternal behavior includes nursing,
infant carrying, grooming and defending the infant from danger. The emergence of maternal
behaviors is stimulated by contact with offspring and a complex array of endocrine changes
(Box 1). Maternal experience and the accompanying hormonal alterations affect various
measures of neural plasticity in numerous brain regions such as the hypothalamus [7,8],
amygdala [9] and olfactory bulb [10], areas that are necessary for the full expression of
maternal behaviors [11].

For most mammalian species, raising the young is accomplished exclusively by the mother,
but for a small minority fathers play a role. Among species in which paternal care occurs
(Box 3), there are two general social strategies – a biparental strategy in which the mother–
father dyad care for the young and a cooperative breeding strategy in which caregiving is
shared by the mother, father, older siblings and sometimes unrelated adults. Regardless of
whether the species engages in biparental or cooperative breeding, paternal care typically
involves the same behaviors as maternal care, with the exception of nursing. Evidence to
date suggests that the neural circuitry underlying paternal behavior is similar to that for
maternal behavior (Box 1) in that the same brain regions seem to be activated when fathers
and mothers have contact with infants. Moreover, many of the same hormonal changes that
accompany the postpartum period also occur in fathers that display parenting behavior (Box
1).

Box 3

Some mammalian species that engage in paternal care

Maternal and paternal experiences also influence brain regions that are known to be either
unnecessary for the behaviors directly associated with parenting or only involved in a
modulatory way. Among these are effects on brain regions associated with cognition and
mood, including the hippocampus and PFC (Figure 1).

Parenting and the hippocampus
Lesions of the hippocampus have minimal effects on maternal behavior [12,13], but this
brain region is nonetheless affected by parenting. The hippocampus plays an important role
in certain types of learning and memory, anxiety regulation and feedback of the stress
response. In adult mammals, the hippocampus also exhibits a capacity for dramatic
structural reorganization in the form of adult neurogenesis, dendritic remodeling, and the
formation and elimination of dendritic spines and synapses (Figure 1). In virgin animals
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without reproductive or maternal experience, these forms of structural plasticity are
modulated by hormones, including estrogen and glucocorticoids [14–19], levels of which are
altered in mothers and fathers (Box 1). Moreover, several experiences that seem intrinsic to
parenting, such as stress, learning and environmental enrichment, also influence
hippocampal structure in virgins [19–21]. Perhaps it is not surprising that parental
experience alters structural plasticity in the hippocampus, although the manner in which this
occurs seems to be complex, most probably reflecting the multitude of hormonal and
experiential changes associated with parenting.

Adult neurogenesis
The dentate gyrus of the hippocampus continues to produce several thousand new neurons
each day in young adulthood [22]. Adult neurogenesis in the hippocampus has been
documented in many mammalian species, including humans [23]. The regulation of adult
neurogenesis by hormones and experience has been the subject of intensive investigation
[19]. Ovarian steroids enhance [15], whereas adrenal steroids suppress [14,18], cell
proliferation in the dentate gyrus of virgin rats. Postpartum female rats exhibit decreased
estrogen levels [24] and increased glucocorticoid levels [24,25], suggesting that new neuron
production might be impaired in mothers. The postpartum period is associated not just with
hormonal changes, but also with experiential changes that might impact adult neurogenesis.
Stress is known to inhibit, whereas learning and environmental enrichment are known to
enhance, adult neurogenesis [19–21]. Despite the fact that some of the stimuli inherent to
parenting seem to enhance adult neurogenesis, available evidence suggests that maternal
experience is associated with suppression of cell proliferation during the postpartum period
[24–26].

