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Evidence suggests that males, like females, undergo altered structure and function
of the hippocampus postpartum, a brain region that regulates certain aspects of emotion,
learning, and memory. These behaviors are beneficial for successful parenting. In
maternal rodents, offspring contact contributes to postpartum hippocampal plasticity in
both mothers and offspring. Fathers do not undergo pregnancy, parturition, or lactation,
therefore, the impact of offspring on hippocampal plasticity is less clear. California
mouse (Peromyscus californicus) fathers are highly paternal, making this monogamous
species a good model of paternal care. In this species, between postnatal days 15 and 21
paternal behavior becomes more active (i.e. increased pup retrievals) to care for pups that
are beginning to explore outside of the nest. | observed reduced anxiety-like behavior in

fathers specifically within this temporal window. Concomitant with attenuated anxiety-



like behavior, I found that fathers maintain survival of adult born neurons in the dentate
gyrus of the hippocampus. Enhanced hippocampal plasticity is not restricted to adult
neurogenesis, as dendritic spine density in the dentate gyrus is increased in fathers at this
same time — an effect that lasts until weaning. When permanently separated from their
offspring, fathers show increased passive stress coping and reduced spine density in the
DG. Taken together, these data suggest that the degree of active father-offspring
interaction significantly alters hippocampal plasticity in the father. Estradiol and its
receptors have been implicated in alterations to anxiety and adult neurogenesis in both
males and females. I observed that estrogen receptor B (Erf) MRNA expression was
elevated in whole hippocampal homogenates at PND 16 in fathers. Similarly, circulating
estradiol was elevated at both PND 2 and PND 16. After inhibition of Erf with the drug
tamoxifen, the number of surviving adult born neurons was suppressed in fathers alone.
Taken together, these data suggest that in fathers, hippocampal plasticity occurs
concomitantly with active father-offspring contact and that this plasticity, at least
structural, is driven by activation of Erp. Understanding paternal experience-induced
plasticity and the mechanisms that drive it, may help to prevent deficits in paternal
behavior that can disrupt offspring development and contribute to emotional

dysregulation in fathers.
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Chapter 1

Introduction

Successfully rearing offspring is a strong driving force for many animal species.
To facilitate offspring care, alterations to hormone levels, neural function, and neural
structure often occur in parents. As females are the primary care giver in most
mammalian species, a majority of research investigating alterations to behavior and
neural structure in the postpartum period has focused on motherhood (for recent reviews
see Bridges, 2015; Pawluski et al., 2015). However, in 6% of mammalian species,
offspring care is not exclusive to the female (Kleiman and Malcolm, 1971). In this select
group of mammals, males undergo a variety of species-specific changes that facilitate
paternal care, leading to a biparental care structure. Biparental care likely evolved in
species where high investment in smaller numbers of offspring was adaptively significant
(Gubernick and Alberts, 1987). Individuals within these species, particularly the males,
forego future reproductive chances by remaining with their mate and offspring to assure
that their current offspring will reach reproductive age (see review, Kentner et al., 2010).
Throughout hominin evolution, human males have often played a significant role in
parental care (reviewed in Gettler, 2010) — similar to that observed in nonhuman
biparental mammals. Despite the existence of biparental care systems in mammalian
species, and the relevance to human parental care strategies, the low occurrence of
paternal care in mammals has resulted in a dearth of studies focusing on fatherhood.
While changes to behavior and neural structure accompanying motherhood have been,

and continue to be, investigated, relatively less is known about alterations to neural



structure and function that occur with fatherhood and the mechanisms that underlie these
changes.

In human parents, evidence from imaging and behavior studies suggests that
structural and functional plasticity in multiple brain regions are associated with the
postpartum period. Both fathers and mothers show increased activation of brain regions
associated with parental care such as hypothalamus, amygdala, and cingulate, following
exposure to infant cues (Swain et al., 2007). Mothers experience increased gray matter in
regions associated with maternal motivation and care, including the prefrontal cortex,
hypothalamus, substantia nigra, and amygdala (Kim et al., 2010). These changes are
associated with a positive perception of the baby and likely improve the mother’s ability
to respond to infant cues and enhance maternal motivation (Kim et al., 2010). Despite the
beneficial increase in gray matter volume in these brain regions, the postpartum period
can be accompanied by the development of mental dysfunction. Postpartum depression
occurs in 10-15% of new mothers (Horowitz and Goodman, 2005; Goodman, 2007).
Other psychiatric disorders, including increased anxiety (Glasheen et al., 2010), have also
been characterized in mothers throughout the postpartum period. While the impact of
maternal experience on emotional dysregulation has been studied, little attention has been
paid to parallel consequences in fathers (Cummings et al., 2005; Paulson et al., 2006). It
has been observed that 6-12% of new fathers will develop postpartum depression
(Ramchandani et al., 1992; Paulson et al., 2016), however, the mechanism(s) underlying
this altered emotional responsivity in fathers is unknown. Given these findings, fathers,
like mothers, can be emotionally vulnerable during the postpartum period and the

function of brain regions related to parenting may be underlying this vulnerability.



Evidence from fathers of biparental rodent and primate species suggests that
fatherhood-induced alterations to structure and function of brain regions associated with
parenting occur, however the directionality of some of these changes appear species-
specific. The hippocampus is a brain region which mediates a number of ancillary
behaviors associated with successful rearing of offspring such as such as anxiety
(Kheirbek et al., 2013) and some forms of learning and memory (Morris et al., 1982).
Like California mouse mothers, California mouse fathers show decreased adult
neurogenesis in the dentate gyrus (DG) of the hippocampus at the end of the postpartum
period (Glasper et al., 2011), as do prairie vole fathers (Microtus ochragaster;
Lieberwirth et al., 2013). While plasticity of existing cell structure within the paternal
hippocampus is unknown, marmoset fathers (Callithrix jacchus) have increased spine
density in the prefrontal cortex during the postpartum period similar to that observed in
maternal rodents (Leuner and Gould, 2010a), (Kozorovitskiy et al., 2006). Despite these
findings, spine density and overall neuron structure in the hippocampus, as well as the
trajectory of adult neurogenesis within this brain region, have not been investigated in
biparental fathers of any mammalian species. New California mouse fathers show no
changes in anxiety-like behavior immediately postpartum (~postnatal day (PND) 2;
Chauke et al., 2012) or at the end of the postpartum period (Glasper et al., 2011), while
prairie vole fathers experience an increase in anxiety-like behavior at PND 7 and
depressive-like behavior at PND 9 (Lieberwirth et al., 2013). These data highlight that the
postpartum period in fathers is associated with changes in functional and structural

plasticity of the hippocampus. However, it is unclear to what extent these alterations



occur, how they change across the postpartum period, and the potential mechanism(s)
underlying them.

Alterations in behaviors mediated by the DG are observed following parturition in
female rats — including reduced anxiety-like behavior (Lonstein, 2005; Agrati et al.,
2008), improved learning and memory (Kinsley et al., 1999; Macbeth et al., 2008b), and
resilience to stress (reviewed in Slattery and Neumann, 2008; Macbeth and Luine, 2010).
Significant alterations to new and existing neuronal structure within the hippocampus are
observed in rat dams during the postpartum period. Adult neurogenesis, the birth and
survival of new neurons in adulthood, is decreased in the hippocampus of maternal rats
(Rattus norvegicus) (Darnaudéry et al., 2007; Leuner et al., 2007; Pawluski and Galea,
2007). Dendritic spine density, which reflects available sites for synapse formation
(Holtmaat and Svoboda, 2009), is increased in the postpartum female rat hippocampus,
specifically areas CALl and the DG (Kinsley et al., 1999; Leuner and Gould, 2010a).
Many of the neuroplastic changes during the postpartum period are directly related to
mother-offspring contact (Lonstein, 2005; Boccia et al., 2007; Leuner et al., 2007;
Maniam and Morris, 2010). Increased mother-infant interaction in humans increases gray
matter in areas of the brain associated with emotional regulation, suggesting that contact
with infants could contribute to prevention of emotional dysregulation in mothers (Kim et
al., 2010). Taken together, these data suggest that, in mothers, postpartum plasticity of
the hippocampus, a region associated with emotional regulation, is often dependent on
offspring interaction that may prevent the development of postpartum disorders.

My dissertation addresses the gaps in the literature on postpartum hippocampal

plasticity in fathers. Specifically, I investigated 1) the extent to which paternal



experience-induced functional and structural plasticity of the hippocampus is modified
postpartum, 2) the extent to which offspring contact drives hippocampal plasticity in
fathers, 3) the temporal specificity of alterations to DG plasticity across the postpartum
period in fathers, and 4) a possible neuroendocrine mechanism underlying paternal
experience-induced plasticity of this brain region. Completion of this work provides
insights on paternal experience-induced hippocampal plasticity and how neuroendocrine
factors contribute to postpartum hippocampal alterations in fathers of a biparental
species. By characterizing hippocampal plasticity during the paternal postpartum period
and the mechanism(s) underlying these changes, my dissertation research will add to our
knowledge of how the hippocampus is altered in the postpartum period in fathers and
possibly shed light on how disruptions to hippocampal function could potentially lead to

postpartum emotional dysfunction.



The California mouse (P. californicus) as a model system

The dearth of information on postpartum plasticity in fathers is primarily a result
of merely 6% of mammalian species exhibiting paternal care in the wild (Kleiman and
Malcolm, 1971). While early work did utilize appropriate models for paternal care such
as the California mouse (Horner, 1947; Dudley, 1974), mainstream research focused on
species that unnaturally exhibit paternal care and classified it as “maternal care”
performed by the male (Brown, 1993) or described lab-artifact paternal care in non-
paternal species (Horner, 1947). This has led to many studies comparing paternal and
maternal behavior — often assuming the two are parallel and driven by similar
mechanisms (Stolz et al., 2005). However, despite the comparison to the hormonal
control of maternal behavior, it is becoming apparent that paternal care, and its initiation,
is powered by different mechanisms than maternal care. Furthermore, it is evident that
these mechanisms vary across males of biparental species (Wynne-Edwards and
Timonin, 2007; Saltzman and Ziegler, 2014). These species-specific patterns of hormonal
regulation of paternal care contribute to the difficulty in isolating mechanisms underlying
paternal behavior.
Paternal care in the California mouse

California mice (P. californicus) are a socially and sexually monogamous,
biparental species that provides an ideal model of paternal care (Dudley, 1974; Gubernick
& Nelson, 1989; Gubernick & Alberts, 1987; Ribble & Salvioni, 2013). California mouse
fathers exhibit all aspects associated with parental care including nest building, pup
retrieval, grooming, and huddling, with the exception of nursing (Dudley, 1974).

