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Abstract

The maternal brain is remarkably plastic and exhibits multifaceted neural modifications. 

Neurogenesis has emerged as one of the mechanisms by which the maternal brain exhibits 

plasticity. This review highlights what is currently known about peripartum-associated changes in 

adult neurogenesis and the underlying hormonal mechanisms. We also consider the functional 

consequences of neurogenesis in the peripartum brain and extent to which this process may play a 

role in maternal care, cognitive function and postpartum mood. Finally, while most work 

investigating the effects of parenting on adult neurogenesis has focused on mothers, a few studies 

have examined fathers and these results are also discussed.
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 1. Introduction

Becoming a mother is one of the most monumental events in a female’s life. Across 

mammalian species, major hormonal shifts during pregnancy, parturition and the postpartum 

period coupled with experiential factors modify the brain and, as a result, the behavior of the 

female producing a high level of maternal responsiveness along with changes in maternal 

mood, cognition and stress regulation (Fleming et al., 1999; Numan and Insel, 2003; 

Lonstein, 2007; Slattery and Neumann, 2008; Macbeth and Luine, 2010; Numan and 

Woodside, 2010; Workman et al., 2012; Dulac et al., 2014; Galea et al., 2014; Hillerer et al., 

2014; Perani and Slattery, 2014; Rilling and Young, 2014; Pereira and Ferreira, 2015). 
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Together, these changes represent adaptive responses that are necessary to ensure the 

survival and well-being of the offspring.

The neural modifications found in the maternal brain are numerous and widespread (Figure 

1) consisting of neurochemical, neuroendocrine, activational, morphological, gene 

expression and functional changes within a distributed but interconnected circuitry 

(Theodosis et al., 1986; Xerri et al., 1994; Featherstone et al., 2000; Keyser-Marcus et al., 

2001; Tomizawa et al., 2003; Rasia-Filho et al., 2004; Febo et al., 2005; Miranda and Liu, 

2009; Sanna et al., 2009; Leuner et al., 2010; Canavan et al., 2011; Salmaso et al., 2011a; 

Salmaso et al., 2011b; Lonstein et al., 2014; Bridges, 2015; Cohen and Mizrahi, 2015; 

Corona and Levy, 2015; Elyada and Mizrahi, 2015) that includes the hypothalamus, 

amygdala, nucleus accumbens, olfactory bulb, hippocampus and various cortical areas (i.e. 

parietal, auditory, somatosensory, prefrontal). Within distinct areas of this circuitry, adult 

neurogenesis has emerged as another important mechanism that contributes to maternal 

neuroplasticity (Leuner et al., 2010; Levy et al., 2011; Galea et al., 2014; Pawluski et al., 

2015b; Slattery and Hillerer, 2016) and will be the focus of this review.

 2. Neurogenesis in the adult brain

Neurogenesis is the process by which new neurons are generated from neural stem cells or 

progenitor cells. In most adult mammals, neurogenesis primarily occurs in two main regions, 

the dentate gyrus (DG) of the hippocampus and the olfactory bulb (OB) (Ming and Song, 

2011; Aimone et al., 2014; Lepousez et al., 2015). Within the DG and OB, neurogenesis is a 

multi-step process that includes proliferation, migration, survival, differentiation and 

integration of newborn neurons into the existing circuitry (Leuner and Gould, 2010; Ming 

and Song, 2011). In the OB (Figure 2a), newly-born cells originate from the sub-ventricular 

zone (SVZ) which lies adjacent to the wall of the lateral ventricle. Neural progenitor cells 

residing in the SVZ give rise to transient amplifying cells which differentiate into 

neuroblasts. These neuroblasts then migrate a great distance along the rostral migratory 

stream (RMS) to reach the OB where they become mostly local inhibitory interneurons 

which join the neural networks of the olfactory system to participate in a range of odor-

guided behaviors (Gheusi et al., 2013; Lepousez et al., 2015). In the DG (Figure 2b), neural 

progenitor cells proliferate in the sub-granular zone (SGZ) and give rise to neuroblasts that 

migrate a short distance into the granule cell layer (GCL) where a percentage will survive 

and mature, becoming glutamatergic granule neurons that synaptically and functionally 

integrate into the neuronal network of the hippocampus to play a role in cognition, mood and 

stress regulation (Leuner and Gould, 2010; Snyder et al., 2011; Aimone et al., 2014; 

Cameron and Glover, 2015).

In both neurogenic brain regions, adult born neurons serve as excellent candidates for 

plasticity during pregnancy, parturition and the postpartum period because they are not only 

sensitive to many hormonal and experiential changes that occur during these times but also 

because the functions which they have been suggested to contribute to are affected by 

motherhood. Here we highlight similarities and differences in the effects of motherhood on 

adult neurogenesis in the DG and SVZ across various species as well as the putative 

underlying mechanisms. We also consider the extent to which neurogenesis in the 
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peripartum SVZ and/or DG may play a role in maternal care, cognitive function and 

postpartum mood. Finally, while most work investigating the effects of parenting on adult 

neurogenesis has focused on mothers, a few studies have examined fathers and these results 

are also discussed (Leuner et al., 2010; Levy et al., 2011; Lieberwirth and Wang, 2012).

 3. Important considerations

Studying a dynamic process like adult neurogenesis during dynamic periods such as 

pregnancy and the postpartum period is inherently complex. New neurons are born, develop 

and mature while mothers are carrying or caring for offspring who are doing the same all the 

while undergoing numerous physiological changes. An additional level of complexity arises 

when attempting to compare species which can differ with respect to variables such as 

reproductive strategy, degree of parental investment, developmental maturity of offspring at 

birth as well as certain temporal features of adult neurogenesis (Snyder et al., 2009; Bonfanti 

and Peretto, 2011; Lieberwirth and Wang, 2012; Brus et al., 2013). Even between laboratory 

rats and mice there are differences in the olfactory regulation of maternal care (Corona and 

Levy, 2015) as well as in the capacity to spontaneously display maternal care (Stolzenberg 

and Rissman, 2011). Because of these differences, broad generalizations about neurogenesis 

in the parental brain may be difficult. Like most studies of adult neurogenesis, investigating 

this mode of plasticity in the parental brain is further complicated by various methodological 

issues. Many of these are related to bromodeoxyuridine (BrdU), the exogenous marker 

mostly widely used to label newly born neurons (Taupin, 2007; Leuner and Gould, 2010). 

After administration, usually by intraperitoneal injection, BrdU becomes incorporated into 

the DNA of cells during the synthesis stage of the cell cycle, and depending on the survival 

time employed, different stages of adult neurogenesis can be investigated. For example, 

short survival times of 2–24 hr are often used to assess cell proliferation while longer 

survival times are employed in studies of cell survival. BrdU is detected using 

immunohistochemical methods which can be combined with multiple markers to identify 

phenotypes of new cells, their maturational stage and/or to assess the expression of various 

receptors and immediate early genes. Administration and detection of BrdU is relatively 

straightforward. However, there is considerable variation in how BrdU is used including 

dose, number of injections and timing of administration which, along with differences in 

immunohistochemical detection methods, have the potential to influence experimental 

outcome (Christie and Cameron, 2006; Leuner et al., 2009). Some of these concerns can be 

addressed by using endogenous markers, such as Ki67 or doublecortin (DCX), although this 

approach is not without drawbacks which include potential uncertainty about specificity and 

timeline of expression (Eisch and Mandyam, 2007; Balthazart and Ball, 2014). Collectively, 

these issues must be kept in mind and special care taken in the interpretation of seemingly 

contradictory data.

