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A B S T R A C T

Becoming a mother is associated with dramatic changes in physiology, endocrinology, immune function, and
behaviour that begins during pregnancy and persists into the postpartum. Evidence also suggests that mother-
hood is accompanied by long-term changes in brain function. In this review, we summarize the short (pregnancy
and postpartum) and long-term (beyond the postpartum and into middle age) effects of pregnancy and mo-
therhood on cognition, neuroplasticity, and neuroimmune signalling. We also discuss the effects of previous
history of pregnancy and motherhood (parity) on brain health and disease (neurodegenerative diseases and
stroke outcomes) and on efficacy of hormone and antidepressant treatments. Finally, we argue that pregnancy
and motherhood are unique female experiences that need to be taken into account to better understand female
brain function and aging.

1. Introduction

The transition to motherhood is associated with extraordinary
physiological and behavioural changes to the mother (Fig. 1). During
pregnancy and the postpartum, there are dramatic fluctuations in the
levels of many circulating hormones. Sex steroid hormones, estrogens
and progesterone, increase to maintain pregnancy, ensure safe delivery,
and initiate maternal behaviour in rodents, and possibly humans
(Brunton and Russell, 2010; Glynn et al., 2016; Kinsley et al., 2015).
However, hormonal fluctuations are not the only dramatic changes that
occur during pregnancy as cardiac, haematological (blood volume),
renal, respiratory outputs change, increasing or decreasing by 20–50%,
and there are numerous immune system adaptations in order to ac-
commodate the growth of the fetus (Mor and Cardenas, 2010; Soma-
Pillay et al., 2016). In the blood, expression of genes related to oxygen
transport, the immune system, and host response to bacteria change
over the course of a healthy pregnancy (Knight et al., 2018). Thus, a
multitude of unprecedented changes are occurring in a women’s body
to ensure successful growth and delivery of the fetus, and it is becoming
increasingly clear that there are lifelong repercussions from these im-
pressive physiological changes (Fig. 1).

During pregnancy and postpartum, the brain is exposed to esca-
lating levels of a number of hormones, due mainly to the placenta,
which also releases novel hormones that women have not experienced

prior to pregnancy. It is important to recognize that the temporal pat-
terns of hormones during pregnancy differ between humans and ro-
dents, although in general estradiol, progesterone, and corticosterone
increase during gestation and levels drop around the time of labour or
parturition (Fig. 2). We and others have shown that many of these
hormones regulate neuroplasticity, neuroinflammation, and behaviour
(e.g., recently reviewed in Calcia et al., 2016; Galea et al., 2017; Klein
and Flanagan, 2016; Leuner and Sabihi, 2016; Lucassen et al., 2015;
Mahmoud et al., 2016b). Therefore it is not surprising that there are
alterations in brain function that come with pregnancy and mother-
hood. The purpose of this review is to highlight the effects of mother-
hood on cognition and associated brain plasticity and inflammation
changes, particularly within the hippocampus. We focus on the hip-
pocampus because it is an area well known to regulate learning and
memory (Sweatt, 2004), the stress response (Sapolsky et al., 1985), and
mood (Campbell and Macqueen, 2004), functions which change during
motherhood. Further, the hippocampus is very plastic throughout
adulthood as it produces new neurons throughout life in all mammalian
species, including humans (Kempermann et al., 2018). Alterations in
neurogenesis have been linked to aging, cognition, and the focus of this
review, pregnancy and motherhood. In addition, hippocampal volume
is used as a proxy for brain health as it is correlated with memory and
dementia risk (Apostolova et al., 2006). Lastly the hippocampus is af-
fected by neurodegenerative and psychiatric disorders that
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disproportionally affect women (e.g., depression and Alzheimer’s dis-
ease; Angst et al., 2002; Irvine et al., 2012) and the susceptibility to
these disorders either increases during pregnancy/postpartum or with
previous parity, respectively. In this review we first summarize, the
cognitive and neuroplasticity changes that occur in the short-term (i.e.,
during pregnancy and postpartum) and then in the long-term (detect-
able months and years after pregnancy and parturition) in both humans
and rodents. Finally we discuss implications of past reproductive ex-
perience on neurodegenerative diseases and considerations for future
research.

2. The effects of pregnancy and the postpartum on cognition and
neuroplasticity

2.1. Human cognition during pregnancy and the postpartum

In humans, there are now three meta-analyses indicating impair-
ments in certain forms of memory during pregnancy and the early
postpartum (Anderson and Rutherford, 2012; Davies et al., 2018; Henry
and Rendell, 2007). In the meta-analysis of 14 studies, by Henry and
Rendell (2007), the authors found impairments in verbal free recall and

working memory and these deficits were correlated with hormone le-
vels such as glucocorticoids and estrogens (Glynn, 2010; Henry and
Sherwin, 2012). However, in a prospective and large cohort study, no
significant differences in cognitive speed, working memory, and im-
mediate and delayed recall were found during pregnancy and post-
partum (Christensen et al., 2010). Over the last few years, this topic has
attracted more attention and updated meta-analyses have confirmed
that pregnant women have small, but significant, deficits in free recall,
delayed free recall, working memory, and executive function (Anderson
and Rutherford, 2012; Davies et al., 2018). In contrast, recognition
memory shows a small improvement during pregnancy (Anderson and
Rutherford, 2012). In the postpartum, research is more limited but
suggests that cognitive deficits during the early postpartum may be
similar to the ones during pregnancy (Anderson and Rutherford, 2012;
Henry and Rendell, 2007). However, recent evidence suggests that in
the postpartum (2–6months postpartum), executive function (i.e.
mental processes involving goal-directed behaviours such as inhibitory
function, working memory, and cognitive flexibility (Diamond, 2013))
is enhanced in mothers versus non-mothers (Almanza-Sepulveda et al.,
2018) and this is affected by age at pregnancy with older mothers
performing better than teenage mothers (Chico et al., 2014). In terms of

Fig. 1. Physiological and brain changes associated with pregnancy, the postpartum (short-term) and beyond (long-term). Other pregnancy hormones are prolactin
and placental lactogens which have been implicated in the regulation of maternal and anxiety related behaviors (Bridges, 2016; Brunton and Russell, 2010; Larsen
and Grattan, 2012). Figure reprinted with permission from (Galea et al., 2018a Current Opinion in Physiology).
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Fig. 2. Hormone profiles during human (A) and rat (B) pregnancy and early postpartum. Based on data from (Brett and Baxendale, 2001; Brunton and Russell, 2010;
Pawluski et al., 2009a).
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spatial navigation, pregnant women have lower performance compared
to non-pregnant controls and these deficits are associated with reduc-
tions in striatal volume which in turn are correlated with levels of es-
tradiol (Lisofsky et al., 2016). Davies et al. (2018) also found differ-
ences between trimesters, with deficits in cognitive function (including
verbal memory, attention, executive functioning, processing speed, and
verbal and visuospatial abilities) declining between the first and second
trimesters. In addition, fetal sex (Vanston and Watson, 2005) and
amount of parity (Glynn, 2012) can have modifying roles on the effects
of pregnancy and postpartum on cognition and may explain the dif-
fering outcomes between studies (see Section 5). Mothers pregnant with
a male fetus outperformed those pregnant with a female fetus on tests of
working memory and spatial ability (Vanston and Watson, 2005).
Furthermore, parity showed a stepwise reduction in verbal recall
memory with multigravid women exhibiting the lowest scores on verbal
recall memory followed by bigravid and then primigravid women
(Glynn, 2012). A systemic review of 38 studies, by Ouellette and
Hampson (2018) also found a modest reduction in memory function
(verbal recall, working memory, and prospective memory) in pregnant
women, but the authors suggest that this may not be observed in all
pregnant women but more in women who are experiencing depression
or anxiety. Pregnant women with depressive symptoms, but not in those
without symptoms, showed deficits in working memory compared to
non-pregnant controls (Hampson et al., 2015). In addition, pregnant
women with depression and anxiety have deficits in working memory
compared to mothers with no psychiatric symptoms (Kataja et al.,
2017). Together this suggests that the effects of pregnancy and mo-
therhood on cognition may be subtle but can be more pronounced in
women experiencing depression and anxiety, multiparous women, and
pregnant women with a female fetus. Intriguingly, the risk for depres-
sion increases in the perinatal period and may also partially explain the
somewhat mixed findings in the literature (see Section 4.1).