Offspring survival is largely dependent on the presence of the father — in varying



experimental conditions the removal of the father decreases offspring survival by nearly
40% (Gubernick et al., 1993; Cantoni and Brown, 1997; Rosenfeld et al., 2013). Given
that California mouse fathers display all aspects of paternal care, aside from nursing, and
the necessity of the father’s presence for offspring survival, it is evident that this species
provides an appropriate model for the study of fatherhood. Since the 1970s, paternal care,
the hormonal and neural mechanisms underlying this care, and the subsequent effects of
fatherhood on other aspects of behavior have been a topic of research interest in this
species (Dudley, 1974; Gubernick et al., 1994; Wynne-Edwards and Timonin, 2007;
Glasper et al., 2011; Lambert et al., 2011; Saltzman and Ziegler, 2014). This literature
provides a foundation on which further studies can be designed to investigate paternal
experience-induced plasticity.
Hippocampal plasticity in California mice

Changes in hippocampal functional plasticity have been investigated in the
California mouse at multiple time-points across the postpartum period resulting in a
variety of results. California mouse fathers show improved spatial memory at about PND
15 (Franssen et al., 2011). However, both fathers and mothers show no changes in
recognition memory three weeks later at weaning (Glasper et al., 2011). Studies on
anxiety-like behavior have shown no alterations on the elevated plus maze (EPM)
immediately postpartum (Chauke et al., 2012), but have shown reduced anxiety-like
behavior in the open field task in both multiparous (multiple litters) fathers and pup-
exposed virgins after 3 days of pup contact (Bardi et al., 2011). However, any anxiolytic
effect is lost by the late postpartum period as primiparous (first time) fathers do not

exhibit reduced anxiety-like behavior in the novelty suppressed feeding task at PND 35



(Glasper et al., 2011). Taken together, these data, although somewhat limited, indicate
that the postpartum period is accompanied by changes to hippocampally-mediated
behaviors in California mouse fathers.
Neural circuitry of paternal care in California mice

In addition to these behavioral studies, evidence has shown that California mouse
fathers experience postpartum neuroplasticity in the hippocampus and a number of other
brain regions associated with parenting. In the hippocampus Glasper and colleagues
(2011) found that 3-week survival of adult born neurons in the DG, measured 4 weeks
postpartum, was suppressed in California mouse fathers and mothers. Lambert and
colleagues (2011) observed increased nestin-immunoreactivity (ir), a marker for
multipotent neural stem cells, in areas CA2 and CAS3 of the hippocampus in California
mouse fathers, suggesting neural growth in these regions. To characterize regional
activity in the brains of California mouse fathers, multiple studies have used expression
of the immediate early gene c-fos. Compared to controls, paternal males had lower c-fos-
ir in the medial amygdala (MeA) and the paraventricular nucleus (PVN), areas involved
in anxiety and stress reactivity. C-fos expression within the medial preoptic area (MPOA)
is enhanced in fathers after contact with a novel pup through a mesh barrier. Interestingly,
males that have mated with a female will show longer contact time with the pup
contained in the mesh barrier compared to virgins — suggesting that mating can drive
some aspects of paternal motivation but fatherhood itself may be necessary to alter
neurochemistry (de Jong et al., 2009). C-fos expression is also altered in fathers
following separation, and subsequent reunion, with their offspring. Separation for 24

hours on PND 11 enhances c-fos-ir in the MPOA (Lambert et al., 2011). After only 3



hours of separation on ~PND 2, fathers have more c-fos-ir in the lateral habenula and
dorsal raphe nucleus (de Jong et al., 2010). As these regions are associated with parental
care (MPOA) and emotional processing (lateral habenula and dorsal raphe) it is possible
that this circuit contributes to paternal motivation following separation (de Jong et al.,
2010). However, following exposure to a distressed pup, California mouse fathers show
less c-fos expression in brain regions associated with emotionality, such as the insula and
anterior cingulate, compared to virgins, suggesting a reduced stress response (Lambert et
al., 2013). While these aspects of fatherhood-induced functional and structural plasticity
have been characterized using this species, the extent and mechanistic control of these
changes is unknown.
Maternal care circuitry and the hippocampus

The work investigating brain regions underlying paternal care in the California
mouse has many parallels with research on the neural circuitry underlying maternal
behavior. In 1974, Michael Numan identified the MPOA as a primary target within the
hypothalamus for maternal behavior. When this region was lesioned, rat dams showed
nearly a total lack of maternal care behaviors (Numan, 1974). Prolactin infusions into the
MPOA initiated maternal care in steroid-primed female rats (Bridges et al., 1990)
indicating that this region is both necessary and sufficient for initiating maternal care
behaviors. Maternal care, specifically pup retrievals, are similarly disrupted with lesions
to the bed nucleus of the stria terminalis (BNST; Numan and Numan, 1996). Connections
between the MPOA and BNST are a primary part of the maternal care circuitry, as when
axons between these regions are severed, maternal care is impaired (Numan et al., 1990).

Projections from these regions target the ventral tegmental area (VTA; Numan and



Smith, 1984). When axons posterior to the VTA were bilaterally sectioned, pup retrieval,
nursing, and nest building were disrupted. VTA projections synapse onto brainstem
nuclei to drive the motor aspects of maternal behaviors (Numan and Numan, 1991).
These findings indicate that the maternal circuit is shaped by the connections between the
MPOA, BNST, VTA, and brainstem. (VTA; Numan and Smith, 1984). When axons
posterior to the VTA were bilaterally sectioned, pup retrieval, nursing, and nest building
were disrupted. VTA projections synapse onto brainstem nuclei to drive the motor
aspects of maternal behaviors . These findings indicate that the maternal circuit is shaped
by the connections between the MPOA, BNST, VTA, and brainstem. (VTA; Numan and
Smith, 1984). When axons posterior to the VTA were bilaterally sectioned, pup retrieval,
nursing, and nest building were disrupted. VTA projections synapse onto brainstem
nuclei to drive the motor aspects of maternal behaviors . These findings indicate that the
maternal circuit is shaped by the connections between the MPOA, BNST, VTA, and
brainstem. (VTA; Numan and Smith, 1984). When axons posterior to the VTA were
bilaterally sectioned, pup retrieval, nursing, and nest building were disrupted. VTA
projections synapse onto brainstem nuclei to drive the motor aspects of maternal
behaviors . These findings indicate that the maternal circuit is shaped by the connections
between the MPOA, BNST, VTA, and brainstem. (VTA; Numan and Smith, 1984).
When axons posterior to the VTA were bilaterally sectioned, pup retrieval, nursing, and
nest building were disrupted. VTA projections synapse onto brainstem nuclei to drive the
motor aspects of maternal behaviors . These findings indicate that the maternal circuit is
shaped by the connections between the MPOA, BNST, VTA, and brainstem. (VTA,

Numan and Smith, 1984). When axons posterior to the VTA were bilaterally sectioned,
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pup retrieval, nursing, and nest building were disrupted. VTA projections synapse onto
brainstem nuclei to drive the motor aspects of maternal behaviors . These findings
indicate that the maternal circuit is shaped by the connections between the MPOA,
BNST, VTA, and brainstem. (VTA; Numan and Smith, 1984). When axons posterior to
the VTA were bilaterally sectioned, pup retrieval, nursing, and nest building were
disrupted. VTA projections synapse onto brainstem nuclei to drive the motor aspects of
maternal behaviors . These findings indicate that the maternal circuit is shaped by the
connections between the MPOA, BNST, VTA, and brainstem. (VTA; Numan and Smith,
1984). When axons posterior to the VTA were bilaterally sectioned, pup retrieval,
nursing, and nest building were disrupted. VTA projections synapse onto brainstem
nuclei to drive the motor aspects of maternal behaviors . These findings indicate that the
maternal circuit is shaped by the connections between the MPOA, BNST, VTA, and
brainstem.

While the MPOA, BNST, and VTA, and the connections between them, form the
circuitry underlying direct maternal care behaviors (for reviews see Numan and Sheehan,
1997; Kinsley and Lambert, 2008) the hippocampus plays a role in ancillary maternal
care behaviors. The structure of this brain region is modified in the maternal postpartum
period. Dendritic spine density is enhanced in area CAl (Kinsley et al., 2006; Pawluski
and Galea, 2006) and the DG (Leuner and Gould, 2010a) in maternal rats. Dendritic
length and branching of the CA1 region are suppressed in rat dams (Pawluski and Galea,
2006). Similarly, maternal rats experience a decrease in adult neurogenesis in the early-
(Leuner et al., 2007) and mid- (Pawluski and Galea, 2007) postpartum periods. These

alterations in hippocampal structure are accompanied by changes in behaviors mediated
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by this brain region. Anxiety-like behavior is reduced in pregnant (Macbeth et al., 2008a)
and lactating (Agrati et al., 2008) female rats. Pregnant female rats have improved spatial
memory compared to virgin females (Macbeth et al., 2008a) and after multiple litters
recognition memory is enhanced (Macbeth et al., 2008b). Reductions in anxiety and
improvements in memory performance, while not direct maternal care behaviors, are
nonetheless beneficial for offspring survival as they can improve aspects such as pup
retrieval or resource acquisition. Taken together, these findings indicate that the
hippocampus is altered in the maternal postpartum period and these alterations are
accompanied by changes in behaviors that may benefit maternal rats in the postpartum
period (for review see Kinsley and Lambert, 2008).

The above studies have laid the groundwork for studying postpartum plasticity in
the California mouse. Postpartum changes are exhibited in the hippocampus in California
mouse fathers suggesting that this brain region is responsive to fatherhood. As the
hippocampus mediates some aspects of learning, memory, and emotional regulation, as
well as HPA axis responsivity, appropriate function of this brain region is of particular
importance for facilitating offspring care and the well-being of the father. As
hippocampal plasticity associated with motherhood is heavily driven by hormonal
mechanisms (Lonstein, 2005; Leuner et al., 2007; Macbeth et al., 2008b), it is possible
that the above findings are also being influenced by neuroendocrine factors. Despite the
scarcity of information on hormonal regulation of fatherhood-induced hippocampal
plasticity, the hormonal mechanisms underlying paternal care have been studied
extensively. In addition to a number of mammalian species, the California mouse has

been used as a model for investigating the hormonal control of paternal care. Below, |
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review this literature. Specifically, I discuss hormonal mechanisms underlying paternal
behavior, and how these neuroendocrine systems can alter behaviors mediated by the
hippocampus, which are indirectly related to paternal care but that influence reproductive

SUCCess.
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Hormonal regulation of paternal care.

Early studies on mammalian paternal care described virgin males that cared for
pups after repeated exposure as exhibiting maternal behaviors. These data were derived
from a species that does not normally exhibit paternal care in the wild (Rattus norvegicus;
Rosenblatt, 1967). To better characterize paternal care, subsequent work has focused on
the underlying mechanisms of this behavior in a variety of naturally biparental mammals.
Paternal mammals that have been investigated include, but are not limited to, cotton
topped tamarins (Saguinus oedipus; Ziegler et al., 2004; Zahed et al., 2010), common
marmosets (Dixson and George, 1982; Ziegler and Sosa, 2016), Djungarian hamsters
(Phodopus campbelli; Brooks et al., 2005; Ma et al., 2005), prairie voles (Insel et al.,
1995; Lieberwirth et al., 2013), the California mouse (Gubernick and Alberts, 1987,
Glasper et al., 2011), and humans (Fleming et al., 2002; Delahunty et al., 2007; Kim et
al., 2014). Evidence from these species shows that despite lacking pregnancy, parturition,
and lactation, the hormonal changes experienced by the father parallel changes in the
female. However, the hormonal milieu that induces and maintains paternal care in
mammals is not consistent across biparental species. These discrepancies are likely a
result of convergent evolution of mammalian paternal care that developed in specific
ecological niches (Wynne-Edwards and Timonin, 2007; Saltzman and Ziegler, 2014).
Below, I outline some of the primary hormones associated with paternal care and the
differing roles they play across paternal mammalian species.