 4. Hippocampal neurogenesis during pregnancy and the postpartum 

period

The first demonstration that reproductive status can alter adult neurogenesis found that cell 

proliferation in the DG was suppressed in pregnant wild female meadow voles trapped 
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during the breeding season relative to non-pregnant females trapped during the non-breeding 

season (Galea and McEwen, 1999). Subsequent research has focused primarily on laboratory 

rodents and has investigated both hippocampal cell proliferation and survival (Table 1). In 

contrast to wild meadow voles, rats do not exhibit alterations in cell proliferation on 

gestational days (GD) 7, 18 or 21 (Banasr et al., 2001; Furuta and Bridges, 2005; Pawluski 

et al., 2010; Pawluski et al., 2011; Pawluski et al., 2015a) as compared to nulliparous 

(virgin) females. There are also no effects of pregnancy on hippocampal cell proliferation 

when BrdU is injected earlier on GD1 even when the number of pregnancies is taken into 

account (Pawluski et al., 2010). Likewise, cell survival in the DG is unaltered in the pregnant 

rat – similar numbers of cells survive across pregnancy from GD0–1 to GD21–22 as survive 

in virgin females across the same time frame (Pawluski et al., 2010; Pawluski et al., 2011). 

In fact, the only change detected to date in pregnant rats is a potential increase in 

differentiation/migration on GD18 as assessed with the marker PSA-NCAM (Banasr et al., 

2001).

In accordance with the rat studies, Shingo et al. (2003) also showed no change in 

hippocampal cell proliferation when mice were injected with BrdU during early pregnancy 

(GD7). However, other work (Kim et al., 2010) using the cell proliferation marker Ki67 did 

uncover fewer proliferating cells in the mouse DG at later gestational time points (GD14.5, 

GD16.5 and GD18.5) suggesting that alterations in cell proliferation during pregnancy occur 

in a species- and time-dependent manner. Effects of pregnancy on cell survival and 

differentiation have also been demonstrated. Pregnant mice given BrdU on GD 11–12 and 

sacrificed 2 weeks later during the early postpartum period had fewer BrdU labeled cells and 

a lower percentage of BrdU labeled cells co-labeled with the immature neuronal marker 

DCX as compared to age-matched virgin mice (Rolls et al., 2008). Whether this represents a 

species-specific effect of pregnancy has yet to be determined because of the different 

experimental timelines used in the rat and mouse studies.

Although available evidence indicates that hippocampal cell proliferation is not altered 

during pregnancy in female rats, cell proliferation has been consistently shown to be reduced 

during the early-mid postpartum period on postpartum day 1 (PD1), PD2, PD8 and PD14 

(Darnaudery et al., 2007; Leuner et al., 2007; Pawluski and Galea, 2007; Hillerer et al., 

2014; Workman et al., 2015) as compared to nulliparous females. Furthermore, the 

postpartum reduction in cell proliferation occurs in both first time (primiparous) and 

experienced (multiparous) mothers and thus is not modulated by reproductive experience 

(Pawluski and Galea, 2007). It may seem counterintuitive that hippocampal neurogenesis 

would be decreased postpartum, a time of significant plasticity in many brain regions 

including the hippocampus (Figure 1; Galea et al., 2014; Slattery and Hillerer, 2016). 

However, considering the high energy demands required for lactation, it may be adaptive to 

downregulate metabolically costly processes such as cell proliferation. In support of this, 

reduced cell proliferation during the postpartum period is temporary and is dependent upon 

lactation and the presence of nursing offspring – it subsides around the time of weaning 

(PD28), when offspring no longer nurse, and can be prevented by the removal of the 

offspring shortly after birth (Leuner et al., 2007).
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Some studies suggest that along with diminished cell proliferation, cell survival is also 

suppressed in rats across the postpartum period (Leuner et al., 2007; Pawluski and Galea, 

2007; Hillerer et al., 2014 but see Darnaudery et al., 2007). For example, Pawluski and 

Galea (2007) found that fewer cells labeled with BrdU on PD1 survived to PD22. However, 

unlike the postpartum reduction in cell proliferation, cell survival was decreased only in 

primiparous female rats and this reduction occurred independent of pup exposure (Pawluski 

and Galea, 2007).

Expanding upon the postpartum cell proliferation and survival findings, Workman et al. 

(2015) recently found that at the end of the postpartum period (PD22), the density of DCX-

expressing cells is also significantly lower in the hippocampus of primparious rats. Further 

analyses revealed that postpartum rats had a lower proportion of more mature postmitotic 

DCX-expressing cells and a higher proportion of less mature proliferative cells compared 

with nulliparous rats. Thus, although hippocampal neurogenesis is suppressed during the 

postpartum period, it begins to recover just prior to weaning.

A small number of studies have also examined whether hippocampal neurogenesis is altered 

during the postpartum period in species other than rats. To the best of our knowledge, only 

one has examined cell proliferation in the DG of laboratory mice during the postpartum 

period on PD21 (Rolls et al., 2008) and it found no difference from virgin females consistent 

with the restoration of cell proliferation during the late postpartum period of the rat reported 

by Leuner et al. (2007). Whether there are differences in the number of proliferating cells at 

earlier postpartum time points in mice as seen in rats requires further investigation. In other 

work using the biparental California mouse, cell survival was shown to be reduced in the DG 

of mothers as compared to virgin controls such that there were fewer cells born one-week 

postpartum that survived to weaning 3 weeks later (Glasper et al., 2011). Cell proliferation 

and cell survival were also found to be down-regulated in the DG of primiparous postpartum 

sheep two days after the birth of their offspring (Brus et al., 2010; Brus et al., 2014). 

However, unlike postpartum rats in which only cell survival remained reduced after pups 

removal, both effects in ewes were sustained after removal of the lamb at parturition 

indicating species differences with regard to the role of offspring. Rodent offspring are 

altricial while sheep offspring are precocial and thus differences in developmental maturity 

at the time of birth may underlie these species variations in offspring regulation of 

neurogenesis in the postpartum DG.

Importantly, interactions with young can have opposing effects on hippocampal 

neurogenesis depending on the reproductive status of the female. In rats, cell proliferation 

increases in virgins acutely exposed to pups for 2 days while cell survival increases in 

‘sensitized’ virgins exposed to pups for 22 days and induced to behave maternally (Pawluski 

and Galea, 2007). Likewise, offspring seem to have a stimulatory effect in virgin females of 

other rodent species including prairie voles which are biparental and typically display 

spontaneous parental care when exposed to foster pups. Specifically, Ruscio et al. (2008) 

found that virgin female voles briefly exposed to pups for just 20 min exhibit increased cell 

proliferation in the DG regardless of whether they behaved parentally. It is important to note 

however that cell proliferation also increased in response to a control stimulus (i.e. exposure 
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to a tootsie roll) raising questions about the extent to which increased cell proliferation is a 

response to novelty.

 5. Neurogenesis in the SVZ during pregnancy and the postpartum period

Gestation has also been reported to affect adult neurogenesis within the SVZ of laboratory 

rats and mice (Table 2). Cell proliferation in rats was shown to be increased in the SVZ 

during late pregnancy on GD21 but not earlier on GD7 (Furuta and Bridges, 2005). 

Pregnancy in mice was also associated with increased cell proliferation in the SVZ although 

the timing was opposite from rats with the increase evident on GD7 but not later on GD14 or 

GD21 (Shingo et al., 2003; Larsen and Grattan, 2010a). Despite numerous methodological 

differences in these two studies related to BrdU labeling (i.e. route of administration, 

number and dose of injections, survival time after BrdU), these are unlikely to account 

completely for the contrasting effects observed in rats and mice because the increase in cell 

proliferation on GD7 in mice was also found with the endogenous marker of cell 

proliferation, Ki67.