In mother rats, decreased cell proliferation is evident as early as 1 day after parturition and
occurs in both first-time mothers (primiparous) (Figure 1) and females that have produced
more than one litter (multiparous) [24–26]. By the time of weaning and beyond, cell
proliferation is restored in postpartum females [25]. Thus, maternal experience has a
suppressive, albeit temporary, effect on cell production in the hippocampus that does not
seem to be modulated by repeated reproductive experience. The suppressive effect of
maternal experience on adult neurogenesis seems to be linked to both hormonal changes and
interaction with offspring. Reduced cell proliferation during the postpartum period is
dependent on elevated basal glucocorticoid levels associated with lactation; removal of
nursing pups reduces corticosterone levels and prevents the decrease in number of
proliferating cells [25]. Moreover, prevention of increased basal corticosterone levels in
postpartum mothers by means of adrenalectomy and low-dose corticosterone replacement
eliminates the reduction in cell proliferation. Thus, it seems that in postpartum females,
offspring interactions inhibit hippocampal cell production through changes in adrenal
steroids (Figure 2). It should be noted that elevated adrenal steroid levels might not be the
sole factor involved and that decreased estradiol levels, which are known to reduce adult
neurogenesis, might participate as well [24,27].

Postpartum-induced suppression of adult neurogenesis is linked to glucocorticoid elevations
that occur along with lactation, so it seems likely that this effect might be specific to
lactating mothers. The glucocorticoid-induced decrease in cell proliferation in lactating
females suggests that other aspects of maternal experience, such as enriching effects, which
would be expected to enhance adult neurogenesis, are secondary to glucocorticoid changes.
Indeed, pup exposure in virgin female rats stimulates adult neurogenesis, an effect that
might reflect environmental enrichment in the absence of hormonal changes associated with
pregnancy, parturition and lactation [26]. Studies have shown that environmental enrichment
stimulates new neuron production in the dentate gyrus of virgin male and female rodents
[28,29]. Males do not lactate, so it seems reasonable to predict that fathers would display
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adult neurogenesis changes that are more akin to enriched environment effects, such as those
observed in virgin females. Consistent with this, brief exposure to pups increases cell
proliferation in the dentate gyrus of virgin male prairie voles [30]. A similar stimulatory
effect of pup exposure on adult neurogenesis has been observed in laboratory mouse fathers,
which do not normally engage in parental behavior, but do so after repeated interaction with
their offspring [31]. By contrast, in California mice fathers that naturally demonstrate
paternal care behaviors, a reduction in new cell production, similar to that detected in
mother rats, has been observed [32]. This effect is probably linked to hormonal changes that
occur in fathers. For example, fathers exhibit elevated glucocorticoids [33], although this
hormonal change is not associated with lactation.

Many of the behavioral and neuroendocrine adaptations of the postpartum period are also
evident during late pregnancy [34]. Thus, it seems plausible that suppression of the
production of new neurons would emerge before parturition. Decreased hippocampal
volume has been observed in pregnant rats and humans [35,36], suggesting that reduced
adult neurogenesis contributes to these volumetric changes. Cell proliferation in the
hippocampus does not seem to be altered during pregnancy in rats or mice [10,37–39] and
the current evidence on pregnancy-induced alterations in cell survival is mixed, with some
work suggesting a possible enhancement [37] and other studies showing a decrease [40] or
no effect [39]. It is possible that these inconsistencies are related to the different gestational
timepoints examined and could suggest that neurogenesis is altered, but only at specific
times during pregnancy.

Despite the unresolved effects of pregnancy, some evidence suggests that maternal
experience has a lasting effect on progenitor cells in the dentate gyrus that extends into
aging. Whereas middle-aged virgin female rats exhibit no change in cell proliferation with
estrogen treatment, middle-aged mothers exhibit an increase in cell proliferation, an effect
similar to that observed in young adults [41]. This suggests that maternal experience slows
the aging process, at least insofar as estrogen sensitivity of progenitor cells is concerned.
The duration of this effect remains unknown. Long-term benefits of being a mother on age-
related cognitive decline and other measures of brain aging have also been reported [42].