Gonadal Steroids
The gonadal steroid estrogen can act to initiate and/or maintain paternal care.

Concentrations of circulating estradiol in male P. campbelli hamsters are as high as those

14



measured in fertile, adult females (Schum and Wynne-Edwards, 2005). In males of two
non-human primate species, cotton-topped tamarins (Ziegler et al., 2004) and marmosets
(Nunes et al., 2000), peripheral estradiol levels are higher as parturition approaches but
then returns to baseline after the birth of offspring. This suggests that estradiol may help
initiate the onset of paternal care in these species. In California mice, estradiol promotes
paternal care. Initial work found that castration reduced paternal care in California mouse
males but replacement with testosterone reinstated care behaviors (Trainor and Marler,
2001). As testosterone is converted to estradiol via aromatase, it was likely that
testosterone’s effect on paternal care was due to estradiol. When gonadectomized
California mouse fathers received either testosterone or estradiol replacement, huddling
and pup grooming behaviors were increased — an effect that was blocked by the
aromatase inhibitor fadrozole (Trainor and Marler, 2002). The effect of estradiol on
paternal care in the California mouse appears to occur through aromatization of
testosterone specifically in the MPOA, as this brain region exhibits increased aromatase
activity 2-3 weeks postpartum (Trainor et al., 2003). Like California mouse fathers,
castration impairs paternal behavior in prairie voles, indicating that testosterone is
important for facilitating paternal care in multiple biparental species (Wang and De
Vries, 1993). However, it is unknown if the conversion to estradiol is always necessary
for testosterone’s effect on paternal behavior.

Other steroid hormones, including testosterone alone and progesterone, have
mixed effects on paternal care across biparental species. Peripheral testosterone often
increases as parturition approaches yet is generally decreased in the postpartum period.

This pattern is evident in marmosets (Ziegler et al., 2009), cotton-topped tamarins
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(Ziegler et al., 2004), and Mongolian gerbils (Brown et al., 1995). In Djungarian
hamsters, testosterone actually increases as parturition approaches and lower levels of
testosterone are associated with reduced pup retrieval — an example of impaired paternal
care, suggesting that testosterone facilitates paternal care in this species (Reburn and
Wynne-Edwards, 1999). Finally, the sex steroid progesterone is rarely measured in males
as it is more closely associated with pregnancy (reviewed in Nelson, 2011; Bales and
Saltzman, 2016). What little work has been done on progesterone in males shows that the
effects on paternal care are mixed. California mouse fathers have lower circulating
progesterone (Trainor et al., 2003) as well as lower receptor mMRNA expression in the bed
nucleus of the stria terminalis (BNST; Perea-Rodriguez et al., 2015) than non-fathers. On
the other hand, Djungarian hamsters have elevated progesterone levels before, during,
and after birth of offspring (Schum and Wynne-Edwards, 2005). Overall, the data on
gonadal steroid hormones suggest that estradiol is largely a facilitator of paternal care.
Testosterone and progesterone appear to have mixed effects on paternal care, the
directionality of which is species-dependent.
Neuropeptides

The neuropeptides oxytocin (OT) and arginine vasopressin (AVP) have been
traditionally associated with bonding and maternal care (reviewed in Numan and Young,
2015), yet their roles in paternal care, like that of steroid hormones, are inconclusive.
Multiparous prairie vole fathers have more OT-ir neurons in the PVN compared to virgin
males (Kenkel et al., 2014). However, early postpartum neither OT gene expression or
OT receptor binding is altered in prairie vole fathers compared to virgins (Wang et al.,

2000). OT increases in California mouse males post copulation but returns to baseline
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levels in the postpartum period, suggesting OT’s role in this species is possibly for social
bonding alone (Gubernick et al., 1995). More recent evidence supports this conclusion as
California mouse fathers have reduced OT mMRNA expression in the BNST, but not the
MPOA or MeA, compared to virgin males on ~PND 3 (Perea-Rodriguez et al., 2015).
AVP correlates positively with paternal care in California mouse fathers (Bester-
Meredith and Marler, 2003) and AVP gene expression is elevated in prairie vole fathers
early postpartum (Wang et al., 2000). Additionally, vasopressin receptor (V1a)
expression is increased in the prefrontal cortex of marmoset fathers (Kozorovitskiy et al.,
2006). Taken together, these data indicate that OT and AVP are often associated with
increased paternal care. However, their role in promoting social bonding may be more
prominent (for review see Beery, 2015).

Prolactin (PRL) has been associated with paternal care in a number of biparental
species. Djungarian hamsters show increased circulating PRL shortly postpartum
compared to the non-paternal Phodopus sungorus (Reburn and Wynne-Edwards, 1999).
Marmoset fathers perform 70% of the offspring carrying, an important aspect of parental
care in this species (Kozorovitskiy et al., 2006), which is accompanied by elevated
circulating PRL levels (Dixson and George, 1982). When treated with bromocriptine, a
dopamine antagonist that inhibits PRL release, marmoset fathers’ carrying rate is
decreased (Roberts et al., 2001). In California mouse fathers, plasma PRL levels are
elevated 2 days postpartum compared to expectant fathers and virgins, suggesting that
pup exposure is necessary for the observed increase (Gubernick and Nelson, 1989).
Despite these associations between prolactin and paternal care, whether or not prolactin

has a direct influence on paternal behavior remains unclear (Wynne-Edwards and
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Timonin, 2007). As multiple studies have shown either weak or no link between prolactin
and paternal care (Roberts et al., 2001; Brooks et al., 2005; Ziegler et al., 2009), it is
likely that prolactin is important for initiating paternal care through promoting father-
offspring contact but its role in maintaining paternal care is less important (Bales and
Saltzman, 2016; Storey and Ziegler, 2016).
Adrenal Steroids

The data on adrenal steroid hormones and their impact on paternal care are
somewhat limited. Interestingly, circulating glucocorticoids appear to be no different
between non-fathers and fathers shortly postpartum in California mice (Chauke et al.,
2012; Harris and Saltzman, 2013). In fact, fathers appear relatively glucocorticoid-
resistant as they do not respond to acute stressors with increased corticosterone in either
the early or mid-postpartum periods (Harris et al., 2012). However, when subjected to a
chronic unpredictable stress paradigm for 7 days, California mouse fathers show
increased corticosterone levels and disrupted paternal care (Harris et al., 2013). In
contrast, Djungarian hamster fathers have an increase in cortisol levels just prior to the
birth of pups that declines early postpartum (Reburn and Wynne-Edwards, 1999). Finally
in male prairie voles, no change is evident in circulating corticosterone from the time
they are housed with a same-sex pair-mate, pair-bonded with a female, a first-time father,
or after three litters (Campbell et al., 2009). Generally, these findings indicate that
corticosterone is not associated with paternal care in the biparental species that have been
investigated.

Many parallel alterations in hormones levels are observed between human fathers

and non-human mammals. Human fathers experience a decrease in testosterone early
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postpartum which returns to baseline in the late postpartum period (Storey et al., 2000)
Higher estradiol levels are evident pre-birth and last till one month postpartum in human
males (Berg and Wynne-Edwards, 2001). As parturition approaches, PRL is increased in
human males. Couvade symptoms, sympathetic pregnancy symptoms observed in men
with pregnant partners, are associated with higher PRL levels and increased
responsiveness to infant crying (Storey et al., 2000). The human equivalent to
corticosterone, cortisol, is elevated as parturition approaches, mirroring the elevation
observed in human mothers (Storey et al., 2000). Despite this, the rise is only temporary,
as glucocorticoids return to baseline during the postpartum period (Fleming et al., 2002).
The above research on the endocrine mechanisms underlying paternal care paints
a mixed picture. These discrepancies make it challenging to isolate possible
neuroendocrine factors that may be contributing to fatherhood-induced neuroplasticity.
Animal models can be used to determine neuroendocrine mechanisms driving
fatherhood-induced behavioral and structural plasticity, which may inform us about
mechanisms underlying alterations in human fathers. However, it is important to consider
a model that closely mirrors the changes that we know occur in human males when they
become fathers. The above review indicates that California mouse fathers have many
parallel endocrine changes to human fathers. Both California mouse fathers (Trainor and
Marler, 2002) and human fathers (Storey et al., 2000) experience a decline in testosterone
shortly after parturition. In the California mouse, testosterone is converted to estradiol in
the brain to facilitate paternal care (Trainor and Marler, 2002). Estradiol is similarly
elevated in human fathers in the early postpartum period (Berg and Wynne-Edwards,

2001). Males of both species have elevated prolactin levels that may be a result of
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offspring exposure (California mouse: Gubernick and Nelson, 1989; humans: Storey et
al., 2000). Importantly, California mouse males are both socially and sexually
monogamous (Gubernick and Nordby, 1992). A single male and female pair inhabit a
specific territory without residing in social groups — providing a strong social structure to
facilitate extensive paternal care (Gubernick and Alberts, 1987; Gubernick and Nordby,
1992). These data suggest that the California mouse is an appropriate model for
understanding the endocrine mechanisms underlying paternal care and specifically, how
paternal care may shape hippocampal plasticity. The California mouse has been used as a
model to investigate fatherhood-induced functional and structural plasticity of the
hippocampus, providing a framework from which new studies can be structured to better

understand paternal-experience induced plasticity in this brain region.
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The role of the hippocampus in learning and memory, emotional regulation, and stress

The hippocampus is a brain region that is crucial for a number of behavioral
functions, including certain forms of learning, memory, emotional regulation, and stress
reactivity. Many aspects of these behaviors are altered in the postpartum period. These
alterations often facilitate parental care and reproductive success. While the
hypothalamus is traditionally the main target of interest for investigating the neural
mechanisms underlying parental care (Rosenblatt et al., 1996; Keyser-Marcus et al.,
2001; Stolzenberg and Champagne, 2016), the hippocampus has also been a region of
interest as it mediates ancillary behaviors associated with successful parenting (Love et
al., 2005; Leuner et al., 2010a; Pawluski et al., 2015). Below | review evidence that
highlights the role of the hippocampus in a number of behaviors, all of which are
important for effective parental care.
Learning and Memory

Some of the earliest descriptions of hippocampal function are a result of
observing human behavior following damage to the medial temporal lobe (MTL). Milner
(1972) described deficits to both learning and memory following MTL lesions. The MTL
is composed of the hippocampus, and the entorhinal, perirhinal, and parahippocampal
cortices (reviewed in Squire, 2009). By investigating patients with retrograde amnesia, it
became evident that the degree of MTL damage was correlated with how far back in time
memory was impaired (reviewed in Nadel and Moscovitch, 1997). Smith and Squire
(2009) used functional magnetic resonance imaging to identify brain regions that aligned
their activity with temporally graded memories in healthy adults. They observed that as a

memory ages, activity indicating recall of that memory shifts from the hippocampus to
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the frontal, parietal, and lateral temporal lobes. These findings corroborated the Standard
Model of Memory that posits that the hippocampus is important for short term encoding
of memory while frontal regions are important for long term storage of memories
(reviewed in Nadel and Moscovitch, 1997; Squire, 2009).