In addition showing an increase in cell proliferation during pregnancy, Shingo et al. (2003) 

also found that a substantial percentage (> 50%) of the proliferating cells in the SVZ survive 

for at least 4 weeks and migrate to become olfactory interneurons. Besides the OB, there is 

also some evidence that newly generated neurons derived from the adult SVZ may migrate 

to other olfactory, limbic, striatal and cortical regions (Shapiro et al., 2009). This raises the 

intriguing possibility that there may be other destinations for these new cells born in the 

SVZ during pregnancy.

During the postpartum period of the mouse, another peak in cell proliferation occurs in the 

SVZ on PD7, but not PD14 or PD21 (Shingo et al., 2003). As in pregnancy, the postpartum 

increase in SVZ proliferation is followed by a doubling of the numbers of new OB 

interneurons (Shingo et al., 2003). However, this enhancement of neurogenesis in the 

postpartum SVZ may not be a universal phenomenon shared across mammalian species as it 

was not observed in sheep. Specifically, Brus et al. (2010, 2014) reported reduced cell 

proliferation in the SVZ, as well as reduced survival of newborn neurons in the OB, during 

the early postpartum period in ewes that was due to interactions with the lamb as these 

effects were not observed in ewes separated from their offspring at birth. Here too, various 

methodological variations in BrdU labeling could contribute to the discrepancies in mice 

versus sheep but differences in the duration of contact with pups – 7 days in Shingo et al. 

(2003) versus 2 days in Brus et al. (2010) – could be involved as well. These species 

differences may further be related to the olfactory regulation of mothering. While odors 

from the young stimulate maternal care in both mice and sheep, only sheep form selective 

bonds based on odor recognition of their offspring (Brus et al., 2010; Levy et al., 2011; 

Corona and Levy, 2015). The results also raise the question of what might be the response in 

primates, especially humans, where parenting is governed less by olfactory cues than in 

mice or sheep, although the existence of OB neurogenesis in humans is controversial 

(Macklis, 2012).
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Along with increased cell proliferation and cell survival, adult born neurons in the OB of 

postpartum mice also exhibit structural features (i.e. fewer, more stable dendritic spines) that 

are indicative of enhanced synaptic integration into the bulbar circuitry (Kopel et al., 2012). 

Interestingly, enhanced dendritic maturation of olfactory neuroblasts has been reported in 

sheep mothers interacting with their lambs despite reduced cell proliferation and survival 

(Brus et al., 2014). Accelerated maturation and incorporation of newborn neurons into the 

maternal OB may thus be part of the normal repertoire of adult-born neurons following 

parturition regardless of species variations in the total number of new OB neurons.

There is no evidence indicating that cell proliferation in the SVZ, at least in the caudal 

portion, is altered in the rat during the postpartum period on PD2 or PD8 (Leuner et al., 

2007). However, ‘sensitized’ virgin rats exposed to pups and induced to display maternal 

behavior have a greater number of newly born neurons in the SVZ as compared to non-

maternal, pup-exposed virgins and virgins not exposed to young (Furuta and Bridges, 2009). 

These data suggest that maternal behavior itself, independent of pregnancy and lactation, is 

associated with the stimulation of adult neurogenesis in the rat SVZ.

 6. Mechanisms underlying changes in neurogenesis during pregnancy 

and the postpartum period

The balance of hormones changes dramatically in females during pregnancy, parturition and 

the postpartum period (Numan and Insel, 2003; Pawluski et al., 2009a; Workman et al., 

2012) with many mammals, including rodents and sheep, exhibiting similar profiles of 

various key hormones during these times. For example, estradiol levels rise during late 

pregnancy, peak at parturition then drastically drop and remain low during lactation 

(Chamley et al., 1973; Rosenblatt et al., 1979; Pawluski et al., 2009a). In contrast, 

progesterone levels, which are high throughout pregnancy, decrease prior to parturition, but 

in rats again become elevated during mid-lactation (Chamley et al., 1973; Pawluski et al., 

2009a). The hypothalamic-pituitary-adrenal (HPA) system is also altered during pregnancy 

and the postpartum period such that corticosterone (CORT) levels increase during late 

gestation and remain elevated during lactation (Chamley et al., 1973; Stern and Voogt, 1973; 

Fischer et al., 1995). Along with these ovarian and adrenal steroid hormones, there are 

alterations in peptide hormones including prolactin, oxytocin and vasopressin. Levels of the 

pituitary hormone prolactin are elevated in early pregnancy and rise rapidly again around the 

time of parturition after which high levels are maintained by suckling stimulation (Chamley 

et al., 1973; Grattan, 2001; Torner and Neumann, 2002). Similarly, both parturition and 

lactation are associated with upregulation of the hypothalamic oxytocin and vasopressin 

systems (Slattery and Neumann, 2008; Bosch and Neumann, 2012).

Hormones are well-known regulators of adult neurogenesis, although it is important to note 

that their effects often vary according to species, sex, brain region and stage of neurogenesis 

in addition to numerous other experimental variables (i.e. endogenous vs exogenous; dose, 

timing and duration of hormone administration), a detailed discussion of which is beyond 

the scope of this review (see Pawluski et al., 2009a; Schoenfeld and Gould, 2012; Galea et 

al., 2013). Briefly, acute estradiol treatment increases cell proliferation in the DG of female 
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but not male rats (Tanapat et al., 1999; Barha et al., 2009) while chronic estradiol treatment 

decreases cell survival in female rats (Barker and Galea, 2008; Chan et al., 2014). In the 

female mouse SVZ, estradiol seems to influence cell proliferation and survival in a dose- 

and time-dependent manner (Shingo et al., 2003; Brock et al., 2010; Veyrac and Bakker, 

2011). Progesterone’s effects on neurogenesis have been less studied. However, available 

evidence indicates stimulatory effects on cell proliferation in the female DG when given 

acutely (Liu et al., 2009) but no significant effects on cell proliferation or cell survival when 

given chronically (Chan et al., 2014). Furthermore, progesterone interacts with estradiol to 

modulate hippocampal cell proliferation in females (Tanapat et al., 2005; Galea et al., 2006) 

and can promote neurogenesis in the DG of males as well (Barha et al., 2009; Zhang et al., 

2010). In general, corticosterone has a suppressive effect on neurogenesis in the DG of male 

and female rats (Brummelte and Galea, 2010b; Schoenfeld and Gould, 2012) independent of 

reproductive status (Brummelte and Galea, 2010a) and has also been shown to diminish cell 

proliferation in the SVZ of male rats (Lau et al., 2007). On the other hand, prolactin has 

been linked to the promotion of adult neurogenesis in both regions of male and female mice 

(Shingo et al., 2003; Mak and Weiss, 2010; Larsen and Grattan, 2012; Walker et al., 2012). 

Exogenous oxytocin, but not vasopressin, also stimulates new cell production in the DG of 

male rats (Leuner et al., 2012) but their effects on neurogenesis in the female DG, or in the 

SVZ of either sex, have not been investigated to date. Further work is also needed to 

determine how adult neurogenesis is affected by other peptides associated with pregnancy 

and motherhood (such as CRF, placental lactogens) as well as the possible interactive effects 

of these various hormones, which for the most part, have been studied in isolation. These 

deficiencies notwithstanding, given what is known about the hormonal regulation of 

neurogenesis, it should not be surprising that at least some of the peripartum-associated 

modifications in neurogenesis in the DG and SVZ are under the influence of endocrine 

events.