2.2. Rodents and cognition (spatial, executive function, and social) during
pregnancy and into the postpartum

In laboratory rodents, cognitive performance, using spatial hippo-
campus-dependent tasks, fluctuates during pregnancy and the post-
partum period (reviewed in Roes and Galea, 2016; Workman et al.,
2012). During early and mid-pregnancy, primiparous female rats dis-
play enhanced spatial performance compared to nulliparous females
(Bodensteiner et al., 2006; Galea et al., 2000). In contrast, pregnant
females late in gestation or primiparous females early in the postpartum
display an impaired spatial performance compared to nulliparous fe-
males (Darnaudéry et al., 2007; Galea et al., 2000). Intriguingly, after
weaning, there is another shift in performance ability with primiparous
rats displaying better working and reference memory than nulliparous
rats (Kinsley et al., 1999; Pawluski et al., 2006a, 2006b). Pawluski et al.
(2006a) demonstrated that these enhancements were seen after
weaning and were persistent even when training began 30 days after
weaning with improved performance only seen in females that had
undergone both pregnancy and mothering but not in foster mothers
(pup-induced maternal nulliparous females) or in females that had
undergone pregnancy only. Biparous rats also show some enhance-
ments when training was initiated 2–4 days (Pawluski et al., 2006b)
and 2 weeks after weaning (Kinsley et al., 1999) but not 30 days after
weaning (Pawluski et al., 2006a). One possible mechanism regulating
cognitive performance across pregnancy and the postpartum is the
fluctuation of steroid and peptide hormone levels during these times
(Fig. 2). During early and mid-pregnancy in rodents, estradiol levels are
lower than in controls, and lower estradiol is associated with enhanced
performance in female rats (Holmes et al., 2002). Late in gestation,
estradiol levels are high in both humans and rodents, and high estradiol
is associated with poorer spatial performance in female rats (Holmes
et al., 2002). In the postpartum, estradiol levels are low but adrenal
steroids, oxytocin, and prolactin are high (Bridges, 2016; Darnaudéry

et al., 2007; Leuner et al., 2007). Oxytocin improves spatial learning in
nulliparous female mice, while blocking oxytocin in multiparous fe-
males, early in the postpartum period, inhibits spatial memory
(Tomizawa et al., 2003). Surprisingly, the effects of prolactin, a hor-
mone involved in lactation and maternal behaviours (reviewed in
Bridges, 2016; Larsen and Grattan, 2012), and adrenal hormones on
hippocampal-dependent memory during the postpartum have not yet
been investigated. Together, this work provides indirect evidence that
fluctuations of estradiol and oxytocin during pregnancy and postpartum
could be involved in regulating hippocampal learning and memory.

Compared to spatial tasks, executive function (such as attention and
cognitive flexibility) in animal models during pregnancy and mother-
hood, has received much less attention. During mid- (PD10-11) and late
postpartum (PD20-24), cognitive flexibility (a prefrontal cortex-de-
pendent task) is enhanced in mothers (Leuner and Gould, 2010) and
requires oxytocin signalling in the prefrontal cortex and the presence of
pups (Albin-Brooks et al., 2017). Indeed, blocking the oxytocin receptor
with an antagonist in the prefrontal cortex and the removal of the pups
eliminates the beneficial effect of motherhood on cognitive flexibility
(Albin-Brooks et al., 2017). However, after weaning, there is no bene-
ficial effect of motherhood on performance on a set-shifting task either
in primiparous or biparous rats after weaning (Workman et al., 2013).
Performance was however affected by the interaction of parity and
estrous cycle. The ability to disengage from a previously learned
strategy was impaired (increase in perseverative errors) in biparous rats
during behavioral estrus (high gonadal hormones) only but once the
animals learned the new strategy, they made fewer errors (decrease in
regressive errors; Workman et al., 2013). In sum, unlike hippocampus-
dependent memory, executive function is enhanced in late pregnancy
and the early postpartum period, but this effect does not persist after
weaning.

The hippocampus and other regions of the limbic system are im-
plicated in regulating social learning (Choleris et al., 2009), the stress
response (Sapolsky et al., 1985), and anxiety (Bannerman et al., 2004),
which are also affected during pregnancy and the postpartum. For ex-
ample, social learning is enhanced in female rats shortly after parturi-
tion compared to nulliparous controls (Fleming et al., 1994). In late
pregnancy and early postpartum, rats have reduced anxiety and stress
responsiveness (Wartella et al., 2003). Young primiparous rats
(2–8weeks after weaning) show reduced anxiety-like behaviour
(Byrnes and Bridges, 2006; Love et al., 2005) but this is not always the
case (Ladyman et al., 2018; Lemaire et al., 2006; Wartella et al., 2003),
which may be due to time since lactation (Tu et al., 2005). In general,
pregnancy and lactation are associated with a reduction in anxiety-like
behaviour (reviewed in Agrati and Lonstein, 2016) and reduced re-
sponses to stress in rodents (Neumann, 2001) and humans (Heinrichs
et al., 2001). Taken collectively, pregnancy and motherhood can en-
hance social learning, reduce anxiety, and stress responsiveness at least
during the early postpartum. However, one important aspect to con-
sider in future studies is the challenge of behaviour testing of post-
partum female rats as this will result in the separation from her pups.
The postpartum is a very sensitive period when the pups depend on
their mother for maintaining body temperature and nursing. Separation
of the dam from her pups during the first postpartum week alters the
pattern of maternal and anxiety-related behaviours and glucocorticoid
receptor expression in the hippocampus (Orso et al., 2018). Maternal
separation shortly after birth can also have negative effects on maternal
attachment in humans (Moore et al., 2012). Future research should
carefully consider the effects of maternal separation and take into ac-
count measurements of maternal behaviour.