Animal models have been a useful tool to further characterize the role of the
hippocampus in learning and memory. In 1982, Morris and colleagues trained female rats
in a water maze task that assessed spatial learning and memory. When given hippocampal
lesions, the rats were unable to complete the task, suggesting a learning deficit. Later
work found that lesions given following the acquisition period of the task impaired
performance, suggesting a deficit in memory (Frye, 1995). Specific lesions in non-human
primates were used to further elucidate the role of the hippocampus in learning and
memory. Rhesus monkeys (Macaca mulatta) were trained on the delayed non-match-to-
sample task (DNMS) before they received hippocampal-specific lesions. The DNMS is a
unique task which characterizes hippocampal function as it has both learning
(acquisition) and memory (delayed recollection) components. Monkeys that received the
hippocampal lesions exhibited deficits in both aspects of the task — they showed impaired
acquisition as measured by more errors initially during training and reduced success in
the delay conditions which assesses memory ability (Beason-Held et al., 1999). Taken
together, lesion studies in humans, rodents, and non-human primates strongly link the
hippocampus with aspects of learning and memory performance.

As learning and memory behaviors are closely intertwined, specific tasks have
been utilized to directly assess either hippocampal learning or memory performance.

Similar to the water maze task, the place learning-set task requires animals to learn the
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location of a platform in a water-filled arena. Rats with hippocampal lesions consistently
perform poorly on this task while lesions of the parietal cortex do not impair learning
performance (Whishaw, 1987). Assessment of hippocampal-dependent memory
performance has centered around a large body of work focusing on the distinction
between recollection and familiarity in recognition memory (reviewed in Eichenbaum et
al., 2007). Following hippocampal lesions, recollection memory, but not familiarity, is
lost in an odor recognition task (Fortin et al., 2004). These findings, along with studies in
humans (Rugg and Yonelinas, 2003), indicate that the hippocampus is involved in more
declarative recognition as opposed to familiar aspects of memory traces (Squire, 2009).
Object recognition tasks are used to assess performance on both recognition and spatial
memory. Bilateral hippocampal lesions in male rats resulted in deficits in the object
location and object-in-place tasks (both spatial memory tasks) as well as the temporal
order memory task (Barker and Warburton, 2011). These findings indicate that the role of
the hippocampus in both learning and memory is tightly intertwined and appropriate
behavioral task development is essential to characterizing the role of the hippocampus in
either learning or memory.

More recent technological advances have allowed researchers to pinpoint the finer
cellular and molecular mechanisms through which learning and memory are mediated.
Using optogenetic control of the dorsal DG, Kheirbek et al. (2013) observed that
inhibition of this region, but not the ventral DG, resulted in deficits in a contextual fear
learning paradigm. This finding indicates that specific sub-regions of the hippocampus
may have different behavioral functions. Place et al. (2016) observed local field

potentials within the hippocampus and prefrontal cortex of rats performing a context-

23



dependent memory task. They found that when animals performed the task accurately
theta oscillations between the field potentials in the prefrontal cortex and the
hippocampus were perfectly timed, indicating direct connectivity between these two
brain regions. Finally, specific cell types within the hippocampus have been identified for
encoding memories within specific times and/or places to allow representation of both
time and space within the hippocampus (reviewed in Eichenbaum, 2014). Overall, these
findings show that memory and learning performance are heavily dependent on the
hippocampus and that complex circuitry and cellular systems underlie the specific
mechanisms of these behaviors.
Emotional Regulation

In addition to altering some forms of learning and memory, the hippocampus
appears to be involved in emotional regulation. Imaging studies in humans have
implicated changes in hippocampal volume in patients experiencing emotionally
disrupted states. A meta-analysis of studies investigating depressed patients and volume
of neural regions found that hippocampal volume was significantly correlated with
reported depression. Patients with more depressive symptoms had smaller hippocampi
(Campbell et al., 2004). Similarly, patients with chronic post-traumatic stress disorder
displayed reduced volumes of left and right hippocampi (Kitayama et al., 2005). More
recently, Johnston et al. (2015) observed that patients with treatment-resistant depression
failed to deactivate the hippocampus compared to controls during loss events in a win-
lose choice task. Overall, these imaging studies in humans suggest that the function and

structure of the hippocampus is associated with emotional responsivity.
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Like learning and memory, studies using animal models have used lesioning
techniques to characterize the role of the hippocampus, and its sub-regions, in emotional
regulation. Kim and Fanselow (1992) found that emotional responses to fearful stimuli
could be elicited through classical conditioning methods. When rats received
hippocampal lesions one day after conditioning, the contextual fear response was
eliminated. However, the more time that was allotted between the lesions and the
conditioning the more contextual fear remained. These results highlight the interplay
between emotional fear and memory and indicate that the hippocampus plays a time-
mediated role in this behavioral response. Significant evidence exists suggesting that the
ventral hippocampus is primarily involved in emotional regulation. When the most
ventral quarter of the hippocampus was lesioned in rats they displayed more time in the
open arms of the EPM compared to non-lesioned controls (Kjelstrup et al., 2002).
Similarly, lesions of the total ventral hippocampus, including the ventral DG, resulted in
reduced freezing behavior in response to foot shock. Despite the extent of these ventral
hippocampal lesions (~50% of the total hippocampus), there did not appear to be a deficit
in spatial navigation (Bannerman et al., 2003). Kheirbek et al. (2013) used optogenetic
control of excitatory or inhibitory activation to assess the DG’s regulation of memory and
anxiety along the dorsal-ventral axis. Dorsal excitement enhanced overall movement
while ventral excitement enhanced time spent on the open arms of the EPM. This
suggests that dorsal activity enhances exploration while ventral activity modulates
anxiety (Kheirbek et al., 2013).

The extensive connections that the hippocampus has with the amygdala, a region

associated with emotion, suggests that the circuits between these two regions may be one
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mechanism through which the hippocampus mediates emotional responsivity. Using
anterograde and retrograde tracing, Kishi et al. (2006) outlined a topographical map of
the connections between the hippocampus and the amygdala. Importantly, the dorsal-
ventral axis of the hippocampus maps onto the dorsal-ventral portions of the amygdala
suggesting an anatomically- and functionally- specific role for these regions. Finally, like
the circuit between the prefrontal cortex and the hippocampus (Place et al., 2016), theta-
frequency oscillations fire synchronously in cells in the hippocampus and basolateral
amygdala during fear conditioning. The connections between these brain regions is likely
very important for emotional enhancement of memory (reviewed in Tully and Bolshakov,
2010). Overall, these findings strongly implicate the hippocampus as a mediator of
emotion. Specifically, it appears that the ventral hippocampus is more heavily involved in
emotional regulation and that a circuit between the amygdala and the hippocampus allow
for hippocampal modulation of emotions and emotional modulation of memories.
Stress Reactivity

Evidence suggests that the hippocampus can impact function of the HPA axis.
The HPA axis is a circuit connecting the hypothalamus, pituitary, and the adrenal gland.
Its major function is to regulate the release of adrenal hormones into the peripheral
nervous system. These hormones include the glucocorticoid family that drives stress
responsivity. In a healthy mammal, the HPA axis mediates itself through a negative
feedback loop (reviewed in Ulrich-Lai and Herman, 2009). Lesions to the hippocampus
disrupt the ability of the HPA axis to turn off, suggesting a role for the hippocampus in
HPA modulation (Herman et al., 1995). Lesions to the ventral, but not dorsal,

hippocampus exacerbated stress-induced gastric ulcers in rats, indicating a mediator role
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of the ventral hippocampus in the physiological stress response (Henke, 1990).
Interestingly, hippocampal lesions do not appear to influence HPA activity in response to
chronic stress (reviewed in Herman and Mueller, 2006). The effects of these lesions
appear to have the most significant effect during recovery from stress-induced
glucocorticoid activity, suggesting that the hippocampus’ role is in terminating the stress
response through modulation of hypothalamic signaling (Herman et al., 1995; reviewed
in Ulrich-Lai and Herman, 2009). On the other hand, stimulation of the hippocampus, or
the amygdala, in anesthetized rats leads to an increase in plasma corticosterone. When
different sub-regions of the hippocampus were investigated it was determined that
stimulation of area CALl induced an increase, while CA3 and the DG induced a decrease
in plasma corticosterone (Dunn and Orr, 1984). These findings indicate that the role of
the hippocampus in mediating HPA responsivity is fairly complex and, like learning,
memory, and emotion, may be sub-region-specific.

This interconnectivity between the HPA axis and the hippocampus allows for
stress to modulate hippocampal function. In male rats, 21 days of restraint stress impairs
performance on radial arm maze acquisition — a hippocampus-dependent spatial memory
task (Luine et al., 1994). Naturally occurring high stress reactivity in mice is
accompanied by deficits in both object and spatial memory tasks (Knapman et al., 2010).
Similarly, higher levels of corticosterone in humans predict hippocampal atrophy and
poor memory performance (Lupien et al., 1998). Diamond et al. (1992) investigated how
corticosterone levels differentially affected hippocampal signaling. Importantly, it was
observed that the relationship between corticosterone levels and hippocampal firing

resembles an inverted U indicating a complex, biphasic effect of stress hormones on
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hippocampal function. It is possible that the lower doses of corticosterone may contribute
to enhanced survival of the animal through increased vigilance, while higher doses lead
to deficits in neural function that contribute to lower survival rates (reviewed in Lupien et
al., 2009). These effects are notable when comparing negative and positive stressors.
While negative stressors lead to deficits in hippocampal function, positive stressors
appear to enhance performance in hippocampal-dependent tasks. Running, considered a
positive stressor, enhances memory performance. Specifically, mice housed with a
running wheel performed better in the water maze task compared to controls (van Praag
etal., 1999a). Similarly, multiple studies have observed that running acts as a rewarding
stimulus, by reducing anxiety- and depressive- like behaviors that are, both mediated by
the hippocampus (reviewed in Brené et al., 2007). Finally, sexual experience, another
positive stressor, reduces anxiety in the novelty suppressed feeding paradigm despite an
increase in glucocorticoids (Leuner et al., 2010b). Overall, the evidence clearly indicates
that hippocampal function can be modulated by stressors via a hormonal mechanism and
that valence of the stressor, positive or negative, and amount of glucocorticoid secretion

impact hippocampal function.
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Hippocampal functional and structural plasticity