 6.1 Mechanisms: DG

The down-regulation of cell proliferation during the early postpartum period in primiparous 

rats has been directly linked to hormonal changes associated with nursing pups and 

lactation, specifically elevated basal glucocorticoid levels. Accordingly, lowering CORT 

levels by adrenalectomy or preventing the postpartum increase by pup removal blocks the 

decrease in hippocampal cell proliferation (Leuner et al., 2007). It is notable that both 

prolactin and oxytocin have the capacity to protect hippocampal neurogenesis from stress or 

elevated glucocorticoids (Torner et al., 2009; Leuner et al., 2012) and yet the maternal 

hippocampus remains sensitive to the influence of high glucocorticoids. Because the 

postpartum period is accompanied by reduced binding capacity of glucocorticoid receptors 

(GRs) in the hippocampus (Meaney et al., 1989) and decreased corticosteroid-binding 

globulin (CBG), which normally serves to buffer the amount of biologically active 

glucocorticoids (Gala and Westphal, 1965; Walker et al., 1992; Pawluski et al., 2009b), these 

may exacerbate corticosterone action on hippocampal neurogenesis. It is possible that during 

late pregnancy, increased GR levels (Pawluski et al., 2015a) may be sufficient to buffer 

against reductions in hippocampal cell proliferation due to elevated glucocorticoids, despite 

low CBG levels which also occurs at this time (Johnstone et al., 2000; Pawluski et al., 

2009b).
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The mechanisms underlying the glucocorticoid-mediated reduction in cell proliferation may 

involve direct effects through GRs on progenitor cells (Cameron et al., 1993; Garcia et al., 

2004). Alternatively, glucocorticoids may engage an intermediary factor, for example by 

acting on granule cell afferents that contain GRs or have other indirect effects on 

neurogenesis by affecting vascular tone and/or neighboring glial and neuronal cells that 

express appropriate receptors (Schoenfeld and Gould, 2012; Egeland et al., 2015). In 

addition, it remains possible that during the postpartum period, glucocorticoids interact with 

some other biochemical change associated with lactation or maternal care to suppress cell 

proliferation. As discussed above, the postpartum period is also accompanied by a decrease 

in estradiol levels (Rosenblatt et al., 1979) and it has been shown that manipulating estradiol 

using a hormone-simulated pregnancy regimen produces a similar decrease in cell 

proliferation to that found during the early postpartum period in rats (Green and Galea, 

2008). When combined with work showing an interaction between glucocorticoids and 

estradiol on neurogenesis in the DG (Ormerod and Galea, 2001), it is conceivable that there 

may be a complex interplay between adrenal and ovarian steroids that contributes to the 

reduction in hippocampal cell production during the postpartum period. These and 

potentially other interactive hormonal effects on hippocampal neurogenesis during the 

peripartum period require further investigation.

It remains to be determined whether similar hormonal mechanisms are responsible for the 

reduction in cell proliferation also observed in multiparous mothers as well as the hormonal 

mediators contributing to the effect of parity on cell survival. In this regard, it is worth 

noting that there are various hormonal and neurochemical differences between primiparous 

and multiparous rats (Numan and Insel, 2003; Bridges, 2015). For example, multiparty is 

associated with higher estradiol and lower prolactin during gestation as compared to 

primiparity (Bridges et al., 1993; Paris and Frye, 2008). Furthermore, reproductive 

experience differentially affects levels of CORT and CBG such that primiparous females 

have higher CORT and lower CBG as compared to multiparous females. In addition to 

hormones, several other factors have been shown to be differentially altered during 

pregnancy and the postpartum period in multiparous and primiparous rats including 

dopamine (Felicio et al., 1996) and opioids (Mann and Bridges, 1992) and these could play a 

role as well.

Hormonal mechanisms are unlikely to underlie the increase in hippocampal neurogenesis 

seen in pup-exposed and ‘sensitized’ virgin rats. Rather, the presence of offspring and the 

various types of stimulation (i.e. olfactory, tactile, auditory) they provide may be a form of 

environmental enrichment which is known to stimulate new neuron production in the DG 

(van Praag et al., 2000; Brown et al., 2003). These results further suggest that the contrasting 

effects of pup exposure on hippocampal neurogenesis in virgins and postpartum mothers 

may be caused by one or more factors that differ in these conditions. These factors may 

include differences in physiological demands accompanying lactation or resulting from 

parturition and pregnancy as well as hormonal fluctuations. Thus, increased neurogenesis in 

virgin female rats following pup exposure may reflect environmental enrichment in the 

absence of these other changes associated with pregnancy and lactation. In lactating females 

however, increased glucocorticoid levels seem to override the possible pup-enhancing effects 

on hippocampal neurogenesis.
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Other work investigating the mechanisms underlying the downregulation in hippocampal 

neurogenesis during pregnancy in mice has raised the possibility that factors besides 

hormones may be playing a role. In addition to changes in the hormonal milieu, pregnancy is 

a time of altered immune and inflammatory responses to support and foster the growth of the 

developing fetus (Luppi, 2003). Among the gestational immunological changes that occur 

are alterations in the activity of T-cells, immune cells which have been shown to support 

adult hippocampal neurogenesis (Ziv et al., 2006). To investigate whether the pregnancy-

induced decrease in neurogenesis is immune-dependent, Rolls et al. (2008) examined 2 week 

cell survival in virgin and pregnant (GD11–12) nude immune deficient mice that lack the 

entire T-cell population and observed that pregnant immune-deficient mice did not show any 

reduction in the formation of new neurons relative to virgin immune-deficient mice. Thus, 

both groups presented with low levels of new neuron formation, as both groups lacked 

immune cells that could promote the generation of new neurons. However, when immune 

deficient mice were reconstituted with T-cells prior to mating, the pregnancy induced 

reduction in neurogenesis became evident. Thus, while virgin mice could benefit from the 

restoration of immune cells, pregnant mice could not because of the immune suppression in 

pregnancy. The early postpartum period is also associated with immuno-inflammatory 

changes (Anderson and Maes, 2013) which raises the unexplored possibility that immune 

factors may be contributing to reduced neurogenesis in the maternal brain as well. It is also 

worth considering that microglia, resident immune cells in the brain that regulate 

hippocampal neurogenesis (Aimone et al., 2014), may themselves be impacted during 

gestation or motherhood (Haim et al., 2015) and directly contribute to the suppression of 

neurogenesis in pregnant mice and/or postpartum rats. More research is needed to uncover 

potential neural-immune interactions during the peripartum period.

 6.2 Mechanisms: SVZ/OB

In contrast to the regulation of neurogenesis in the DG of postpartum rats by 

glucocorticoids, various lines of evidence indicate that high prolactin levels are both 

necessary and sufficient to increase neurogenesis in the SVZ of pregnant mice (Larsen and 

Grattan, 2012). For example, systemic or central administration of prolactin induces cell 

proliferation in the SVZ of ovariectomized female mice (Shingo et al., 2003). Conversely, a 

reduction in prolactin levels pharmacologically with bromocriptine (Larsen and Grattan, 

2010b) or physiologically as a consequence of exposure to unfamiliar female pheromones 

(Larsen and Grattan, 2010a) prevents the early pregnancy increase in SVZ cell proliferation. 

Enhanced neurogenesis in the SVZ on GD7 was also shown to be attenuated in mice with a 

targeted disruption of the gene encoding the prolactin receptor (Shingo et al., 2003).