It is important to note that maternal experience also has effects on neurogenesis in the
subventricular zone (SVZ), an area that gives rise to neurons of the olfactory bulb, a brain
region important for maternal care [43]. Increased neurogenesis has been reported in mice
and rats during pregnancy and the early postpartum period [10,38]. Pup exposure in virgin
female rats also stimulates neurogenesis in the SVZ [44]. In contrast to the involvement of
glucocorticoids in the postpartum reduction in neurogenesis in the hippocampus, increased
neurogenesis in the SVZ seems to be mediated by prolactin [10]. Thus, maternal experience
can have opposite effects on the same form of structural plasticity in two different brain
regions through distinct mechanisms.

Dendritic and synaptic remodeling
The effects of parenting on hippocampal plasticity are not limited to alterations in cell
proliferation and neurogenesis, but also extend to dendritic spines and architecture. Like the
effects of maternal experience on adult neurogenesis, changes in these morphological
measures are complex (Figure 2).

Increased spine densities on apical dendrites of hippocampal CA1 pyramidal neurons have
been reported in late pregnant and postpartum (primiparous) rats [45,118]. The postpartum
period is also associated with increases in spine density on dendrites of dentate gyrus
granule cells [118]. Hippocampal dendritic spine density is controlled by circulating levels
of ovarian hormones [17], so enhanced spine density in late pregnancy might be related to
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elevated estrogen levels that occur at this time. In support of this, virgin females treated with
a pregnancy-like regimen of estradiol and progesterone exhibit similar spine enhancements
[45]. Estrogen levels are low after birth, so it is likely that estrogen does not mediate the
enhanced spine density postpartum. It is possible that the spines generated during late
pregnancy are maintained postpartum or that the latter diminish and new spines are
generated [46]. The specific hormonal or environmental stimuli that maintain or induce
spine growth postpartum have yet to be determined. One possibility is that postpartum
increases in spine density result from the enriching effects of maternal experience (Figure
2). In addition to its positive effect on the production of new neurons, environmental
enrichment is known to have a beneficial effect on dendritic spines in the hippocampus
[19,47].

To date, no time-course studies have examined the duration of dendritic spine changes
throughout the post-partum period. It does not seem that spine density remains elevated in
primiparous females at the time of weaning, indicating that enhanced dendritic spine density
might be transient and dependent on the presence of offspring [48]. Another possibility is
that the persistence of dendritic spines may be modulated by reproductive experience.
Consistent with this are data showing that unlike primiparous females, multiparous females
at weaning have more hippocampal dendritic spines compared to virgins, although this
effect is specific to CA1 basal dendrites [48,49].

Dendritic architecture in the hippocampus is also influenced by maternal experience.
Primiparous rats exhibit decreased dendritic length and fewer dendritic branch points on
pyramidal neurons in both the CA1 and CA3 regions of the hippocampus relative to virgin
and multiparous females [48]. It is important to note that these results were observed in
postpartum females after weaning, leaving open the possibility that alterations in dendritic
architecture emerge earlier in the postpartum period when pups are present. The factors
responsible for dendritic tree shrinkage have yet to be determined. High levels of circulating
glucocorticoids have been associated with dendritic atrophy of pyramidal cells in the
hippocampus [16,50], but did not correlate with hippocampal dendritic remodeling around
the postpartum period [48]. A role for glucocorticoids cannot be ruled out because levels
were measured at the time of weaning and not during pregnancy or postpartum, when
hormonal changes are likely to be more evident and contribute to dendritic remodeling.

Synaptic plasticity and gene expression
In addition to structural changes, alterations in hippocampal synaptic plasticity also occur in
the postpartum period. Compared to virgin females, long-term potentiation (LTP) is
enhanced in hippocampal slices from multiparous mice during the early postpartum period
of their second litter [51]. Oxytocin might be an important mediator of this effect, because
LTP was also enhanced in hippocampal slices of virgins treated with this neuropeptide [51].
Similarly, an enhancement in LTP is evident in primiparous females after weaning [52].
These effects are surprising because other hormonal changes associated with the post-
partum period, such as reduced estrogen and increased glucocorticoid levels, have been
linked to impaired LTP [53,54]. Taken together, the results suggest that factors in the
maternal brain might buffer against some of the negative influences associated with
hormonal changes.