Extensive plasticity is required within the hippocampus to meet the demands of
continual input from learning, memory, emotion, and the stress response. While this brain
region experiences plasticity of existing cell structure via alterations to dendritic length,
branching, and spine density, the hippocampus is unique in that it is one of two brain
regions that experiences extensive adult neurogenesis — the birth of new neurons in
adulthood (reviewed in Opendak and Gould, 2015). The two regions of the brain that
have the capabilities for extensive adult neurogenesis, are the subgranular zone (SGZ) of
the DG in the hippocampus and the sub ventricular zone (SVZ) which projects its adult
born cells to the olfactory bulb (reviewed in Nowakowski and Hayes, 2008). Adult
neurogenesis is composed of a proliferation phase, early survival phase, maturation
phase, and late survival phase. During proliferation and the early survival phase, ambient
GABA, the primary inhibitory neurotransmitter in the brain, has an excitatory effect on
the cells due to the presence of NKCC1 in the immature cells (a NA, K, CI co-
transporter) (Bischofberger and Schinder, 2008; Kempermann et al., 2008; Deng et al.,
2010). In the early survival phase (approximately two weeks after birth), adult born cells
migrate to the molecular layer of the DG where they begin to put forth dendritic
projections. The initiation of this dendritic growth is variable and sensitive to external
input (i.e. social condition, stress, and age) but once it begins the process moves rapidly
(Zhao et al., 2006). As more glutamatergic projections are made with molecular layer
input from the entorhinal cortex and local interneurons, the previously excitatory GABA
input switches to its traditional inhibitory role. If a cell survives the first two weeks, it

will likely remain integrated into the mature molecular layer (Kempermann et al., 2008).
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The postmitotic maturation phase and the late maturation phase are the final two
phases of adult neurogenesis. The postmitotic phase is characterized by complete axon
elongation of the new DG granule cells to CA3 mossy fibers. About one week after axon
elongation, the first dendritic spines appear along the dendritic shafts. The late maturation
phase is most notable for having a lowered threshold for LTP (Kempermann, Song, and
Gage, 2008). Overall, the entire birth, maturation, and complete functional integration of
adult-born granule cells takes about seven weeks. Progenitors divide for 3-5 days
followed by three weeks characterized by immature proteins and dendritic elongation. By
two weeks, the axon has projected to CA3 and the number of voltage-gated channels has
increased to lower the LTP threshold. Finally at seven weeks you have a fully integrated
neuron (reviewed in Bischofberger and Schinder, 2008).

The discovery of adult neurogenesis in the hippocampus

Prior to the 1960’s, it was commonly believed that new neuron birth did not occur
outside of development. It appeared that the structure of the complex brain was stable
after birth due to the lack of mitotic elements in cells in the adult brain. Joseph Altman
(Altman, 1962) was the first to characterize the birth of news cells in adulthood in the
lateral geniculate body, a region in the thalamus, using thymidine autoradiography in
response to damage in adult Long Evans rats. These findings were corroborated by
Kaplan and colleagues (1984) in a number of brain regions, including the hippocampus,
in rats. However, these findings were largely disregarded as artifact until the late 1980°s
when Nottebohm and colleagues beautifully characterized adult neurogenesis (Alvarez-
Buylla and Nottebohm, 1988) and the functional integration of these cells (Paton and

Nottebohm, 1984) in the song bird. However, as these findings were in song birds, the
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evidence was again largely dismissed as irrelevant for mammals. With the advent of
better imaging technology and more complex experimental design, the study of adult
neurogenesis in mammals was reinvigorated. In the rat hippocampus, H3-thymidine
labeling of adult born cells combined with neuron- and glia- specific markers
characterized a trajectory of cell birth and differentiation by comparing dual labeling at
multiple time points (Cameron et al., 1993b). Using the thymidine analogue,
bromodeoxyuridine (BrdU), hippocampal adult neurogenesis was characterized in an Old
World primate (Gould et al., 1999b). By giving BrdU injections to terminally ill patients
and then examining their brains postmortem, Eriksson et al. (1998) was able to
characterized adult neurogenesis in the human brain. These findings launched a field of
investigation into hippocampal adult neurogenesis and its functional role in behavior.
Evidence has accrued for adult neurogenesis in other brain regions but the findings and
the function of these cells remains controversial (reviewed in Gould, 2007).
Learning, memory, and adult neurogenesis

Learning and memory can influence, and be influenced by, adult hippocampal
neurogenesis. LTP plays a known role in facilitating learning and memory (Whitlock et
al., 2006; Redondo and Morris, 2011). As the LTP threshold in adult born neurons is low
(reviewed in Kempermann et al., 2008), these cells are uniquely suited to respond to
aspects of learning and memory. Gould et al. (1999) showed that training on a number of
hippocampal-dependent learning tasks enhances adult neurogenesis in male rats.
Specifically, BrdU given one week before training on the conditioned eye-blink paradigm
using a trace protocol, as opposed to the delay protocol which is not hippocampus-

dependent, resulted in nearly double the number of BrdU-labeled cells in the rat
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hippocampus. Similar results were observed in the water maze task. Ambrogini et al.,
(2000) found that spatial learning in the Morris water maze correlated positively with the
number of BrdU-labeled cells in the hippocampus. Other evidence has indicated a more
complex relationship between adult neurogenesis and learning. When the water maze task
is divided into the early and late learning phases, cell survival is dependent on cell birth
date. Cells born during the late phase are more likely to survive and mature into
functionally integrated neurons whereas cells born in the early phase are more likely to
die off. The amount of cell death correlated negatively with water maze performance,
suggesting that cells born in the later phases of task learning are more necessary for
memory of the task and successful performance (Dobréssy et al., 2003). Interestingly, the
relationship between learning and adult neurogenesis depends on the difficulty of the task
and how well it was learned (Leuner et al., 2004, 2006). Using trace eye-blink
conditioning, Leuner et al. (2004) investigated the impact of learning prior to memory
formation on adult neurogenesis. Before memory formation, adult neurogenesis was not
impacted during learning the task. However, the number of BrdU-labeled cells did
positively predict task performance. Finally, after extensive training on the task, adult
neurogenesis was enhanced, suggesting that once a task is learned, neuronal survival is
increased.

Like learning, memory influences adult neurogenesis in the DG. Free-ranging
black capped chickadees have enhanced seasonal recruitment of adult neurogenesis
believed to be important for memory of food caching (Barnea and Nottebohm, 1994). In
harsh conditions, where survival depends more heavily on food caches, chickadees have

higher levels of adult neurogenesis (Chancellor et al., 2011). On the other hand, red
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squirrels, another wild caching species, show no relationship between adult neurogenesis
and caching strategy. Instead, memory in this species may be more dependent on the
neurogenic reserve theory where cell production early in life is related to later
hippocampal function (Johnson et al., 2010). The role of adult neurogenesis in memory
has been suggested to be specifically involved in pattern separation — the separate coding
of stimuli based on space and time (reviewed in Deng et al., 2010). By using immediate
early gene labeling of cell populations, Chawla et al. (2005) observed specific patterns of
activity in adult born cells in the DG that preferentially responded to specific
environments that had been explored at specific times. Taken together, these findings
indicate that memory and learning tasks impact adult neurogenesis in complex ways.

More recently, novel technologies have allowed direct manipulation of adult
neurogenesis to observe its impact on learning and memory. When adult hippocampal
neurogenesis is inhibited with low-dose x-irradiation, performance on learning and
memory tasks are impaired. Irradiated rats performed worse on a non-matching to sample
task than controls. This difference is exacerbated when the intervals between the test and
the sample trials are long (Winocur et al., 2006). Similarly, irradiated rats showed poor
performance on a contextual fear conditioning task, suggesting deficits in learning and
memory (Wojtowicz et al., 2008). Low-dose x-irradiation has also been used to
characterize the role of adult neurogenesis in pattern separation. Irradiated mice showed
deficits in two spatial discrimination tasks, the water maze and spatial mouse touch
screen task. Importantly, these deficits were only noticeable when stimuli were presented
with small, but not large, spatial separation (Clelland et al., 2016). Treatment with

temolozolomide (TMZ), an alkylating agent that damages DNA function, reduces adult
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neurogenesis. Rats treated with TMZ showed deficits in the water maze task when they
were required to re-learn spatial portions of the task — indicating a role for adult
neurogenesis in flexibility of spatial learning and memory (Garthe et al., 2009). Given the
above data, it is clear that a relationship exists between adult neurogenesis and learning
and memory, however the directionality of that relationship depends on a number of
factors.
Emotion and adult neurogenesis

The link between adult neurogenesis and emotional regulation is similarly fraught
with complexities. As hippocampal volume correlates with depression (Campbell et al.,
2004), it is likely that adult neurogenesis plays a role in depression. Evidence has
indicated that treatment with antidepressants increases BrdU labeling in the DG of rats.
Using neuron- and glia- specific markers, it is evident that these new cells are more likely
to be neurons, indicating that antidepressant treatment increases adult neurogenesis. Only
chronic treatment resulted in an increase whereas acute treatment did not impact BrdU
expression — a finding which parallels the behavioral effects of antidepressant treatment
of depression in humans (Malberg et al., 2000). Airan et al. (2007) used chronic mild
stress to induce depressive-like behavior in the forced swim task (FST) in rats. Fluoxetine
treatment eliminated this effect while upregulating BrdU-labeling in the DG. Importantly,
using voltage-sensitive dye imaging, DG activity was a strong predictor of FST
performance (Airan et al., 2009). These findings, overall, suggest that adult neurogenesis
plays a role in depression and that it may be necessary for the effectiveness of anti-

depressants.
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Like the above studies on learning and memory, various techniques have been
used to eliminate adult neurogenesis to characterize its role in emotion. X-irradiation
prevented the positive effects of the selective serotonin reuptake inhibitor fluoxetine on
depressive-like behavior in a serotonin receptor deficient mouse model. These same mice
showed deficits in the novelty suppressed feeding paradigm indicating an increase in
anxiety-like behavior (Santarelli et al., 2003). Mice expressing herpes simplex virus
thymidine kinase (TK), which renders only mitotic cells susceptible to the antiviral drug
valganciclovir, showed deficits in proliferation of adult born neurons in the DG after drug
treatment. These neurogenesis deficient mice had increased novelty avoidance, a measure
of anxiety, increased behavioral despair in the forced swim task, and reduced sucrose
preference, a measure of anhedonia (Snyder et al., 2011). Similarly, x-irradiated rats
treated with chronic mild stress showed no change in FST performance despite treatment
with fluoxetine (Airan et al., 2007). These findings seem to indicate that adult
neurogenesis is necessary for antidepressant effectiveness. Deletion of the tropomyosin
receptor kinase (Trk) B gene via Cre expression in adult born cells in mice resulted in
increased anxiety-like behavior in the open field task up to four weeks later (Bergami et
al., 2008). Transgenic mouse models that have eliminated adult neurogenesis through
overexpressing BAX in nestin positive cells exhibit enhanced anxiety-like behaviors on a
number of behavioral tasks, including the elevated plus maze, light dark box, and
predator avoidance (Revest et al., 2009). Models that similarly eliminate adult
neurogenesis, but through impeding the cell cycle check point kinase ATR, show deficits
in different anxiety-related tasks, such as marble burying and novelty suppressed feeding

(Onksen et al., 2011).
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These findings suggest a connection between adult neurogenesis, anxiety, and
depression and have given rise to the neurogenesis theory of affective disorders
(reviewed in Petrik et al., 2012). However, like learning and memory, the exact
mechanism and directionality of this relationship remain elusive (reviewed in Krishnan
and Nestler, 2008). For example, in the study conducted by Airan et al. (2007) which
showed the relationship between chronic mild stress, FST performance, and adult
neurogenesis, no effect was observed on anxiety-like behavior in the open field task.
Saxe et al., (2006) used x-irradiation to impair contextual fear conditioning but found no
effect on elevated plus maze performance suggesting task-specific anxiety-like behavior
was not impacted by the loss of adult neurogenesis. Taken together, these findings
indicate that adult neurogenesis may play a role in effective treatment of depression and
anxiety but the exact relationship is still unclear.