There are numerous open questions pertaining to prolactin regulation of neurogenesis in the 

SVZ. First, how does prolactin act to stimulate neurogenesis in the SVZ? Some data suggest 

that prolactin receptors are expressed in the SVZ and specifically on neural progenitors 

(Mak and Weiss, 2010) and therefore might directly mediate prolactin’s actions on 

neurogenesis. However, other work could not find evidence for prolactin receptors in the 

SVZ (Brown et al., 2010) suggesting that prolactin action on neurogenesis in the SVZ may 

instead be mediated indirectly, potentially through prolactin-sensitive afferent neurons 

(Larsen and Grattan, 2012). Second, why do female mice show increased SVZ cell 
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proliferation on GD7 but not GD21 while rats show the opposite even though prolactin 

levels are known to be elevated at both time points in both species? It is possible that there 

are differences between rats and mice in the regulation of neurogenesis by prolactin or that 

lactogenic hormones other than prolactin are playing a role. For example, placental 

lactogens rise during the second half of gestation in rats only and may account for the 

discrepancy during late pregnancy (Markoff and Talamantes, 1981; Furuta and Bridges, 

2005; Levy et al., 2011). Third, is SVZ neurogenesis also increased in multiparous mothers? 

Given that maternal experience is associated with lowered prolactin during gestation 

(Bridges et al., 1993), increased neurogenesis in the SVZ may be specific to primigravidy. 

Lastly, is prolactin also responsible for the enhanced maturation and synaptic integration of 

adult born neurons in the OB of lactating mice and/or sheep (Kopel et al., 2012; Brus et al., 

2014)? Other hormones or changes in the mother’s sensory environment could also be 

playing a role but further studies are needed to identify the underlying mechanisms and 

whether they are similar or different across species.

 7. Functional consequences of altered neurogenesis during pregnancy 

and the postpartum period

The constant integration of newborn neurons into the functional circuitry of the DG and OB 

along with their unique properties that differ from more mature neurons (Ming and Song, 

2011; Aimone et al., 2014; Lepousez et al., 2015), suggests that these neurons may serve a 

very specific function. This function has not been fully elucidated and continues to be a 

topic of intense investigation and discussion (Gheusi et al., 2009; Aimone et al., 2011; Lazic, 

2012; Gheusi et al., 2013; Cameron and Glover, 2015; Miller and Hen, 2015; Opendak and 

Gould, 2015). Nonetheless, numerous studies have linked adult neurogenesis in the 

hippocampus to hippocampal-dependent functions including certain cognitive abilities as 

well as emotion and stress regulation (Leuner and Gould, 2010; Snyder et al., 2011; 

Cameron and Glover, 2015; Miller and Hen, 2015) while olfactory neurogenesis has been 

implicated in a range of olfactory related and social behaviors (Gheusi et al., 2009; 

Lieberwirth and Wang, 2012; Gheusi et al., 2013). All of these functions are known to be 

altered during pregnancy and/or the postpartum period suggesting that newly-born neurons 

may be playing a role but the number of studies addressing this possibility are scarce.

 7.1 Functional consequences: DG

The function of altered hippocampal neurogenesis during pregnancy and the postpartum 

period has yet to be determined. Given evidence linking neurogenesis in the DG to various 

learning and memory functions (Leuner et al., 2006; Cameron and Glover, 2015), it is 

possible that hippocampal neurogenesis mediates cognitive changes that have been reported 

to occur during the peripartum period (Macbeth and Luine, 2010; Workman et al., 2012; 

Duarte-Guterman et al., 2015). One way to explore this possibility would be to look for 

parallel changes in hippocampal neurogenesis and cognitive abilities that would suggest a 

possible link between the two effects. Support for such a link is found during the early 

postpartum period when both hippocampal cell proliferation and spatial cognition are 

reduced in primiparous females (Darnaudery et al., 2007; Leuner et al., 2007; Pawluski and 

Galea, 2007). However, neurogenesis may only play a minor role in cognitive changes 
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during other peripartum times. For example, variations in spatial abilities are evident across 

pregnancy in rats when neither cell proliferation nor survival are altered (Galea et al., 2000; 

Bodensteiner et al., 2006; Paris and Frye, 2008). Likewise, primiparous female rats during 

the late postpartum period outperform nulliparous females on spatial tasks despite 

comparable levels of cell proliferation and reduced cell survival (Kinsley et al., 1999; 

Darnaudery et al., 2007; Leuner et al., 2007; Pawluski and Galea, 2007; Hillerer et al., 

2014). Studies examining spatial cognition in the post-weaning period have found that both 

primiparous and multiparous mothers exhibit enhanced spatial learning and memory 

compared to nulliparous rats even well into aging (Kinsley et al., 1999; Gatewood et al., 

2005; Lemaire et al., 2006; Pawluski et al., 2006a; Pawluski et al., 2006b; Macbeth et al., 

2008; Paris and Frye, 2008; Kinsley et al., 2012; Cost et al., 2014). But as in the late 

postpartum period, cell proliferation levels in primiparous rats are not significantly different 

than nulliparous rats (Leuner et al., 2007). During these times, mechanisms other than 

neurogenesis must be responsible for variations in spatial abilities. For example, alterations 

in synaptic plasticity (Tomizawa et al., 2003; Lemaire et al., 2006) and additional types of 

structural plasticity, such as dendritic complexity and spine density, have also been reported 

during pregnancy and motherhood and in some cases are associated with spatial cognitive 

performance (Kinsley et al., 2006; Pawluski and Galea, 2006; Brusco et al., 2008; Leuner et 

al., 2010; Galea et al., 2014; Slattery and Hillerer, 2016). It is also important to keep in mind 

that the amount of neurogenesis does not always correlate with spatial abilities (Leuner et 

al., 2006; Duarte-Guterman et al., 2015) and thus it may be that the number of cells is not as 

important as the function of each individual new cell within the hippocampal network. 

Consequently, determining the contribution of new neurons to cognitive functions during 

this time may require alternative methodological approaches. For example, looking at the 

expression of immediate early genes in new neurons in response to spatial learning may 

reveal differential activation in mothers.

In addition to changes in cognition across the peripartum period, there are also alterations in 

stress responsiveness. Thus, while basal glucocorticoid levels are elevated, the response of 

the hypothalamic-pituitary-adrenal (HPA) axis is reduced postpartum (Slattery and 

Neumann, 2008; Perani and Slattery, 2014). New neurons have been implicated in the stress 

regulatory functions of the hippocampus by dampening the HPA response to stress (Snyder 

et al., 2011) and therefore may play a role in lowered stress responsiveness during the 

postpartum period. However, reduced numbers of newly born neurons as seen during the 

postpartum period would be expected to be associated with greater stress responsiveness 

(Snyder et al., 2011). Likewise, anxiety regulation has been linked to hippocampal 

neurogenesis such that fewer numbers of new neurons are associated with elevated anxiety 

(Revest et al., 2009; Opendak and Gould, 2015). But, this relationship doesn’t hold true for 

the postpartum period when both neurogenesis and anxiety are reduced (Leuner et al., 2007; 

Lonstein, 2007). Taken together, these data suggest that mechanisms other than neurogenesis 

may contribute to alterations in these functions during motherhood. However, as with the 

relationship between postpartum hippocampal neurogenesis and cognition, a role for new 

neurons in these other hippocampal functions may be revealed if approaches are used to 

examine whether new neurons in the postpartum brain function differently in response to 

activation of the HPA axis or anxiety-provoking situations.
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The peripartum period, while generally a time of increased calmness and reduced stress 

responsiveness, also represents a period when women are at their most vulnerable to develop 

depression. Indeed, postpartum depression represents one of the most common 

complications following childbirth and has been estimated to affect up to 20% of new 

mothers (O’Hara and McCabe, 2013; Wisner et al., 2013; Agrati and Lonstein, 2015; 

Brummelte and Galea, 2015). A number of factors have been identified that may increase 

the risk of postpartum depression (Robertson et al., 2004; Stone et al., 2015), including 

stress during pregnancy and/or after birth which can be easily modeled in rodents (Perani 

and Slattery, 2014). For example, a growing body of research has revealed that repeated 

exposure to stress while pregnant can induce behavioral despair and impaired maternal care 

during the postpartum period (Smith et al., 2004; O’Mahony et al., 2006; Haim et al., 2014; 

Leuner et al., 2014), thus acting as a model of postpartum depression. Interestingly, repeated 

stress has limited effects on depressive-like behavior in the pregnant female (Baker et al., 

2008; Pawluski et al., 2011), suggesting differential effects of stress during pregnancy and 

lactation.