2.3. Neuroplasticity during pregnancy and early postpartum

In women, total brain volume is reduced during pregnancy reaching
a nadir at parturition and recovering by 6months postpartum (Oatridge
et al., 2002). It has been suggested that the decrease in brain size with
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pregnancy is associated with altered brain metabolism and an increase
in intracellular pH after delivery (Holdcroft et al., 2005). Intriguingly,
there are notable differences in grey matter volume depending on the
brain structure imaged. P. Kim et al. (2010) observed grey matter vo-
lume increases during the first 3–4months postpartum compared to
2–4 weeks postpartum in areas involved in maternal behaviours and
motivation, such as the amygdala, hypothalamus, and prefrontal cortex.
Similarly Kim et al. (2018) found associations between postpartum
months and cortical thickness in the prefrontal cortex during the first
6months postpartum. However, Hoekzema et al. (2017) saw reductions
in grey matter volumes in multiple areas, including the hippocampus, at
2 months postpartum compared to pre-conception levels. Indeed, most
grey matter reductions were still observed 2 years after birth
(Hoekzema et al., 2017). It is clear that dynamic changes do occur
between parturition to 4–6 weeks postpartum. Luders et al. (2018) used
the BrainAGE index that estimates the age of the brain with neuroi-
maging data and compares it to its chronological age (reviewed in Cole
and Franke, 2017). They found lower brain ages (i.e., negative Brai-
nAGE index) 6 weeks postpartum compared to 1–2 days postpartum
indicating that the brain at 6 weeks postpartum is younger compared to
1–2 days postpartum and therefore the brain seems to recover in the
postpartum period from the parturition period. In this latter study, and
in the studies by P. Kim et al. (2010), Kim et al. (2018), changes were
only investigated during the early postpartum period and so it is not
known to what extent the volume and brain age change from pre-
conception, during pregnancy, parturition, or later. As indicated, only
one study (Hoekzema et al., 2017) has investigated the long-term ef-
fects (2 years) of motherhood compared to preconception on specific
brain areas in women. The short and long term effects of pregnancy and
motherhood on brain matter volume remain an understudied field, but
clearly the effects are time and region-dependent. Further research
measuring individual structures with greater anatomical precision (e.g.,
measuring individual nuclei) at multiple time points (before conception
and long after birth) is needed, along with considerations of amount of
parity and fetal sex which can affect cognition in pregnancy and post-
partum (see Section 5).

Two studies have also investigated functional correlations with
changes in brain plasticity during pregnancy and postpartum.
Hoekzema et al. (2017) found grey matter reductions in multiple re-
gions involved in social cognition (the superior temporal sulcus, medial
and inferior frontal cortex, the fusiform areas and the hippocampus)
which were associated with positive maternal attachment. In response
to own baby, the strongest neural activity was observed in regions that
saw reductions in grey matter volume across pregnancy (Hoekzema
et al., 2017) suggesting that the maternal social brain restructures
during pregnancy and the postpartum and that reduced volume is as-
sociated with enhanced maternal attachment. Furthermore, Zheng et al.
(2018) found that postpartum women have decreased neural activity in
the cingulate and prefrontal cortex compared to nulliparous controls
and this is correlated with impaired cognitive function (visuospatial
constructional ability, visual memory, and executive function). These
studies are beginning to shed light on the consequences of neuroplas-
ticity and neural activity changes on maternal cognition.

Animal studies have also found brain plasticity changes during
pregnancy and the postpartum period. Pregnant rats have slightly
smaller hippocampi (Galea et al., 2000) but greater cortical thickness
(Hamilton et al., 1977) compared to non-pregnant rats. In the mid-
postpartum, primiparous female rats have lower brain weight and
hippocampal volume compared to nulliparous females (Hillerer et al.,
2014). Studies have also examined changes in neuroplasticity markers
during pregnancy and postpartum in the hippocampus (Banasr et al.,
2001; Eid et al., 2019; S.K. Kim et al., 2010; Leuner et al., 2010; Leuner
and Sabihi, 2016; Pawluski et al., 2010; Pawluski and Galea, 2007;
Rolls et al., 2008; Table 1), the dorsal raphe nucleus (Holschbach and
Lonstein, 2017), and subventricular zone (SVZ; Furuta and Bridges,
2005; Shingo et al., 2003). In the hippocampus during gestation (GD13)

and postpartum (PD8 and PD30), the number of immature neurons
(doublecortin (DCX) expression) is lower in primiparous compared to
nulliparous female rats and there is a parallel reduction in cell pro-
liferation during gestation and early postpartum (Eid et al., 2019). Si-
milarly in mice and rats, cell proliferation (Ki67) is reduced in the
dentate gyrus at GD13 and GD16.5 (Eid et al., 2019; S.K. Kim et al.,
2010; respectively) and the survival of new neurons born mid-gestation
is reduced (Rolls et al., 2008). In contrast, cell proliferation (through
BrdU labeling) is not affected in the hippocampus during early (GD1
and GD7; Furuta and Bridges, 2005; Pawluski et al., 2010) and late
pregnancy (GD18 and GD21; Banasr et al., 2001; Furuta and Bridges,
2005; Table 1), although it is increased during gestation in the SVZ
(GD21, Furuta and Bridges, 2005; GD7, Shingo et al., 2003). Interest-
ingly, later in gestation (GD18), Banasr et al. (2001) found increased
expression of a cell adhesion molecule (the polysialylated form of the
neural cell adhesion molecule (PSA-NCAM) involved in cell migration
and synaptic reorganization) in the rat dentate gyrus suggesting
changes in other forms of structural plasticity may be evident. It is
important for studies examining neuroplasticity to take into account
timing differences. During pregnancy, hormones show dramatic in-
creases and fluctuations (Figs. 1 and 2), some such as prolactin fluctuate
daily during early gestation (reviewed in Brunton and Russell, 2010).
Therefore, small variations in timing during early, mid, or late preg-
nancy/postpartum could reflect hormonal effects on neuroplasticity.

In the early postpartum period, cell proliferation is reduced in the
hippocampus (Darnaudéry et al., 2007; Eid et al., 2019; Hillerer et al.,
2014; Leuner et al., 2007; Pawluski and Galea, 2007; Table 1). Primi-
parous dams have decreased cell proliferation on PD2 and PD8, but not
on PD28 or PD30 (Darnaudéry et al., 2007; Eid et al., 2019; Leuner
et al., 2007; Pawluski and Galea, 2007), compared to nulliparous fe-
males. Interestingly, in sheep, cell proliferation is also down-regulated
at parturition and early postpartum period in the dentate gyrus (Brus
et al., 2010). These findings, along with decreases in brain volume/
plasticity in women suggest a conserved mechanism of reduced neu-
roplasticity in the early postpartum. Not only is cell proliferation re-
duced but studies show that the survival of new neurons born during
early postpartum (PD2-5) is reduced at PD21 (Hillerer et al., 2014;
Pawluski and Galea, 2007). Indeed, there is also a reduction in the
number of immature neurons at PD21 (Workman et al., 2016, 2015)
and PD30 (Eid et al., 2019) compared to age-matched nulliparous fe-
males. Together these studies suggest that cell proliferation and sur-
vival are reduced during pregnancy and postpartum but only cell pro-
liferation returns to nulliparous levels after the pups have been weaned.