Adult neurogenesis and the stress response

Finally, adult neurogenesis is highly responsive to stress and enrichment. As
discussed above, the hippocampus is closely linked with the HPA axis. Adult
neurogenesis itself is associated with stress responsivity. The resident intruder paradigm
is a task in which a resident animal is presented with an intruder in its home cage — a
stressful experience for many species. One hour exposure to this paradigm resulted in
decreased cell proliferation in intruder marmosets (Gould et al., 1998). Subordinate tree
shews, a species notable for their highly stressful dominance hierarchies, experience
rapid stress responses during establishment of the dominance hierarchy resulting in an
increase in corticosterone and a suppression of adult neurogenesis (Gould et al., 1997).

Exposure to predator odors, a fearful stimulus for rodents, leads to a suppression of cell
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proliferation that is blocked with adrenalectomy indicating a adrenal steroid mechanism
in male rats (Tanapat et al., 2001). This same effect is not evident in females indicating a
sex-specific effect (Falconer and Galea, 2003).

On the other hand, positive stressors appear to increase adult neurogenesis. Mice
housed in cages with a running wheel exhibited increased cell proliferation in the DG
(van Praag et al., 1999b). This increase in running-induced cell proliferation is prevented
with peripheral inhibition of insulin-like growth factor-1, suggesting a mechanism
through which physical activity can modulate adult neurogenesis (Glasper et al., 2010).
Interestingly, the effects of physical activity on adult neurogenesis are prevented with
social isolation (Stranahan et al., 2006). Despite increasing circulating glucocorticoids,
acute sexual experience increases cell proliferation in male rats. Increased
glucocorticoids are not exhibited with chronic sexual experience yet survival of adult
born neurons is increased (Leuner et al., 2010b). Finally, environmental enrichment also
has a positive impact on adult neurogenesis. Enhanced adult neurogenesis was first
attributed to environmental enrichment in wild chickadees compared to impaired
enrichment in captive chickadees (Barnea and Nottebohm, 1994). In laboratory
conditions, enrichment that includes social engagement, exploration, and physical activity
leads to increased adult neurogenesis in adult (Kempermann et al., 1997) and aged rat
populations (Kempermann et al., 1998). Given these findings, it is clear that adult
neurogenesis is responsive to input from positive stressors that are potentially beneficial
to hippocampal function.

Few studies have been conducted examining the direct relationship of adult

neurogenesis and the stress response. The evidence that does exist, suggests that adult
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neurogenesis itself can directly impact the stress response. Using a transgenic mouse,
Schloesser et al. (2009) completely eliminated adult neurogenesis in the DG then exposed
mice to a novel environment for 15 minutes — a mild stressor. Wild-type mice exhibited
an increase in corticosterone while knockouts showed no change in corticosterone levels.
Plasticity of existing cell structure within the hippocampus

Like the birth and survival of new neurons, the structure of pre-existing cells
within the hippocampus is highly responsive to external input. Dendritic length, branch
points, and spine density can all be modified in response to external input. Spines are
sites for potential excitatory synaptic connections that are primarily along the dendritic
shaft but are also present on the axon and cell body — suggesting possible differences in
function. However, dendritic spines exhibit the largest experience-dependent fluctuations
(reviewed in Holtmaat and Svoboda, 2009). Globus et al. (1973) first showed that
dendritic spines change in the cortex in response to environmental input — spine density
increases in rats housed in enriched conditions. Subsequent studies have shown
considerable data on how important spine plasticity, and stability, is for the changing
brain — particularly in the hippocampus. Harris and Stevens (1989) and Harris et al.
(1992) used electron microscopy to characterize spines and their role in development and
LTP in area CAL of the hippocampus. They observed increased density in spines in the
hippocampus from development through maturation in rats and that larger spines were
more likely to be LTP-responsive. These findings indicated that spine density within the
hippocampus was altered with age and that spines were likely responsive to behavioral

input.
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Indeed, extensive evidence implicates spines in learning and memory. Spatial
learning in the water maze task (Moser et al., 1994) and learning an olfactory
discrimination task (Knafo et al., 2004) increase spine density along CA1 dendrites in
rats. Similarly, using trace eye-blink conditioning, a task that requires the hippocampus
for acquisition, Leuner et al. (2003) showed that spine density was enhanced in area CAl
— an enhancement that was prevented with an NMDA antagonist. These studies provide
examples of learning and memory tasks that show a positive relationship with spine
density in the hippocampus. Similarly, the dendritic tree is responsive to learning and
memory tasks. Tronel et al. (2010) showed that spatial learning in the water maze task
enhanced development of dendritic arbors of adult born neurons in the DG in rats. These
enhancements persisted for months after learning suggesting that they also played a role
in memory of the learned task.

Like adult neurogenesis, a detrimental relationship exists between negative stress
and existing cell structure. Repeated restraint stress leads to atrophy of dendrites in area
CAZ3 of the hippocampus in rats (Watanabe et al., 1992; Magarinos and McEwen, 1995).
Spine density is impoverished within minutes of the onset of a stressor in the
hippocampus — an effect that is dependent on signaling through corticotrophin-releasing
hormone (Chen et al., 2008). Interestingly, exposure to an acute stressor (brief restraint)
enhances hippocampal spine density in males but impairs it in female rats (Shors et al.,
2001). On the other hand, positive stressors can beneficially impact spine density. One
week of sexual experience increased spine density along dendrites of granule cells within
the DG of male rats (Glasper et al., 2015). Two month exposure to enriched housing (i.e.

toys, running wheels) rescued spine density and memory performance in CAL NMDA
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receptor knockout mice (Rampon et al., 2000). Taken together, these findings of positive
and negative stressors parallel the observed effects of stress on adult neurogenesis.

Spine density in the hippocampus is also impacted by emotional state.
Depressive-like behavior exhibited through learned helplessness is accompanied by spine
density deficits in areas CA1, CA3, and the DG of the hippocampus (Hajszan et al.,
2009). Rats that naturally display a more anxious phenotype show depressed spine
density in DG granule cells compared to less anxious rats (Adamec et al., 2012). Chronic
corticosterone treatment induced depressive- and anxiety- like phenotypes in mice after
35 days. Spine density in the hippocampus was concomitantly suppressed with behavioral
displays of these affective disorders. Treatment with the anti-depressant fluoxetine
reversed both behavioral and structural deficits (Wang et al., 2013). Taken together, these
findings indicate that dendritic structure and spine density are responsive to external
input, be it stress or enrichment.

Mechanisms underlying dendritic spine plasticity

Using multiple techniques to isolate individual synapses, cellular and molecular
mechanisms have been identified which elucidate how the above experiences can impact
spine changes. Engert and Bonhoeffer (1999) identified undeveloped spines on
hippocampal CA1 pyramidal neurons and investigated the mechanisms underlying spine
growth. Development of spines appeared activity-, NMDAr-, and LTP- dependent
(Engert and Bonhoeffer, 1999). Neural activity, NMDAr, and LTP all play a role in
experience-dependent dendritic plasticity (reviewed in Holtmaat and Svoboda, 2009).
Furthering these findings, Matsuzaki et al. (2004) applied glutamate to synapses within

area CALl of the hippocampus. Excitatory postsynaptic current stimulation leads to a
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massive enhancement in spine size that was evident within 10 seconds. Interestingly,
small spine enhancement lasted longer than enhancement in large spines. The
enlargement appeared NMDA-, calmodulin-, and actin polymerization- dependent. The
magnitude of the enlargement correlated with whether the change was permanent or long-
lasting (Matsuzaki et al., 2004). Combined, these data suggest that LTP can induce spine
growth and that the stages of LTP, the size of the spine changes, and the persistence of
these changes reflect a cellular and molecular mechanism for experience-dependent
plasticity of dendritic spines.

The above description of adult neurogenesis and alterations of existing cell
structure paint a fairly thorough picture of the range of hippocampal plasticity. On a
larger scale, these changes to new and existing cell structure occur to facilitate learning
(Moser et al., 1994; Gould et al., 1999a), memory (Leuner et al., 2003; Winocur et al.,
2006), enrichment (Kempermann et al., 1997), emotion (Malberg et al., 2000; Hajszan et
al., 2009; Revest et al., 2009), and the stress response (Magarinos and McEwen, 1995;
Tanapat et al., 2001). Regulating this wide-range of behavioral functions requires the
capacity for extensive plasticity. As many of these behaviors are directly or indirectly
related to successful offspring rearing, understanding how hippocampal plasticity is
altered in the postpartum period is important for characterizing the mechanisms
underlying successful parenting behavior. Importantly, this may help to inform us about
the development of negative affect in the postpartum period that can be detrimental for

both parent and child.
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Hormones and hippocampal plasticity

There are a number of cellular and molecular signaling mechanisms through
which factors such as the local environment, social experience, and internal motivation
can directly influence plasticity of hippocampal function and structure (Kempermann et
al., 2008; Lie and Gotz, 2008; Nowakowski and Hayes, 2008). The hippocampus, in
general, is rich in hormone receptors, providing a site of action directly on the existing
neural architecture for neuroendocrine signaling (McEwen, 1999). In the subgranular
zone (SGZ) of the DG, precursor cells which generate adult born neurons have extensive
neurotransmitter receptors, as well as end feet on nearby vasculature, that allow these
cells to directly receive afferent neurotransmitter and neuromodulator input (Filippov et
al., 2003). These connections, both vasculature and receptor, allow for chemical and
signal input to the hippocampus, thus allowing for experience-dependent alterations of
adult neurogenesis and existing cell structure (Kempermann et al., 2008; Tully and
Bolshakov, 2010). Given this, it is no surprise that hormones can modify both functional
and structural plasticity of the hippocampus. Below, | outline the ways in which
hormones associated with parenting can impact hippocampal plasticity.
Hormones, learning, and memory

Previous work has investigated the role of hormones in hippocampal-dependent
learning and memory performance. Gonadectomized male rats show deficits in radial arm
maze acquisition (Kritzer et al., 2001; Daniel et al., 2003). This deficit is restored with
peripheral testosterone treatment but not estradiol treatment (Kritzer et al., 2001).
Castration does not impair performance on the water maze task (Sandstrom et al., 2006;

Spritzer et al., 2008). However, when assessed on a delayed-matching-to-place version,
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which altered the learned location of the platform, castrated males performed more
poorly than controls. This deficit was reversed with testosterone treatment (Sandstrom et
al., 2006). Interestingly, the benefits of testosterone on the water maze may be towards
perseverance as opposed to memory retention as higher testosterone levels correlated
with longer swim path length (Spritzer et al., 2008). Estradiol also appears to affect
learning and memory in males. Following a one or four hour delay prior to the test
portion of the radial arm maze, male Sprague-Dawley rats treated with chronic estradiol
performed better on the test portion compared to control males, females, and estradiol
treated females (Luine and Rodriguez, 1994). Chronic estradiol treatment (seven days)
also improves radial arm maze performance in intact male and female mice (Heikkinen et
al., 2002). An intrahippocampal injection of estradiol immediately post-training on the
radial arm maze improved memory retention in male rats whereas injections following a
one hour delay did not (Packard et al., 1996). Overall, evidence from these studies
indicates that gonadal steroids, both testosterone and estrogen, can influence learning and
memory in males.