Stress also affects hippocampal neurogenesis, and stress-induced alterations in hippocampal 

neurogenesis have been suggested to play a role in depressive-like behaviors (Schoenfeld 

and Gould, 2012; Miller and Hen, 2015; Schoenfeld and Cameron, 2015). The effects of 

stress on hippocampal neurogenesis are sex-dependent and are influenced by the type and 

duration of the stress as well as the stage of neurogenesis assessed (Schoenfeld and Gould, 

2012; Gobinath et al., 2014). For example, in virgin females, cell proliferation is unaffected 

by acute stress (Falconer and Galea, 2003; Shors et al., 2007) but cell survival increases in 

response to chronic stress (Westenbroek et al., 2004). There are only a limited number of 

studies which have investigated the effects of stress on hippocampal neurogenesis in the 

pregnant and postpartum female. These have shown that one week of repeated restraint 

stress (3 times/day for 45 min) during early (GD5–11) or mid-late gestation (GD11–17) 

increases the number of proliferating cells in the hippocampus on GD21 without affecting 

cell survival (Pawluski et al., 2011; Pawluski et al., 2015a). This same stress protocol also 

increased hippocampal cell proliferation in virgin females indicating that it is not specific to 

pregnancy (Pawluski et al., 2011). However, there appears to be little effect of gestational 

stress on hippocampal neurogenesis at the time of weaning (Pawluski et al., 2012). Other 

work using restraint stress (2 hr/day) for 12 days during the early-mid postpartum period 

(PD2–13) found increased cell proliferation on PD14 thus preventing the reduction in 

hippocampal cell proliferation typically observed at this time (Hillerer et al., 2014). In this 

case, the same stressor was without effect in virgins and, as such, provides the first direct 

evidence that neurogenesis in the DG is differentially affected by stress during lactation.

In addition to stress, prolonged treatment with high levels of CORT during the postpartum 

period (PD2–24) has also been used to model postpartum depression (Brummelte and Galea, 

2010c; Workman et al., 2016). In this model, depressive-like behavior and impaired maternal 

care are associated with reduced cell proliferation (Brummelte and Galea, 2010a) and 

reduced neurogenesis as assessed with DCX (Workman et al., 2016). In virgin females, 

chronic CORT also increased depressive-like behavior and reduced DG neurogenesis in 

addition to impacting immature neuron development (Workman et al., 2016). Along with the 

demonstration that despite reduced neurogenesis, postpartum females exhibit less 
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depressive-like behavior and greater recovery of CORT following stress than virgins 

(Workman et al., 2016), these data suggest that the postpartum period confers some degree 

of resilience at least when it comes to chronic glucocorticoids and acute stressors. Together, 

these studies represent important steps in understanding how parity modifies the impact of 

stress and glucocorticoids on hippocampal neurogenesis but whether these changes play a 

causal role in postpartum mood disorders remains to be determined.

Maternal stress and depression are not only detrimental for maternal well-being, they can 

also adversely affect child development (Lovejoy et al., 2000; Brummelte and Galea, 2015). 

As such, effective treatment of maternal mood disorders is needed. One of the most common 

treatments for maternal depression during pregnancy and postpartum are selective serotonin 

reuptake inhibitor (SSRI) antidepressant medications (Epperson et al., 2003). However, 

several systematic reviews indicate that such pharmacological antidepressants are not as 

efficacious to the mother during the postpartum period (Sharma and Sommerdyk, 2013; De 

Crescenzo et al., 2014; Molyneaux et al., 2014). SSRI medications are thought to alleviate 

depressive symptoms in part through their effects on neurogenesis – SSRIs promote 

hippocampal neurogenesis and neurogenesis in turn is required for the behavioral effects of 

antidepressants (Malberg et al., 2000; Santarelli et al., 2003; Eisch et al., 2008; Miller and 

Hen, 2015). Together, these data suggest SSRIs may have a different effect on neurogenesis 

during the peripartum period. Only two studies to date have addressed this possibility. In 

one, chronic administration of the SSRI fluoxetine (5mg/kg) from PD1–28 was shown to 

increase hippocampal neurogenesis as assessed with DCX on PD28 but only if mothers had 

been exposed to gestational stress which itself was without effect (Pawluski et al., 2012). In 

the other, a larger dose of fluoxetine (10 mg/kg) administered from PD2–23 was effective in 

increasing neurogenesis in the DG of virgin, but not postpartum, females (Workman et al., 

2016). Much more work investigating different dosages and types of antidepressant 

medications, varying durations of treatment during pregnancy and postpartum, the 

neurobiological effects of antidepressant treatment in different models of postpartum 

depression and the behavioral outcomes of these treatments are needed to understand and 

improve the efficacy of these medications for the treatment of peripartum mood disorders.

 7.2 Functional consequences: SVZ/OB

The OB is an important region involved in behavioral responses during motherhood and in 

several mammalian species, odors from the young are essential to elicit maternal care and 

recognition of the young (Numan and Insel, 2003; Corona and Levy, 2015). Thus, alterations 

in SVZ/OB neurogenesis may support some functional aspects of maternal behavior. Using a 

variety of technical approaches to delete new neurons, several studies have addressed this 

issue and while some have implicated new neurons in maternal care, others have not.

In mice, the prolactin-induced increase in SVZ neurogenesis during pregnancy would result 

in new mature granule cells being present in the OB at the time of parturition which could be 

important for fine tuning the olfactory response to pups and thus influence maternal 

behavior. As an initial test of this idea, Larsen and Grattan (2010b) suppressed prolactin 

secretion with the drug bromocriptine during early pregnancy in mice from GD1–4 and this 

prevented the increase in new cell production specifically in the SVZ on GD7. Another 
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group of bromocriptine-treated mice were then allowed to continue their pregnancy to allow 

for maternal behavior assessment postpartum. Their results show that low prolactin during 

early pregnancy and the consequent suppression in SVZ neurogenesis was associated with 

impaired maternal care. Interestingly, these effects may have been a consequence of 

increased anxiety, which was also observed in the bromocriptine-treated mothers (Larsen 

and Grattan, 2010b). These data support the assumption that attenuated anxiety is required 

for the adequate display of maternal care (Lonstein, 2007) and suggests that increased 

generation of neural progenitors in the SVZ of the maternal brain during early pregnancy 

may play a role. How SVZ/OB neurogenesis could mediate mood is unknown but could 

involve afferent input from other brain regions critical for the display of maternal care and/or 

anxiety such as the amygdala (Walsh et al., 1996; Larsen and Grattan, 2012). Alternatively, 

newly generated cells in the SVZ may also migrate to other brain areas and this might 

contribute to plastic changes in additional circuits involved in postpartum anxiety (Shapiro et 

al., 2009; Larsen and Grattan, 2012).