These changes in neurogenesis may be regulated by steroid hor-
mone changes during these time periods. In female rats, a hormone-
simulated pregnancy followed by a cessation of estradiol and proges-
terone (to simulate the postpartum period) replicated the decrease in
cell proliferation seen early in the postpartum (Green and Galea, 2008).
Adrenalectomy and the subsequent decrease in corticosterone levels
eliminated the decrease in cell proliferation at PD8 in postpartum rats
(Leuner et al., 2007). Interestingly, exposure to pups in nulliparous
females increased neurogenesis in the SVZ (Furuta and Bridges, 2009)
and dentate gyrus (Pawluski and Galea, 2007). Exposure to pups for 16
days (Kinsley et al., 1999), but not after 21 days (and tested 1month
later; Pawluski et al., 2006a), enhanced spatial ability in nulliparous
rats suggesting that stimuli from pups alone (possibly because of an
enriched environment) independently of pregnancy can influence
neuroplasticity and spatial behaviour in a time-dependent manner.
Conversely, the removal of pups decreased basal corticosterone in the
early postpartum and eliminated the subsequent suppression of cell
proliferation (Leuner et al., 2007) but not the suppression of new
neuron survival (Pawluski and Galea, 2007). In addition to sex steroids,
other pregnancy hormones might be involved in regulating hippo-
campal neurogenesis during pregnancy and postpartum. For example,
work in the subventricular zone has demonstrated that high prolactin
during early pregnancy in mice induces neurogenesis and is associated
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with anxiety and maternal behaviours in the postpartum (Larsen and
Grattan, 2010). Together, this work suggests that reductions in cell
proliferation early in the postpartum period are due to pregnancy but
not pup exposure without pregnancy, while the reduction in survival of
new neurons is due to pregnancy and parturition alone.

In addition to neurogenesis, dendritic spine density in the CA1 re-
gion of the hippocampus is higher in late pregnancy and early post-
partum compared to nulliparous females (Kinsley et al., 2006). How-
ever, dendritic morphology in the CA1 and CA3 regions is reduced in
primiparous, but not biparous, rats with no change in spines after
weaning (Pawluski and Galea, 2006). In line with this work, using non-
invasive proton magnetic resonance spectroscopy, Zhou et al. (2013)
found that at GD17, pregnant primiparous rats have higher N-acet-
ylaspartate levels in the hippocampus and thalamus which are asso-
ciated with increased neuronal metabolism, dendritic sprouting, neu-
rogenesis, or synaptogenesis (Zhou et al., 2013) but also decreased cell
proliferation (Cameron et al., 1995). More recently, Chan et al. (2015),
using diffusion tensor imaging, found that there are whole brain
structural changes at GD17 that facilitate water molecular movement
compared to preconception. In addition, in the dorsal hippocampus
there is an increase in functional connectivity (measured using resting-
state functional MRI) at GD17 suggesting a remodelling of the brain
during pregnancy in rats (Chan et al., 2015). Collectively, these studies
suggest that in addition to changes in neurogenesis, the hippocampus
also undergoes further structural and functional changes during gesta-
tion and the postpartum.

There are few studies examining both changes to learning and
neuroplasticity during pregnancy and the postpartum period. In the
early postpartum, impaired spatial ability is associated with a reduction
in cell proliferation in the hippocampus (Darnaudéry et al., 2007). In-
direct evidence also suggests that suppression of cell proliferation
(Leuner et al., 2007; Pawluski and Galea, 2007) and differentiation (Eid
et al., 2019) in the early postpartum coincides with impaired spatial
memory (Darnaudéry et al., 2007). Later in the postpartum (PD15),
spatial memory is improved relative to nulliparous rats (Darnaudéry
et al., 2007) at a time that is coincident with decreased in levels of cell
proliferation (PD13; Hillerer et al., 2014). At the point of weaning,
primiparous rats have a decreased number of immature neurons (Eid
et al., 2019; Workman et al., 2016, 2015), fewer basal branch points,
and shorter basal dendritic processes in the CA1 and CA3 regions
(Pawluski and Galea, 2006), and this coincides with improved spatial
memory when training begins in the late postpartum (Pawluski et al.,
2006b). Interestingly, this same atrophy of the CA3 pyramidal neurons
(Galea et al., 1997) is coupled with enhanced spatial learning in nul-
liparous rats after chronic restraint stress (Bowman et al., 2001). At a
similar time point (2 weeks after weaning), when spatial memory is still

enhanced, hippocampal synaptic potentiation and LTP is increased in
primiparous females compared to nulliparous controls (Lemaire et al.,
2006) suggesting that enhanced learning and memory is due to com-
bination of neuroplasticity changes (dendritic morphology, neurogen-
esis, LTP) that occur in the postpartum and after weaning. While hip-
pocampal dendritic spine density increases (Kinsley et al., 2006),
neurogenesis decreases during pregnancy (Eid et al., 2019; S.K. Kim
et al., 2010; Rolls et al., 2008; Table 1). Previous research has shown
that more neurogenesis is not always correlated with better memory
(discussed in Duarte-Guterman et al., 2015) and new neurons enhance
forgetting (Akers et al., 2014) but also may contribute to impairments
in learning given improper integration (Cho et al., 2015; Jessberger
et al., 2007). During late pregnancy and the early postpartum, spatial
working and reference learning is impaired which is coincident with a
decrease in hippocampal neurogenesis. Spatial memory improves after
the pups have been weaned which is still evident into middle and older
ages (see Section 3.1). In late postpartum, hippocampal neurogenesis is
still reduced compared to age-matched nulliparous females, but there is
reversal in middle age, with primiparous and multiparous rats ex-
hibiting greater levels of hippocampal neurogenesis compared to nul-
liparous rats (see Section 3.2; Eid et al., 2019; Barha et al., 2015; Galea
et al., 2018b). Thus, while changes in neurogenesis in the hippocampus
may be coincident with changes in learning and memory, it is unlikely
that these changes contribute completely to cognitive ability, as neu-
rogenesis has been linked to some, but not all forms of memory (re-
viewed in Cameron and Glover, 2015; Epp et al., 2013). Certainly, in-
crease in the number of new neurons is not sufficient to promote
memory, as these new neurons must also make appropriate and ad-
vantageous connections into the existing circuitry (e.g., see Akers et al.,
2014; Cho et al., 2015; Jessberger et al., 2007). Other modifications
such as changes in dendritic structure, synaptic proteins, neurotrophic
factors, and neuroimmune signals all likely play a role in altering
cognitive ability and have been shown to be affected by parity (Fig. 3).
Further research is needed to understand the functional implications of
alterations in neuroplasticity in the hippocampus and other brain re-
gions during pregnancy and late postpartum.

At the molecular level, only two studies have investigated changes
in gene transcription in the hippocampus during pregnancy and post-
partum (Kinsley et al., 2008; Ray et al., 2015). Kinsley et al. (2008) did
a microarray analysis of gene expression in the CA1 region of primi-
parous females at PD5 compared to age-matched nulliparous females.
They demonstrated that 12 genes were up-regulated in lactating mo-
thers compared to nulliparous controls. Three of these genes were in-
sulin-like growth factor and insulin-like growth factor binding proteins
(Kinsley et al., 2008). Other genes included, synuclein (involved in
neurodegenerative disorders), synaptojanin (synaptic vesicle

Table 1
Fluctuations in hippocampal neurogenesis during pregnancy and the postpartum period in rats and mice.