Maternal experience is also associated with changes in the expression of genes, such as
those encoding GABAA receptor subunits and neuropeptides, in the hippocampus and other
brain regions that are likely to influence synaptic plasticity [55–57]. Whether parenting-
induced changes have a positive, neutral or negative effect on behavior remains largely
undetermined, although a recent study has demonstrated abnormal postpartum behaviors in
mice with deficiencies in δ-subunit-containing GABAA receptors [58].
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Parenting and the prefrontal cortex
The PFC is activated by parenting behavior in both rodents and humans [59–63]. Lesions of
the PFC do not have a profound effect on the initiation of parenting behavior, although some
evidence in rodents suggest that pup retrieval can be affected [64]. The PFC has been
implicated in many functions that might indirectly influence parenting, including working
memory, cognitive flexibility and mood regulation [65,66].

Structural reorganization has been observed in the PFC of rodents and primates. As in the
hippocampus, these changes can be induced by alterations in hormones and experience.
Manipulation of estrogen and glucocorticoids affects dendritic architecture and dendritic
spine density on pyramidal neurons of the medial PFC [67–70]. Moreover, experiences that
seem to be related to parenting, such as stress and enriched environment living, also alter
dendritic complexity and spine density in this brain region [47,71,72].

Structural reorganization occurs in the PFC of marmoset fathers. Marmoset fathers engage
in extensive caregiving behavior by carrying, protecting and feeding the young (Box 3) [73].
Marmoset fathers, regardless of whether they are first-time or experienced, have enhanced
dendritic spine density on pyramidal neurons of the PFC [73]. A possible involvement of
vasopressin, a neuropeptide implicated in paternal care [33], was also suggested by the
demonstration that parallel increases in the abundance of vasopressin V1a receptors, and the
proportion of dendritic spines that were labeled for this receptor, occurred in the PFC of
fathers. The abundance of V1a receptors correlated negatively with offspring age, so these
effects might not be permanent, but instead might be driven by father–offspring interactions,
which lessen as offspring mature. As with some of the effects of maternal experience on
hippocampal structure, hormones and offspring probably work together in some way to alter
the PFC of fathers. In this regard, it is worth noting that living in an enriched environment,
in the absence of caregiving experience, is sufficient to induce similar changes in dendritic
spine density of pyramidal neurons in the PFC of marmosets [47]. These findings suggest
that the enriching aspect of parenting might be important for driving changes in the brains of
marmoset fathers (Figure 2).

Female rats also exhibit increased dendritic spine density on pyramidal neurons of the
medial PFC during the postpartum period [118]. In addition, glial changes have been
reported in specific PFC regions of postpartum rats [74]. The extent to which these structural
changes directly influence cognitive function remains unknown, but recent evidence
indicates that mother rats perform better than virgins on attentional set shifting, a cognitive
behavioral task that requires the PFC [118].

Functional consequences of parenting-induced neuroplasticity
The fact that maternal and paternal experience can remodel neural systems not directly
related to parental care suggests that functions mediated by these brain regions might also be
altered. Numerous studies in non-parents have linked adult neurogenesis and dendritic
remodeling to hippocampal functions, including learning and memory, anxiety regulation
and stress responses [19,21,75,76]. An increasing body of evidence suggests that maternal
experience alters behaviors associated with the hippocampus, including enhanced spatial
navigation learning and reduced anxiety-like behaviors [24,52,77–82]. The extent to which
maternal experience-induced changes in hippocampal structure contribute to changes in
hippocampal function, however, remains unexplored. Likewise, the influence of paternal
experience on hippocampal function has been almost completely ignored, but given the
similarities observed between mothers and fathers, it seems likely that changes in
hippocampal function occur. Recent evidence suggests that changes in adult neurogenesis in
fathers might be linked to kin recognition, at least in some species [31]. It is also likely that
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functions mediated by the PFC are altered by parenting, because structural plasticity in this
brain region has been linked to alterations in PFC-dependent cognitive behavior [72,118].
Finally, given the connections between the hippocampus and the PFC, as well as the
involvement of this pathway in the regulation of anxiety-like behavior [83], it is possible
that the combined action of parenting on structural plasticity in both the hippocampus and
the PFC could mediate modulation of mood in mothers and fathers.