It is important to note that although these data were consistent with the hypothesis that 

changes in SVZ neurogenesis mediated the behavioral effects of low prolactin, they were 

correlative only and could not rule out the possibility that another distinct action of prolactin 

in the brain was involved. To specifically test the role of neurogenesis during pregnancy on 

postpartum anxiety without manipulating prolactin levels, mice were injected with the 

mitotic inhibitor, methylazoxymethanol (MAM) from days 4 to 7 of pregnancy. As seen in 

low-prolactin animals, the MAM-treated mice displayed increased anxiety, and apparently 

normal maternal behavior in their home cage, but when placed into an anxiogenic situation, 

these mice also exhibited severely impaired maternal behavior (Larsen and Grattan, 2010b). 

These results strongly implicate increased neurogenesis during early pregnancy in the 

display of postpartum maternal behaviors and further suggest that failure of these adaptive 

changes might result in postpartum anxiety or an inability to cope with stressful situation in 

lactation. However, neurogenesis was significantly reduced not only in the SVZ about also 

in the DG as a result of MAM treatment. Thus, it cannot be determined from this work how 

much SVZ neurogenesis during pregnancy alone contributed to the observed effects or 

whether hippocampal neurogenesis also played a role. A similar criticism applies to another 

study by Sakamoto et al. (2011) which employed a transgenic mouse approach to 

continuously ablate newly born neurons. Although this approach produced profound deficits 

in retrieval and nursing behaviors, resulting in the death of the offspring within 24 hours 

(Sakamoto et al., 2011), it too blocked neurogenesis in both the SVZ and hippocampus. As 

noted above, adult hippocampal neurogenesis has been implicated in anxiety regulation 

(Revest et al., 2009; Opendak and Gould, 2015) and although it is not considered to be a 

major component of the maternal behavior circuitry, early work suggests that lesions of the 

hippocampus can impair some aspects of maternal care (Kimble et al., 1967; Slotnick and 

Nigrosh, 1975). Thus, the presence of new neurons within the hippocampus during gestation 

may also be contributing to the display of maternal care and reduced maternal anxiety during 

the postpartum period. In this regard, it is worth noting that maternal care deficits were not 

found when focal irradiation was used to selectively disrupt neurogenesis the SVZ/OB 

circuit (Feierstein et al., 2010). Given the varying effects observed, and the possibility that 

compensatory mechanisms occur when levels of OB neurogenesis are decreased 
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(Saghatelyan et al., 2005), further studies using more specific approaches are needed before 

definitive conclusions can be reached regarding the contribution of SVZ/OB neurogenesis to 

maternal care and its possible relationship with maternal anxiety.

 8. Effects of fatherhood on adult neurogenesis

For most mammalian species, raising the young is accomplished exclusively by the mother 

but for a small percentage (~6%), fathers also play a role (Lonstein and De Vries, 2000; 

Fernandez-Duque et al., 2009; Bales and Saltzman, 2015). Fathers of biparental species, 

such as the California mouse and prairie vole, engage in all aspects of parental behaviors 

displayed by the mother, except nursing (Lonstein and DeVries, 2000). Evidence to date 

suggests that the neural circuitry underlying paternal behavior is similar to that for maternal 

behavior (Bales and Saltzman, 2015; Perea-Rodriguez et al., 2015). Moreover, the endocrine 

changes experienced by fathers typically involve testosterone but also some of the same 

hormones and neuropeptides that regulate maternal care and lactation including estrogen, 

progesterone, prolactin, oxytocin and vasopressin, although often with notable species 

variations (Saltzman and Ziegler, 2014; Bales and Saltzman, 2015; Perea-Rodriguez et al., 

2015). This raises the question of whether neurogenesis in the adult brain responds similarly 

in fathers as in mothers.

In the California mouse and the prairie vole, fatherhood has been shown to reduce 

neurogenesis in the DG without affecting neurogenesis in the SVZ or OB (Glasper et al., 

2011; Lieberwirth et al., 2013). The reduction in fathers was shown to be specific to cell 

survival (Lieberwirth et al., 2013; Hyer et al., 2016) and thus suggests that parenthood in 

general impairs hippocampal neurogenesis by reducing cell proliferation and/or survival. No 

studies to date have looked at the potential hormonal mediators reducing neurogenesis 

during fatherhood. However, unlike postpartum rats, glucocorticoids are probably not 

involved given that basal glucocorticoid concentrations in biparental rodents typically do not 

differ between fathers and non-breeding males (e.g.. prairie vole: Campbell et al., 2009; and 

California mouse: Chauke et al., 2011; Harris and Saltzman, 2013). The extent to which 

pups play a role in reducing neurogenesis during fatherhood has not been directly tested 

either. However, there are two studies which have examined how pup exposure, in the 

absence of fatherhood, affects neurogenesis in the DG of male prairie voles. While one study 

found no effect of acute (20 min) or chronic (20 min/day for 10 consecutive days) pup 

exposure on cell proliferation or survival in the DG (Lieberwirth and Wang, 2012), the other 

found that like females, a single 20 min exposure to pups increased cell proliferation 

regardless of whether the animal responded parentally (Ruscio et al., 2008). The 

discrepancies between these studies may be related to the animal’s prior experience (mating 

and cohabitation with female versus sexually inexperienced, respectively) but neither 

eliminates a potential role for pups in driving reduced neurogenesis in fathers themselves. 

Indeed, as previously discussed, contrasting effects of pup exposure on hippocampal 

neurogenesis have been reported in virgins and postpartum mother rats (Leuner et al., 2007; 

Pawluski and Galea, 2007; Hillerer et al., 2014).

The functional consequences of having fewer newly born neurons in the hippocampus 

during fatherhood remains unknown. While the suppression in hippocampal neurogenesis 
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was not accompanied by alterations in hippocampal dependent memory or anxiety-like 

behavior in California mouse fathers (Glasper et al., 2011), there was a concomitant increase 

in anxiety- and depression-like behaviors as well as altered aggressive and social recognition 

memory in prairie vole fathers (Lieberwirth and Wang, 2013). These data suggest that 

although neurogenesis in the DG responds similarly in two different biparental species, the 

behavioral outcome may vary but other factors such as differences in the behavioral tests 

used and timing of testing relative to pup birth may have also contributed to these 

discrepancies. Either way, these results warrant further investigation of a possible causal link 

between reduced hippocampal neurogenesis and behavioral changes due to fatherhood.

The effects of paternal experience on neurogenesis have also been examined in laboratory 

mice (Mak and Weiss, 2010). Most laboratory mice are not naturally paternal but will 

exhibit caregiving behavior if they mate with a female and are then co-housed with her. In 

male mice that were induced to display paternal care in this way, there was an increase in the 

number of proliferating cells in both the SVZ and DG as compared to fathers separated from 

their pups and their partner immediately after birth and this effect persisted for 10 days after 

parturition. Moreover, increased neurogenesis in the paternal SVZ and DG resulted from 

physical interaction with their own, but not alien, pups and ultimately led to a greater 

number of newly born neurons in the DG and OB several weeks later. Additional 

mechanistic experiments revealed that infusion of a prolactin neutralizing antibody 

prevented the enhanced cell proliferation in males interacting with their pups. Similar results 

were obtained in transgenic mice lacking the prolactin receptor and thus like pregnant 

females (Shingo et al., 2003), prolactin mediates enhanced neurogenesis the paternal brain. 

Functionally, it was found that adult born neurons in the OB that were generated as a result 

of father-pup interactions were preferentially activated in response to the odors of their adult 

offspring compared to non-offspring. Furthermore, paternal mice with a targeted disruption 

of the prolactin receptor gene did not exhibit the enhanced neurogenesis normally observed 

after pup interactions and they were unable to recognize their own offspring as adults. 