Gestation days Postpartum days

1 7 11–12 13 16.5 18 21 1–2 8 13 21 28 30

Cell proliferation (Ki67 or
BrdU)

–
[1]

–
[2]

↓
[4]

↓
[5]

–
[6]

–
[2]

↓
[7,8]

↓
[4,8,10]

↓
[9]

–
[8]

–
[4]

New neuron survival
(BrdU)

–
Survival of
neurons born GD0
[1]

↓
survival of neurons
born GD 11–12 [3]

↓
survival of neurons born
PD1 [7] and between PD2-
5 [9]

–
survival of neurons
born PD21 [3]

Neurogenesis (DCX) ↓
[4]

↓
[4]

↓
[11]

↓
[4]

Cell death (pyknotic cells) ↓
[1]

–
[1]

References: [1] Sprague-Dawley rat; Pawluski et al., 2010; [2] Sprague-Dawley rat; Furuta and Bridges, 2005; [3] C57BL/6 mouse; Rolls et al., 2008; [4] Sprague-
Dawley rat; Eid et al., 2019; [5] C57BL/6N mouse; S.K. Kim et al., 2010; [6] Wistar rat: Banasr et al., 2001; [7] Sprague-Dawley rat; Pawluski and Galea, 2007; [8]
Sprague-Dawley rat; Leuner et al., 2007; [9] Wistar rat; Hillerer et al., 2014 [10] Sprague-Dawley rat; Haim et al., 2017; [11] Sprague-Dawley rat; Workman et al.,
2016, 2015.
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recycling), and proenkephalin (an endogenous opioid; Kinsley et al.,
2008). Ray et al. (2015) measured expression patterns (using RNA se-
quencing) in several brain regions during gestation and early post-
partum. In the hippocampus, genes with the most significant change
were related to hormone and peptide binding, chloride binding, glu-
tathione peroxidase activity, and antioxidant activity, among other
gene ontology terms (Ray et al., 2015). The greatest differences in gene
expression were observed between nulliparous and GD16 females (788
differentially expressed genes) and between nulliparous and PD10
mothers (867 differentially expressed genes; Ray et al., 2015). Together
this work suggests that the hippocampal transcriptome is modified
during gestation and the early postpartum period, and although the
research is still limited, this supports the many neuroplasticity and
cognitive changes that take place during this period.

2.4. Neuroimmune alterations during the peripartum period

Along with changes in hormones, neuroplasticity, and cognitive
behavior, there are dramatic changes in the maternal peripheral im-
mune system during the peripartum period (Aagaard-Tillery et al.,
2006; Luppi, 2003; Mor and Cardenas, 2010; Schumacher et al., 2014;
Sherer et al., 2018). During pregnancy, a hormonally-driven shift from
a pro-inflammatory to an anti-inflammatory signaling milieu occurs in
order to protect the semi-allogenic fetus from rejection (Robinson and
Klein, 2012). Parturition also depends upon peripheral immune
changes, with a burst in pro-inflammatory signaling serving as a major
trigger to induce uterine contractions and begin labor (Vannuccini
et al., 2016). Afterwards, during the postpartum period, the immune
response continues when healing and involution take place through the
influence of both pro- and anti-inflammatory mediators ultimately
normalizing in the days to weeks after birth (Groer et al., 2015). Re-
productive experience can also affect the immune system via a neu-
roendocrine mechanism in the postpartum. In rats, reproductive ex-
perience decreases prolactin levels and oxidative burst activity in
peritoneal macrophages (Carvalho-Freitas et al., 2011, 2007). Blocking
dopamine receptors increases prolactin secretion, oxidative bursts and
phagocytosis in peritoneal macrophages in female rats. This work
suggest that reproductive experience affects neuroendocrine signalling
(hypothalamic dopamine leading to prolactin release) which then af-
fects immune signalling in rats (Carvalho-Freitas et al., 2013, 2011,
2007).

The brain is also an immunocompetent organ that is highly popu-
lated with immune cells, called microglia. Microglia are brain-resident
macrophages that provide immune surveillance, clear debris to main-
tain homeostasis, and also engage in inflammatory signaling in re-
sponse to pathogens, injuries, or other perturbations (Kettenmann et al.,
2011). In addition, microglia actively contribute to a variety of normal
physiological processes in the healthy brain including neurogenesis,

apoptosis, spinogenesis, synaptic refinement and synaptic pruning via
the secretion of cytokines, chemokines, and neurotrophic growth fac-
tors (Werneburg et al., 2017; Wu et al., 2015). Emerging evidence
further points to an essential role for microglial function in behavior,
including learning and memory (Parkhurst et al., 2013; Rogers et al.,
2011). Importantly, microglia and their signaling are influenced by
various pregnancy-related hormones, including estrogens, proges-
terone, oxytocin, and prolactin (Habib and Beyer, 2015; Karelina et al.,
2011; Lei et al., 2014; Sierra et al., 2008; Vegeto et al., 2001; Yuan
et al., 2016). Thus, microglia are ideally situated to be hormonally
responsive during the transition to motherhood and to regulate peri-
partum-related neuroplastic changes in brain regions such as the hip-
pocampus as well as their behavioral output.

Although this possibility remains to be investigated, recent studies
have begun to explore the neuroimmune environment during preg-
nancy and the postpartum period in rodents. This work has revealed
significant shifts in microglia properties in limbic regions of the rat
brain (Haim et al., 2017; Eid et al., 2019). Specifically, in late preg-
nancy (GD20) and extending into the early-mid postpartum period
(PD8), the overall number of microglia in the hippocampus was de-
creased, an effect driven by a reduction in microglia proliferation and
not microglia death (Haim et al., 2017). Other work has found micro-
glia in the hippocampus have shortened processes on PD8 (Eid et al.,
2019). The changes in both microglia number and morphology are
transitory as the number of microglia and length of microglia processes
recover by late postpartum (PD21) and weaning (PD30), respectively
(Haim et al., 2017; Eid et al., 2019). Interestingly, the peripartum de-
crease in microglia number was also found in the prefrontal cortex,
amygdala, and nucleus accumbens but was not observed in the motor
cortex, suggesting regional specificity, potentially as a result of differ-
ential sensitivity of limbic and non-limbic brain regions to hormones.
Accompanying the microglial changes, brain levels of the anti-in-
flammatory cytokine, interleukin (IL-) 10 and the pleiotropic cytokine,
IL-6 were increased postpartum (Haim et al., 2017). Other work has
reported similar pregnancy-related changes in neuroimmune para-
meters, including decreased microglia staining in the hippocampus
(Posillico and Schwarz, 2016) as well as blunted inflammatory gene
expression in the brain following an immune challenge (Sherer et al.,
2017). Together, the available evidence thus indicates the peripartum
neuroimmune environment is significantly modified. Moreover, the
changes that have been observed suggest that the maternal brain may
be assuming a protective inflammatory resistant state beginning during
late pregnancy and persisting for some time postpartum. These data
provide a foundation to further explore the peripartum neuroimmune
system and its potential role in regulating different aspects of neuro-
plasticity and cognitive function during this time. It is also important to
consider that the transition to new motherhood is a vulnerable time for
mental health (O’Hara and Wisner, 2014). While a number of studies

Fig. 3. Summary figure of the effects of reproductive experience on neuroplasticity and neuroimmune changes in the hippocampus of female rodents in the short
term (pregnancy and postpartum) and into middle age. See text for details.
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have implicated neuroimmune dysregulation in anxiety and depression
(Hodes et al., 2015; Wohleb et al., 2016), to date only peripheral im-
mune markers have been examined in postpartum depression and these
studies have yielded mixed results (Boufidou et al., 2009; Corwin et al.,
2015; Maes et al., 2000; Osborne and Monk, 2013; Segman et al.,
2010). Because peripheral immune changes may not necessarily reflect
immune changes occurring in the brain (Setiawan et al., 2015), future
work addressing neuroimmune disruption as a contributor to post-
partum mood disorders is needed.