Conclusion
Although it has long been recognized that parental care can have a profound influence on
offspring wellbeing, only recently has there been an appreciation of the impact of offspring
on parents. The brains of parents are clearly different from those of non-parents, having
been changed by the presence of offspring and corresponding hormonal fluctuations.
Available evidence suggests that structural reorganization occurs in the hippocampus and
PFC of mothers and fathers, but these studies are incomplete and the link between changes
in brain structure and function remains unexplored (Box 4). Future studies focused on
identifying brain changes, as well as the related behaviors, that are influenced in both
mothers and fathers will fill the gaps in our knowledge of how the brain is influenced by
childrearing.

Box 4

Unanswered questions

• What are the hormonal and neural mechanisms that underlie reduced anxiety
and improved cognition in parenting?

• How do changes in structural plasticity influence brain function in parents?

• Are there fundamental differences in the brains of mothers and fathers and, if so,
to what extent are these differences driven by experience and hormones?

• Do experienced parents undergo additional modifications in brain structure or
are parenting-related brain changes specific to first-time parents?

• How does the parenting brain cope with high levels of glucocorticoids?

• Are parenting changes induced primarily by newborn cues or do older offspring
elicit similar changes?

• Do changes in brain structure contribute to mood disorders in parents?
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Figure 1.
Parental experience produces changes in structural plasticity in the hippocampus and PFC.
Top: Schematic diagram of the hippocampus showing the dentate gyrus, the location of
adult neurogenesis (boxed area indicates region from which photomicrographs were
obtained). Mother rats exhibit suppressed adult neurogenesis in the dentate gyrus prior to
weaning of their offspring. (a) Virgin female rats have more proliferating cells, labeled here
with the thymidine analog bromodeoxyuridine (BrdU) (arrows), compared with postpartum
rats (b). BrdU-labeled cells are stained brown and cells labeled for Nissl are stained purple.
Scale bar, 20 μm. Bottom: Schematic diagram of cortical layers (I–VI) in the PFC showing
the neuron type affected by parenting (boxed area indicates layers II/III, where changes were
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detected in pyramidal neurons). Father marmosets exhibit enhanced dendritic spine density
on pyramidal neurons of layer II/III PFC compared to non-fathers. (c) Layer II/III PFC
pyramidal cell of a marmoset father labeled with the lipophilic tracer DiI (fluorescent
green). Magnified views of DiI labeled dendritic segments showing dendritic spines
(arrows) in a control (right upper) and a father (right lower). Scale bar, 30 μm for cell, 5 μm
for dendritic segments. Adapted, with permission, from Ref. [25,73].
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Figure 2.
Parenting can alter anxiety and cognition by inducing structural changes through potentially
different mechanisms. This model diagram illustrates some of the structural changes that
occur with parenting, including suppressed neurogenesis in the dentate gyrus, reduced
dendritic complexity in the CA3 pyramidal cell population of the hippocampus, and
enhanced dendritic spine density in pyramidal cells of the CA1 hippocampal region and
layer 2–3 of the PFC. Parenting-induced elevated glucocorticoid levels might underlie
changes in the dentate gyrus and CA3 regions of the hippocampus, whereas the enriching
aspects of infant contact might produce changes in the CA1 region and PFC. Changes in the
structure of the hippocampus and PFC might be responsible for parenting-induced
alterations in behaviors associated with these brain regions, including reduced anxiety-like
behavior and enhanced cognition. Photo credit: J. Alberts (University of Indiana).
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