However rescuing this olfactory neurogenesis also restored their recognition. Thus, at least 

in laboratory mice, newly generated neurons in the paternal brain seem to be important for 

adult offspring recognition behavior. The mechanism by which related pups induce 

neurogenesis and unrelated pups do not is an important gap in the story that remains to be 

filled. Even so, recognition of adult kin is presumably advantageous and may serve to 

increase reproductive success particularly in mice where paternal care is limited to a 

relatively brief period postnatally. For example, recognition of male offspring may reduce 

the possibility that a father would kill his own adult son should a conflict present itself while 

recognition of adult female offspring could limit the deleterious consequences of 

consanguineous breeding (McCarthy, 2010; Glasper et al., 2011).

Overall, these studies show that, like motherhood, the effects of fatherhood on neurogenesis 

in the adult brain are complex and species specific. Given that both prairie voles and 

California mice are biparental whereas laboratory mice are not naturally biparental, the 

opposing effects of fatherhood on neurogenesis in California mice and prairie voles vs. 

laboratory mice may be attributable to species-specific reproductive strategies. It will be 

important to determine if olfactory neurogenesis plays a similar role in biparental species as 
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well as in mothers, particularly species like sheep for whom it is crucial to recognize their 

offspring.

 9. Effects of pregnancy, parenting and pup exposure on neurogenesis in 

other regions of the adult brain

In addition to the canonical neurogenic regions, adult neurogenesis has also been 

documented in other brain structures such as the neocortex (Gould et al., 1999; Dayer et al., 

2005), piriform cortex (Bernier et al., 2002; Yuan et al., 2014), striatum (Bedard et al., 2002; 

Dayer et al., 2005; Bedard et al., 2006; Luzzati et al., 2006; Inta et al., 2008; Ernst et al., 

2014), amygdala (Bernier et al., 2002; Fowler et al., 2002; Akbari et al., 2007; Okuda et al., 

2009; Lieberwirth and Wang, 2012) and hypothalamus (Huang et al., 1998; Fowler et al., 

2002; Kokoeva et al., 2005; Akbari et al., 2007) of mammals. As compared to the DG and 

SVZ, far fewer numbers of new neurons are generated in these regions during adulthood 

although better detection methods are likely needed (Gould, 2007; Arisi et al., 2012; Inta et 

al., 2015; Nacher and Bonfanti, 2015; Schoenfeld and Cameron, 2015). Furthermore, many 

questions remain about newborn neurons in these areas including their origin (local or SVZ) 

and functions (Shapiro et al., 2009; Lee and Blackshaw, 2012; Feliciano et al., 2015; Inta et 

al., 2015). Nonetheless, a growing number of studies have revealed that neurogenesis in at 

least some of these areas is subject to modulation by a variety of physiological and 

environmental factors including pregnancy, pup exposure and parenting. For example, in the 

female prairie vole, Fowler et al. (2002) reported that exposure to a male vole, which 

resulted in pregnancy, enhanced the number of newborn cells in the amygdala and 

hypothalamus. Other work in male prairie voles also found a trend for increased cell 

proliferation in the amygdala in those that were exposed to pups and were spontaneously 

paternal (Ruscio et al., 2008) although like the DG, there are paradoxical data showing no 

effect of pup exposure on cell proliferation or survival in the amygdala or hypothalamus 

even though cell survival in both regions was reduced during fatherhood itself (Lieberwirth 

et al., 2013). In the rat, postpartum maternal experience was found to increase the survival of 

new cells in the nucleus accumbens and bed nucleus of the stria terminalis, but not 

amygdala, following pup interactions (Akbari et al., 2007). Neurogenesis in the 

hypothalamus of lactating pigs has also been examined but no changes were observed 

(Raymond et al., 2006). Importantly, these areas are known to be critical for the expression 

of maternal care as well as maternal aggression and other behavioral processes that are 

altered during parenthood such as motivation and anxiety (Numan and Insel, 2003). The 

development of new tools to investigate the functional effects of specifically ablating or 

increasing these new neuron populations are needed to determine whether or not 

neurogenesis contributes to these or other behavioral functions during parenthood.

 10. Concluding remarks

In the past decade, adult neurogenesis has emerged as another important mechanism that 

contributes to maternal, as well as paternal, neuroplasticity (Leuner et al., 2010; Levy et al., 

2011; Galea et al., 2014; Pawluski et al., 2015b; Slattery and Hillerer, 2016). While it is 

clear that parenthood can influence adult neurogenesis, the specific effects and their 
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underlying mechanisms are complex and dependent on various factors such as species, brain 

region and time point investigated. Identifying the reasons for this complexity, and whether 

they are meaningful, represents a challenge as the field moves forward. Moreover, the vast 

majority of studies examining the functional importance of neurogenesis in the parental 

brain are correlative. There a few that have directly manipulated neurogenesis (Mak and 

Weiss, 2010; Larsen and Grattan, 2010b; Sakamoto et al., 2011), but in most cases it is not 

known whether new neurons in the SVZ or DG are responsible for the resulting behavioral 

changes. Thus, more work is needed to determine whether new neurons in these regions 

have distinct functional roles and whether these are the same or different across various 

species and sex. It is also important to consider that neurogenesis is just one of the multiple 

mechanisms of plasticity (Figure 1) that occur in mothers and fathers (Leuner et al., 2010; 

Galea et al., 2014; Slattery and Hillerer, 2016). As such, delineating what determines which 

plasticity mechanism is functional and under what conditions will greatly contribute to our 

understanding of the parental brain (Levy et al., 2011).
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Highlights

• Neurogenesis is altered in the DG and SVZ across the peripartum 

period

• The specific effects vary by brain region, species, and peripartum time 

point

• The underlying mechanisms involve hormones, experience and immune 

factors

• Fatherhood also affects adult neurogenesis in the DG and SVZ

• Neurogenesis in the parental brain may play a role in caregiving, 

cognition and mood
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Figure 1. 
Schematic diagram highlighting various modifications in the maternal brain. DA = 

dopamine, ER = estrogen receptor, OTR = oxytocin receptor, mPFC = medial prefrontal 

cortex, Cg= cingulate cortex, LTP= long term potentiation, mPOA = medial preoptic area, 

PVN = paraventriular nucleus, SON = supraoptic nucleus.
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Figure 2. 
Sagittal section of the rodent brain showing the two main regions where neurogenesis occurs 

in the adult brain, the dentate gyrus (DG) of the hippocampus and the olfactory bulb (OB). 

In the OB (Figure 2a), neural stem cells residing in the SVZ proliferate (1) then migrate a 

great distance along the RMS (2) to reach the OB where they become mostly local inhibitory 

interneurons (3). In the DG (Figure 2b), progenitor cells proliferate in the SGZ (1) then 

migrate a short distance into the GCL (2) where a percentage will survive and mature, 

becoming glutamatergic granule neurons that extend axons to the CA3 region of the 

hippocampus (3). Adapted from Borsini et al., 2015.
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Table 1

Cell proliferation and cell survival in the DG during pregnancy and the postpartum period of laboratory rats 

and mice. Red = decrease, Blue = increase, Yellow = no change, Gray hatched = no data. Day in survival 

column indicates the timepoint at which cell survival was assessed.
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Table 2

Cell proliferation and cell survival in the SVZ/OB during pregnancy and the postpartum period of laboratory 

rats and mice. Red = decrease, Blue = increase, Yellow = no change, Gray hatched = no data. Day in survival 

column indicates the timepoint at which cell survival was assessed.
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