3. Beyond the postpartum: long-term effects of parity on cognition
and neuroplasticity

3.1. Cognition

In both humans and rodents, reproductive experience alters cogni-
tive function well past the postpartum and into middle age. In older age
women, nulliparity or lower parity is associated with better cognitive
function in later adulthood in some studies (Jang et al., 2018; McLay
et al., 2003; Rasgon et al., 2005; Smith et al., 1999) but not in others
(Geerlings et al., 2001; Henderson et al., 2003; Low et al., 2005; Ryan
et al., 2009). Other factors related to reproductive history and en-
dogenous estrogens affect cognition such as the length of reproductive
period, age at first pregnancy, and duration of breastfeeding. Giving
birth at a younger age is associated with worse cognitive performance
(measured with the Mini–Mental State Examination (MMSE)) and
verbal fluency (Ryan et al., 2009). Comparatively, later age at last
pregnancy is associated with better verbal and cognitive performance
later in life (Karim et al., 2016). In addition, measures of higher en-
dogenous estrogens (i.e., lower parity, longer reproductive period,
shorter breastfeeding period) are associated with better cognition (Heys
et al., 2011; Smith et al., 1999). Indeed, parity can have long term ef-
fects on the endocrine system, although this is not observed in all stu-
dies (Endogenous Hormones and Breast Cancer Collaborative Group
et al., 2011). Young parous women have shorter menstrual cycles,
lower levels of estradiol, androgens, and prolactin compared to nulli-
parous women (Bernstein et al., 1985; Dorgan et al., 1995; Musey et al.,
1987b, 1987a). In postmenopausal women, higher parity is associated
with higher levels of sex-hormone binding globulin (Chavez-MacGregor
et al., 2008) which decreases the levels of free sex hormones including
estradiol. It will be important for future studies to take all these re-
productive factors into account and to measure hormone levels to better
understand the effects and mechanisms of parity on cognition.

In rats and mice, parity has also long term consequences on cogni-
tion and is generally associated with better spatial learning and
memory in middle age or older (Barha et al., 2015; Cui et al., 2014;
Galea et al., 2018b; Gatewood et al., 2005; Kinsley et al., 2008; Lemaire
et al., 2006; Love et al., 2005; Macbeth et al., 2008). Studies have found
that primiparous and biparous females have better re-acquisition of
spatial performance and an attenuated age-dependent cognitive decline
compared to nulliparous females (Gatewood et al., 2005). Improve-
ments in spatial reference memory were observed with repeated testing
in adult biparous females (6months of age) while primiparous females
had shorter latencies than nulliparae beginning at middle age
(12months of age; Gatewood et al., 2005). Lemaire et al. (2006) found
that improvements in spatial memory with parity that lasted the entire
lifespan in 22month old female rats with repeated testing (at 6 and
12months of age). In middle age, multiparity slightly enhances spatial
working memory performance but impairs spatial reference memory
(Barha et al., 2015), while primiparity slightly improves spatial re-
ference memory (Galea et al., 2018b) but has no significant effect on
spatial working memory at middle age (Zimberknopf et al., 2011). In
non-spatial tasks, the evidence is limited. At middle age, multiparous
female rats perform better in non-spatial tasks such as object recogni-
tion than nulliparous females (Macbeth et al., 2008) although this is not
observed in younger primiparous rats (Lemaire et al., 2006). Together

this suggests that the effects on hippocampal-dependent cognition de-
pend on age, types of memory, and the amount of parity (see Section 5).

Finally, there is mixed evidence that parity can have effects on
anxiety-related behaviours into middle age. At middle age, some studies
have found that parity increases (Byrnes and Bridges, 2006), decreases
(Love et al., 2005) or has no significant effect (Macbeth et al., 2008) on
anxiety-like behaviour. It is possible that differences in ages (time since
weaning of the pups), level of parity (primiparous, biparous or multi-
parous; see Section 5), and gonadal hormones (cycling vs non-cycling)
may account for some of the discrepancies between studies.

3.2. Neuroplasticity and other mechanisms

In women, to our knowledge no studies have investigated the long-
term effects of parity on neuroplasticity. In animal studies, hippo-
campal function is indeed altered with motherhood well into middle
age. Adult hippocampal neurogenesis declines with age but the decline
is steeper in nulliparous compared to primiparous females (Eid et al.,
2019). Similarly, at middle age, multiparous and primiparous females
showed an increase in the number of immature neurons (Barha et al.,
2015; Eid et al., 2019), but not in cell proliferation (Barha and Galea,
2011), in the hippocampus compared to nulliparous females, and as
noted above (Section 3.1) slightly enhanced spatial working and re-
ference memory acquisition (Barha et al., 2015; Galea et al., 2018b).
This suggests that past reproductive experience mitigates age-depen-
dent declines in neurogenesis and this is associated with improvement
in spatial learning and memory. In addition, LTP, synaptic proteins and
neurotrophic factors are increased by reproductive experience. In
22month old primiparous rats, LTP and spatial memory are enhanced
compared to nulliparous controls (Lemaire et al., 2006). In multiparous
rodents, synaptic proteins, synaptophysin, and spinophilin are upre-
gulated compared to nulliparous female mice (Cui et al., 2014) and rats
(Rossetti et al., 2016). At middle age, multiparous females have higher
levels of BDNF in the hippocampus compared to nulliparous females
(Macbeth et al., 2008; Rossetti et al., 2016). BDNF is an important
neurotrophic factor for learning and memory (Bekinschtein et al., 2008)
and an increase in levels along with synaptic proteins may be an un-
derlying mechanism of the better performance in spatial memory tasks.
Together these studies have shown that reproductive experience at-
tenuates the effects of aging on several hippocampal endpoints (adult
neurogenesis, BDNF, and synaptic and neurotrophic genes).

Neuropathology of Alzheimer’s disease (AD) is characterized by
deposition of β-amyloid peptide (Aβ), which is generated from amyloid
precursor protein (APP; Perl, 2010; West et al., 1994). Lower levels of
APP in the CA1 and dentate gyrus of the hippocampus were found in
multiparous compared to nulliparous and primiparous females which
were correlated with better spatial performance (Gatewood et al.,
2005). Intriguingly, genotype interacts with parity to influence brain
health, as in an AD mouse model (APP23), reproductive experience
decreases spatial memory performance and increases Aβ plaques in the
hippocampus compared to wildtype mice at middle age (Cui et al.,
2014). Importantly, parity is detrimental in APP23 but not in wildtype
females. The APP23 genotype also decreased synaptophysin and CREB
in multiparous transgenic females (Cui et al., 2014) suggesting that
parity may affect cognition by increasing brain hippocampal APP and
synaptic proteins.