Like males, learning and memory performance in females improves with
increased steroid hormones. Compared to females in lower progestin states (estrus,
diestrus, non-pregnant, nulliparous), female rats in proestrus (high progesterone, high
estradiol) perform better on the water maze task (Frye, 1995) as well as the object
recognition and object in place task (Paris and Frye, 2008). Priming with estradiol 48 or
72 hours, or with progesterone 8 hours, prior to testing on the water maze improves
memory performance in female rats — evident by increased retention intervals of the

location of the platform (Sandstrom and Williams, 2001). Two days of acute estradiol
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treatment can maintain these effects for 4 days while after treatment for 10 consecutive
days the enhancement in memory retention persists (Sandstrom and Williams, 2004). A
single dose of physiologically relevant estradiol (1.5, 2, or 3ug/kg) enhances learning and
memory on a social recognition and object recognition in female ovariectomized mice
within 40 minutes (Phan et al., 2012). Using the aromatase inhibitor, letrozole, Tuscher et
al., (2016a) impaired local estradiol synthesis within the dorsal hippocampus of female
mice. Blockage of estradiol synthesis in this brain region resulted in a deficit in object
recognition. Taken together, these findings indicate that both endogenous and exogenous
estradiol have a positive impact on hippocampal-dependent learning and memory
performance in females.

Vasopressin and OT appear to play a sex-specific role in social memory — AVP
appears to regulate social recognition in males while OT regulates this behavior in
females (for review see Gabor et al., 2012). Peripheral injections of AVP increased social
recognition in both male and female rats. However, treatment with the AVP antagonist
dPTyr(Me)AVP impaired this behavior in males alone, suggesting that AVP binding to
its receptor is sufficient but not necessary for social recognition in female rats (Bluthe”
and Dantzer, 1990). Central administration of anti-AVP serum to the dorsal and ventral
hippocampus, but not the nucleus olfactorious or the septal region, impairs social
recognition behavior in male rats (van Wimersma Greidanus and Maigret, 1996). Male
mutant mice that are lacking the gene for the AVP 1b receptor (V1bR) show deficits in
social recognition memory but no differences in learning an olfactory discrimination task
compared to wild type controls (Wersinger et al., 2004). Further investigation into the

hippocampal function of V1bR deficient mutants indicated that, while retaining
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familiarity of objects, they lack the ability to distinguish temporal order, suggesting a
deficit in temporal memory performance (DeVito et al., 2009). While peripheral OT did
not alter social recognition in intact female rats, treatment with OT receptor antagonists
prevented the females’ ability to distinguish a novel juvenile from a familiar juvenile
(Engelmann et al., 1998). Interestingly, administration of an anti-OT serum directly to the
ventral hippocampus also decreased time spent with a novel animal, indicating that in
male rats OT can have some effect on social recognition memory (van Wimersma
Greidanus and Maigret, 1996). These findings indicate that both AVP and OT can impact
social recognition memory and that their effects are somewhat sex-specific.

Finally, glucocorticoids can have a significant impact on learning and memory
performance. In a contextual fear conditioning task, male rats treated with metyrapone, a
glucocorticoid synthesis inhibitor, 90 minutes before training showed attenuated fear
conditioning indicating that acquisition (learning) was impaired (Cordero et al., 2002).
Interestingly, the effects of glucocorticoids on fear conditioning are dose-dependent. Rats
treated with a high dose of corticosterone for 21 days before fear conditioning showed a
fear response to both the conditioned tone and the contextual environment during the
retrieval phase. Rats treated with a low dose only showed a response to the tone
presentation (Marks et al., 2015). These findings indicate that corticosterone’s effects on
learning and memory in this task are dependent on time and dose of treatment in relation
to training. Infusions of a glucocorticoid receptor antagonist (RU 28362) directly to the
hippocampus 24 hours after training on the water maze impaired retention performance in
male Sprague-Dawley rats (Roozendaal et al., 2003). Unlike male rats, females are more

susceptible to deficits in water maze performance as a result of elevated baseline
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corticosterone levels — a difference that is eliminated following removal of the adrenal
gland (Beiko et al., 2004). Overall, glucocorticoids appear to enhance memory and
learning during emotionally arousing experiences but impair memory retrieval during test
situations (for review see de Quervain et al., 2009).
Hormones and emotional responsivity

Like learning and memory, hormones can influence hippocampal-dependent
emotional responses. Males show reduced anxiety-like behavior with estradiol treatment
as gonadectomized male rats that receive systemic estradiol show reduced anxiety-like
behavior in the open field task (Filova et al., 2015). Testosterone treatment is also
anxiolytic in male rats in the open field task but this effect is dependent on the conversion
of testosterone to estradiol via aromatase within the DG of the hippocampus (Carrier et
al., 2015). Similarly, female rats treated with estradiol show reduced anxiety-like
behavior in the open field task (Bowman et al., 2002). In pro-estrus, when estradiol is
highest and sexual receptivity is displayed, female mice show reduced anxiety-like
behavior on the elevated plus maze (Walf et al., 2009). Systemic administration of
estradiol reduced anxiety-like behavior in a number of anxiety assessment tasks including
the elevated plus maze (Walf and Frye, 2005). The anxiolytic effect of estradiol appears
to be dependent on signaling through the beta estrogen receptor (Erf). Treatment with the
selective estrogen receptor modulator (SERM) diarylpropionitrile (DPN), which acts as
an agonist on Erf, is anxiolytic while activation of the alpha receptor (Era) has no effect
on anxiety-like behavior. DPN’s effects were inhibited by concomitant treatment with the
SERM tamoxifen (TMX), an Erf antagonist with some agonistic proclivity for Era

(Watanabe et al., 1997). Erf3 knockout mice show no attenuation in anxiety-like behavior
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on the elevated plus maze (Walf and Frye, 2006). Overall these data show that estradiol’s
effect on anxiety, like its effects on learning and memory, appear beneficial.

While OT and AVP can both influence anxiety (for review see Neumann &
Landgraf 2012), they traditionally have opposing effects — OT is anxiolytic while AVP is
anxiogenic. When male rats are treated with OT, but not AVP, directly to prelimbic
regions, anxiety-like behavior is reduced (Sabihi et al., 2014). Females treated with a
regimen of estrogen and progesterone to mimic the end stages of pregnancy show
decreased anxiety-like behavior on the EPM and activity of the immediate early gene c-
fos in the ventral hippocampus. Accompanying these changes is an increase in OT
receptor ligand binding — the inhibition of which disrupts the attenuation in anxiety,
suggesting an OT dependent mechanism (Windle et al., 2006). In contrast to OT, AVP
appears anxiogenic in maternal rodents. Intracerebroventricular infusions of AVP
increase, while OT infusions decrease, anxiety-like behavior in lactating rat dams (Bosch
and Neumann, 2008). Taken together, these data indicate that the hormonal milieu in
postpartum females provides a number of mechanisms that may drive anxiolytic behavior
in mothers. Importantly, it also suggests that these hormones may act together to mediate
these changes.

Glucocorticoids tend to have an anxiogenic and depressive effect. Chronic, low-
dose treatment with corticosterone increases anxiety-like behavior in the light-dark box,
and increases depressive-like behavior in the forced swim task in male mice (Murray et
al., 2008). Chronic (21 day) treatment with corticosterone increases depressive-like
behavior in the forced swim task in male Long Evans rats. This effect is escalated with

increasing doses (Johnson et al., 2006). Anxiety-like behavior on the elevated plus maze
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and the tail suspension test is elevated in male mice that received chronic corticosterone
treatment. This effect is reversed with fluoxetine treatment, an anti-depressant (Wang et
al., 2013). Higher physiological doses of corticosterone that mimic stress-induced
elevations of glucocorticoids increase anxiety in male rats on the elevated plus maze even
when given in an acute dose (Mitra and Sapolsky, 2008). As low, acute doses of
corticosterone do not appear to initiate depressive- or anxiety- like behavior (Johnson et
al., 2006; Murray et al., 2008) it is evident that glucocorticoids’ impact on emotional
responsivity are only evident after higher doses corresponding to more stressful
experiences.

While PRL is traditionally associated with milk production in females and its
impact on learning and memory is relatively unstudied (however, see Torner et al., 2013),
it appears to have a significant impact on emotional responsivity in both males and
females. Chronic infusions of PRL into the ventral hippocampus have an anxiolytic effect
in virgin male rats on the elevated plus maze. This effect is dose-dependent and is
attenuated with the down-regulation of PRL receptor (PRLr) expression (Torner et al.,
2001). Ovariectomized females treated with intracerebral infusions of PRL directly to the
ventral hippocampus show reduced anxiety-like behavior on the elevated plus maze and
an attenuated rise in glucocorticoids following restraint stress (Donner et al., 2007).
Similarly, PRL treatment directly to the ventral hippocampus increases swimming time in
the forced swim task and enhances novel object-directed exploration, suggesting anti-
depressive and anti-anxiety effects (Alvarez and Banzan, 1994). These findings indicate
that central PRL can act directly on the ventral hippocampus to influence emotional

responsivity.
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Hormones and structural plasticity