As discussed above (Section 2.4), there are neural and neu-
roimmune changes during pregnancy and postpartum. To date, only
two studies has investigated the long-term effects of parity on hippo-
campal microglia and circulating cytokine levels (Eid et al., 2019; Galea
et al., 2018b; see Section 4.2). With aging, the number of microglial cell
processes increases in nulliparous but not primiparous rats (Eid et al.,
2019). Primiparity also reduced microglia soma size during aging
which could have an effect on microglial activation and altered serum
cytokine levels during aging (Eid et al., 2019). Levels of serum cyto-
kines show age-related changes that are dependent on parity. For
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example, serum IFNγ and IL-10 increase during aging in nulliparous but
not primiparous rats, and nulliparous have higher levels of IFNγ, IL-10,
and IL-4 than primiparous females at 13months of age (Eid et al.,
2019). In addition, circulating levels of IFNγ, IL-10, and IL-4 are ne-
gatively correlated with the length of hippocampal microglia processes
in primiparous but not nulliparous females (Eid et al., 2019), suggesting
that circulating inflammatory markers may be associated with changes
in neuroinflammation depending on reproductive experience. Interac-
tions between the peripheral immune system, hormones, microglia, and
neurons may be important during healthy aging and disease and how
they may be affected by parity warrants further investigation.

4. Reproductive experience and health

4.1. Parity influences risk of brain disorders and stroke outcomes

After pregnancy and motherhood, women show increased and de-
creased susceptibility to a variety of diseases although the mechanisms
remain largely unknown (except for certain types of cancers; Nandy
et al., 2014; Rotunno et al., 2014). The perinatal period is a time of
great risk for women to develop affective disorders such as depression
and anxiety-related disorders. After giving birth, approximately 15% of
women will experience postpartum depression, 8% will experience
anxiety disorders and a wide range (26–84%) will experience the
postpartum blues (Goodman et al., 2016; O’Hara and Wisner, 2014;
Postpartum Depression: Action Towards Causes and Treatment (PACT)
Consortium, 2015). In addition, amount of parity is positively asso-
ciated with an increased risk to develop AD, increased levels of AD
neuropathology, and an earlier age of AD onset (Beeri et al., 2009;
Colucci et al., 2006; Geerlings et al., 2001; Jang et al., 2018; McLay
et al., 2003; Prince et al., 2018; Ptok et al., 2002; Sobow and
Kloszewska, 2004). In women, grand multiparity (having more than
three or five children, but not one or two children) is associated with an
increased risk of developing AD (Colucci et al., 2006; Jang et al., 2018).
More than five complete pregnancies increases the risk of AD, while
having one incomplete pregnancy reduces the risk of AD (Jang et al.,
2018). In addition in women without dementia, incomplete pregnancies
increase memory (MMSE scores) relative to women without incomplete
pregnancies (Jang et al., 2018) suggesting that incomplete pregnancies
are also associated with a reduction in cognitive impairment with
aging. Higher parity is also associated with an increased AD neuro-
pathology (Beeri et al., 2009). However, to date, not all studies have
found associations between parity and increase risk of AD (e.g., Fox
et al., 2018) and this could be due to differences in genotype (Corbo
et al., 2009, 2007) as suggested by the findings in a mouse AD model by
Cui et al. (2014) discussed above (Section 3.2). For example, apolipo-
protein E (APOE) ε4 allele is a major genetic risk factor for AD, it re-
duces the age of AD onset, and interacts with parity to influence age of
AD onset (Corbo et al., 2007). In women parity is associated with lower
AD onset in ε3/ε3 genotype, but not in ε4 carriers (Corbo et al., 2007),
suggesting that nulliparity is protective against developing AD in non-
ε4 carriers. Taken together, factors such as genotype and amount of
parity can interact to affect health later in life and should be taken into
account in future studies.

In the long-term, higher parity is also associated with reduced sur-
vival more so in women than in men (Penn and Smith, 2007). Later
maternal age is associated with increased longevity in women, however
higher parity (3 or more children) diminishes longevity relative to
women with 1–2 children (Sun et al., 2015). One potential mechanism
is that reproductive history is associated with shorter telomere length in
leukocytes (Gray et al., 2014; Pollack et al., 2018) suggesting an ac-
celerated cellular aging. Telomere attrition and a decrease in telo-
merase activity are in fact associated with poor immune function and a
variety of diseases such as cancer, inflammation, type 2 diabetes, and
AD (Blackburn et al., 2015). Interestingly, greater endogenous estro-
gens, also observed with lower parity and a longer reproductive period,

is associated with longer telomeres (Lin et al., 2011) and therefore
slower cellular aging.

AD has been linked to obesity (Alford et al., 2018) and increasing
parity is associated with obesity and excessive weight gain (Harris
et al., 1997; Hollis et al., 2017; We et al., 2016). In addition, higher risk
of cardiovascular disease and stroke with parity is detected particularly
in women that had pregnancy complications such as pre-eclampsia or
gestational diabetes (Hauspurg et al., 2018; Hinkula et al., 2006;
Humphries et al., 2001; Skilton et al., 2009). However, parity is asso-
ciated with lower cardiovascular disease mortality in a meta-analysis
that did not take pregnancy complications into account (Lv et al.,
2015). In mice, parity improves stroke outcome in middle age
(3–4months postpartum) but also increases body weight, reduces ac-
tivity levels (Ritzel et al., 2017), and impairs energy homeostasis
4–8 weeks after weaning of the pups (Ladyman et al., 2018). Parity
reduces estradiol levels across estrous cycles (Byrnes and Bridges, 2006)
and estradiol treatment increases stroke damage in middle-aged retired
breeder mice (Selvamani and Sohrabji, 2010) suggesting that parity’s
protective effect on stroke brain injury may be related to the low es-
tradiol levels compared to nulliparous females. Because dementia has
been previously linked to diabetes, obesity, stroke, and cardiovascular
disease (Alford et al., 2018; Kuźma et al., 2018; Moran et al., 2015;
Santos et al., 2017; Schilling, 2016), it is not surprising to also observe
effects of parity on these diseases. Even though the research is only
beginning to understand the risks associated with previous parity, it is
becoming clear that it is an important factor to take into account. In the
future, tailored treatment based on sex, genetics, and possibly re-
productive history may need to be developed to best treat individuals.