Along with the changes observed in functional plasticity, hormones can alter both
new and existing structural plasticity of the hippocampus. Most of the work investigating
estradiol’s influence on adult neurogenesis has focused on females. However, the limited
evidence from males indicates that estradiol can enhance cell survival but not cell
proliferation. Male meadow voles treated with peripheral estradiol one week post-BrdU
injection, at the time of axon extension, show enhanced survival of adult born neurons
without exhibiting alterations in cell proliferation (Ormerod et al., 2004). Within the SVZ
male rats treated with testosterone or estradiol show increased BrdU-labeling indicating
that testosterone and estradiol can increase adult neurogenesis in this brain region
(Farinetti et al., 2015). In females, both endogenous and exogenous estradiol can alter
structural plasticity. In virgin, cycling female rats, cell proliferation in the DG peaks
during pro-estrus when estradiol levels are highest (Tanapat et al., 1999). Ovariectomized
female rats that receive a moderate, acute dose of estradiol experience an increase in cell
proliferation in the DG. Interestingly, low and high doses, as well as chronic estradiol
treatment, do not alter cell proliferation (Tanapat et al., 2005). When estradiol is
administered to female rats four hours prior to BrdU injection an increase in cell
proliferation is observed. However, if given 48 hours before the BrdU-labeling, cell
proliferation decreases (Ormerod et al., 2003). Agonists for both Era and Erp increase
cell proliferation in female rats when given four hours before BrdU injection (Mazzucco
et al., 2006). Taken together, these findings indicate that estradiol alters adult
neurogenesis. In females, estradiol’s effects on cell proliferation in the DG are time- and

dose- dependent.
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Gonadal steroids can also impact dendritic plasticity of existing neurons in males
and females. Gonadectomy of male rats resulted in an increase in electrical transmission
along mossy fibers of CA3 neurons as well as increased LTP and dendritic sprouting.
These changes were induced by an increase in brain derived neurotrophic factor (BDNF)
signaling through Trk receptors. Using multiple androgen inhibitors, the lack of
testosterone was determined to be the neuroendocrine alteration responsible for the
changes (Skucas et al., 2013). Bath application of estradiol to hippocampal slices from
male rats induced LTP in area CA1, CAS3, and the DG. Era-dependent spinogenesis was
observed in area CA1 as only the Era agonist, propyl-pyrazole-triol (PPT), induced spine
growth while the Erp agonist, DPN, did not (Mukai et al., 2007). Ovariectomized female
rats lacking gonadal steroids show significantly reduced dendritic spine density in the
CAL region of the hippocampus. Spine density in this region is returned to baseline after
treatment with estradiol or progesterone (Gould et al., 1990). As estradiol can reverse
spine density deficits within 30 minutes of administration (MacLusky et al., 2005; Phan
etal., 2012), it is likely that hippocampal spine density fluctuates rapidly with
endogenous hormone levels in females (Gould et al., 1990; MacLusky et al., 2005). Intact
female mice show enhanced spine density following estradiol infusions directly to the
dorsal hippocampus in the CA1 region. This increase is prevented with administration of
either extracellular signal-regulated kinase (ERK) or mammalian target of rapamycin
(mTOR) inhibitors suggesting that these signaling pathways are necessary for estradiol-
induced increases in spine density (Tuscher et al., 2016Db).

The rapid effects of estradiol on hippocampal plasticity are dependent on estrogen

receptor and glutamate receptor signaling. Compared to estradiol treatment alone, Erf3
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and Ero agonists cause similar improvements in memory performance (Boulware et al.,
2013) and Erf agonists induce changes in anxiety-like behavior (Walf and Frye, 2005).
Signaling through these receptors appears dependent on activation of metabotropic
glutamate receptor 1la (mGluR1a), as treatment with the mGluR1a antagonist LY 367385
to the dorsal hippocampus inhibits the memory enhancing effects of Er agonists
(Boulware et al., 2013). The differing effects of Erp and Era are a result of receptor
differences. While the two receptor subtypes have similar DNA- and ligand- binding
domains, they have differing N-terminal regions (Tremblay et al., 1997). This
discrepancy results in activation of separate metabotropic glutamate receptors. Signaling
through Era activates mGluR 1 which in turn drives CAMP response element-binding
protein (CREB) phosphorylation. Erf activation triggers mGluR2/3 signaling resulting in
a downregulation of calcium mediated CREB phosphorylation (Boulware et al., 2005).
These pathways can allow for the rapid, non-genomic effects of estradiol on hippocampal
plasticity (for review see Walf and Frye, 2006).

While no studies have reported OT- or AVP- driven changes in existing cell
structure of the hippocampus, evidence suggests that OT may drive new cell growth
within the hippocampal. Central and peripheral OT treatment, but not AVP, has been
shown to increase cell proliferation primarily in the ventral DG of male rats, even under
stressful conditions. Repeated administration of OT, but not AVP, actually enhances the
number of new neurons in this brain region suggesting that OT may play a
neuroprotective role (Leuner et al., 2012). Daily treatments with OT for two weeks
increased cell proliferation in male rats. Additionally, the dendritic maturation of these

adult born cells was enhanced (Sanchez-Vidafia et al., 2016). Administration of OT to
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nulliparous women increases functional connectivity within the hippocampus during
presentation of infant-related cues (Riem et al., 2012), suggesting that OT may contribute
to altered neuroplasticity of the hippocampus in mothers. The mechanism(s) by which
OT may drive adult hippocampal neurogenesis remains unclear. The hippocampus does
have receptors for both OT and AVP - suggesting a site for direct activation. However, it
is also possible that OT positive neurons from other regions that connect directly to the
hippocampus, such as from the amygdala, may contribute to OT-induced hippocampal
plasticity (reviewed in Gimpl et al., 2001). Finally, as estrogen can also modulate social
recognition memory, it is possible that OT and AVP mechanisms may be acting on
hippocampal plasticity via estradiol (reviewed in Gabor et al., 2012).

Glucocorticoids tend to have a negative impact on hippocampal structural
plasticity. In humans, hippocampal volume is reduced with long-term cortisol elevations.
This reduction was strongly correlated with the degree of elevation as well as the baseline
levels at the time of testing (Lupien et al., 1998). Similar patterns are observed in rodents.
Basal levels of adrenal steroids negatively correlated with adult neurogenesis in the DG
of rats (Sapolsky and Meaney, 1986). Treatment with acute corticosterone decreases H3-
thymidine labeling density, while removal of endogenous adrenal steroids via
adrenalectomy increases neuron-specific cell proliferation in the DG of male rats
(Cameron and Gould, 1994). Low-dose corticosterone reduces adult neurogenesis and
overall hippocampal volume in male CD1 mice (Murray et al., 2008). Interestingly,
suppression of cell proliferation in the DG of male rats by two weeks of daily injections
of corticosterone is prevented with co-administration of OT (Sanchez-Vidafia et al.,

2016). Repeated administration of corticosterone for 35 days induces a depressive
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phenotype in male C57BL6 mice. Spine density within the CA1 region of the
hippocampus is suppressed concomitant with the behavioral phenotype. Both the
depressive-like behavior and the spine density deficit are reversed following 25 days of
treatment with the anti-depressant fluoxetine (Wang et al., 2013).

Receptors for glucocorticoids and mineralocorticoids are present throughout the
hippocampus providing a direct site of action for stress-induced glucocorticoids to act on
this brain region (Han et al., 2005). In cell culture, two week incubation of hippocampal
neurons with corticosterone reduces dendritic spines. This impairment is a result of
glucocorticoid-induced reduction of caldesmon, an actin-linked protein which stabilizes
actin filaments for spine growth (Tanokashira et al., 2012). Precursor cells within the
SGZ have few, if any, glucocorticoid or mineralcorticoid receptors preventing direct
action on the proliferative population by adrenal steroids (Cameron et al., 1993a). The
effect of glucocorticoids on adult neurogenesis appears to be through indirect modulation
of n-methyl-D-aspartate (NMDA) receptors. Treatment with NMDA antagonists
increased cell birth in the DG of adult male rats (Cameron et al., 1995). Thus, it is
possible that adrenal steroids are interacting with NMDA signaling to modify adult
neurogenesis (for review see Gould and Tanapat, 1999). Diamond et al. (1992)
investigated how corticosterone levels differentially affected hippocampal signaling.
Importantly, it was observed that the relationship between corticosterone levels and
hippocampal firing resembles an inverted U indicating a complex, biphasic effect of
stress hormones on hippocampal function. It is possible that the lower doses of

corticosterone may contribute to enhanced survival of the animal through increased
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vigilance and neuroplasticity, while the higher doses lead to deficits in neural function
that contribute to lower survival rates (reviewed in Lupien et al., 2009).

Data on PRL and hippocampal structural plasticity is somewhat limited. While no
data has been reported on PRL’s influence on hippocampal spine density, PRL appears to
influence adult neurogenesis. PRL has been shown to mediate adult neurogenesis in
C57BL6 mouse fathers. While males of this species are not naturally biparental, they will
exhibit some paternal care behaviors if left with their offspring. Fathers that remained in
contact with their pups had increases adult neurogenesis in the DG and the olfactory bulb.
These newborn cells co-labeled with PRLr-ir while PRLr knockout fathers had reduced
adult neurogenesis (Mak and Weiss, 2010). PRLr expression has been observed in the
DG (Bakowska and Morrell, 1997; Shingo et al., 2003; Nogami et al., 2007) suggesting a
site of action for PRL to modulate DG plasticity. Despite these findings the mechanism
and the extent to which PRL mediates hippocampal plasticity remains unknown.

The evidence provided above indicates that estradiol, OT, AVP, glucocorticoids,
and PRL can impact functional and structural plasticity of the hippocampus. As these
hormones are modified in the postpartum period of fathers, they may act as a
neuroendocrine mechanism driving paternal experience-dependent hippocampal
plasticity. Furthermore, it is evident that many of these hormones can work together to
alter neuroplasticity. These findings, combined with the data presented in the previous
sections of this chapter, highlight the complex physiological state that accompanies the
postpartum period in males of biparental species. As the neuroendocrine changes

associated with parenting can have a significant impact on a brain region that mediates
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important aspects of behavioral and emotional function, it is evident that a thorough

investigation of these interactions should be undertaken in males.
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Conclusion
The evidence provided above describes the literature on hippocampal plasticity

and how it is modified in the postpartum period. Additionally, it is evident that the
hormones associated with parenting have an impact on neuroplasticity of this region
(Ormerod et al., 2004; Walf and Frye, 2005). While the neural circuitry underlying
maternal care behaviors has been elucidated and its regulation via hormonal fluctuations
during the postpartum period are known, parallel work in fathers is limited. Research that
has investigated these mechanisms in fathers has utilized appropriate models of paternal
care such as the California mouse (i.e. Glasper et al., 2011). The California mouse is an
excellent model of paternal care as males of this species exhibit all aspects of paternal
behavior (Bester-Meredith et al., 1999) and previous studies have laid the groundwork for
investigating hormones (Trainor and Marler, 2002) and hippocampal plasticity in the
postpartum period (Glasper et al., 2011; Lambert et al., 2011) in this species. Despite the
work that has been done, there remain gaps in the knowledge of how the hippocampus is
modified in the paternal postpartum period and how hormones may contribute to any
changes.

In the early-postpartum period (Chauke et al., 2012) and at weaning
(Glasper et al., 2011) anxiety-like behavior is not altered in California mouse fathers.
However, no work has investigated this aspect of hippocampal function in the mid-
postpartum period in males of a biparental species. Anxiety-like behavior is attenuated by
offspring contact in the maternal postpartum period (Lonstein, 2005). In California
mouse fathers, the mid-postpartum period is char