4.2. Parity influences the effects of antidepressants and hormone treatments

In this review we focused on the effects of parity on cognition and
related changes in brain plasticity and inflammation. It is important to
acknowledge that parity can also affect how an individual responds to a
variety of challenges and insults in the postpartum and in middle age. In
younger animals, parity can facilitate behavioural recovery from a
neural insult at least in the short term. After a hippocampal neurotoxic
insult (with kainic acid), multiparous female rats (20 days after
weaning) have an enhanced memory compared to nulliparous female
rats (Franssen et al., 2012). In response to a high fat diet, parity can
have effects on energy balance 8 weeks post-weaning by reducing ac-
tivity levels, increasing body weight, and impairing glucose tolerance
(Ladyman et al., 2018). Parity can affect the endocrine response to
stress and antidepressant treatment (Workman et al., 2016) as primi-
parity reduces corticosterone concentrations following acute swim
stress. In addition, chronic corticosterone increases estradiol levels in
primiparous but not nulliparous rats (Workman et al., 2016). In a
postpartum depression model, fluoxetine (a selective serotonin re-
uptake inhibitor, SSRI) reduces corticosterone levels in nulliparous but
not postpartum females (Workman et al., 2016). In addition, SSRIs are
not efficacious during the late postpartum, depending on the depression
model used and the dependent variable measured. For example,
fluoxetine and paroxetine do not restore levels of passive coping and
hippocampal neurogenesis late in the postpartum but they do restore
maternal behaviour deficits early in the postpartum (Gobinath et al.,
2018; Overgaard et al., 2018; Workman et al., 2016). One possible
mechanism for this lack of effect is the fact that postpartum females
have very low levels of circulating estradiol. In nulliparous females, the
efficacy of fluoxetine depends on the levels of estradiol (Mahmoud
et al., 2016a) so it is possible that postpartum females do not respond to
SSRI treatment because of their unique endocrine physiology.

Finally, we and others have shown that in rats, parity influences
how hormone treatments affect cognition in young (1week, Hussain
et al., 2013) and middle age females (12–15 months old; Barha et al.,
2015; Galea et al., 2018b). Previous parity also influences how estro-
gens affect neuroplasticity and inflammation in middle age (Barha
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et al., 2015; Barha and Galea, 2011; Galea et al., 2018b). For example,
Premarin (an estrone-based hormone therapy) improves early spatial
acquisition and increases cytokine (TNFα and CXCL1) levels in nulli-
parous but has the opposite effects in primiparous middle-aged rats
(Galea et al., 2018b). There is also a shift in the relationship between
how nine serum cytokines load on principle component factors de-
pending on reproductive history and Premarin treatment (Fig. 4) in-
dicating that parity and Premarin interact to affect circulating cytokine
levels. Going forward, it will be important to consider reproductive
experience not only in aging research and take into account that retired
breeders (multiparous rats), commonly used in aging studies, can have
a different physiology and respond differently to stressors, hormones,
and challenges than their nulliparous counterparts and may influence
findings in aging studies using females.

5. Considerations for future research

We need to acknowledge and consider that a unique female ex-
perience, pregnancy and motherhood, can have short and long term
implications for physiology and disease risk (Galea et al., 2018a). Past
reproductive experience affects brain, behaviour, and disease risk, but
many factors can play modifying roles: amount of reproductive ex-
perience, age of first pregnancy/last pregnancy, biological sex of chil-
dren, and pregnancy/obstetric complications. As discussed above
(Section 4.1), increasing parity is associated with higher AD risk (Beeri

et al., 2009; Colucci et al., 2006; Jang et al., 2018; McLay et al., 2003;
Prince et al., 2018; Ptok et al., 2002; Sobow and Kloszewska, 2004). In
addition, in postmenopausal women, higher parity is associated with
higher levels of sex-hormone binding globulin (SHBG; Chavez-
MacGregor et al., 2008). SHBG is a transport protein that binds an-
drogens and estrogens with high affinity and while bound restricts their
biological activity (Laurent et al., 2016). One possibility is that high
levels of SHBG observed with increasing parity result in lower levels of
free or biologically active sex steroids due to binding to SHBG, but
another possibility is that these high levels of SHBG allow for more
mobilization of sex steroids to distant targets. In rodents, the degree of
multiparity (primiparous, biparous or multiparous) also affects circu-
lating hormone levels (e.g., corticosterone (Paris and Frye, 2008;
Pawluski et al., 2009b), estradiol (Paris and Frye, 2008), and prolactin
(reviewed in Bridges, 2016)), as well as hippocampal neurogenesis
(Pawluski and Galea, 2007), dendritic morphology (Pawluski and
Galea, 2006), and cognition (Barha et al., 2015; Paris and Frye, 2008).
Together this suggests that amount of parity can have physiological
consequences but how these affect brain health later in life remains to
be investigated.

The sex of the fetus or children has effects on maternal cognition
and health (immune markers and pregnancy outcomes). Women preg-
nant with male fetuses have better working memory and spatial ability
than women pregnant with female fetuses (Vanston and Watson, 2005)
suggesting that the sex of the fetus is an important factor for brain

Fig. 4. Biplots of serum cytokines principal component analysis in primiparous and nulliparous middle-aged female rats treated with oil or Premarin. The vectors
indicate that serum cytokines have different profiles (loads) depending on reproductive history and Premarin treatment. Alone among the four treatments, the
primiparous females treated with Premarin exhibit a high degree of correlation among the components of the cytokine response (Factor 1: 67.9% vs<39.3%). Data
analyzed from (Galea et al., 2018b Neurobiol Aging).
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function and memory. There are associations between sex of the fetus
and immune markers during pregnancy. For example, male fetuses are
associated with higher levels of pro-inflammatory cytokines (Enninga
et al., 2015) while female fetuses are associated with lower levels of
certain pro-inflammatory cytokines (IFNγ and IL-12) in the first tri-
mester and higher levels of other cytokines (IL1β, TNFβ, IL-5, and IL-
10) in the second trimester (Taylor et al., 2018). Mitchell et al. (2017)
did not find differences in serum cytokine levels in relation to fetal sex
but found that the stimulated production of cytokines was higher in
women carrying female compared to male fetuses suggesting that the
maternal immune system responds differently to a challenge depending
on fetal sex. It is now recognized that during pregnancy there is a bi-
directional flow of cells between the mother and the fetus. One way that
the fetus can affect the mother and her health is through fetal micro-
chimerism, a phenomenon when cells from the fetus spread to the
mother’s body incorporating into many tissues including the brain
(Chan et al., 2012; Gammill and Harrington, 2017; Zeng et al., 2010).
These fetal cells accumulate during pregnancy (Adams Waldorf et al.,
2010) but some persist after birth and have been detected many years
later in the mother’s blood (Bianchi et al., 1996; Gammill and
Harrington, 2017). While the number of fetal microchimeric cells is
small, the consequences of this foreign genetic material on women’s
health may not be. Fetal cells have been proposed to play a role in pre-
eclampsia, miscarriage, and premature birth. But microchimerism is
also associated with certain cancers, Parkinson’s disease in a mouse
model, and AD pathology in women (reviewed in Boddy et al., 2015). In
the brain, a lower prevalence of male microchimerism (male cells in
female brain) is observed in women with AD (Chan et al., 2012). In this
latter study, pregnancy history was not known and microchimerism
may be due to other factors (e.g., twins and older siblings; Boddy et al.,
2015), nevertheless the results would suggest that past pregnancy may
affect AD risk through microchimerism. Others have suggested a pos-
sible role of microchimerism in maternal emotional and mental health
(e.g., see Boddy et al., 2015). This line of research is still evolving but
suggests that in addition to studying the mother’s physiology we need
to start considering the interactions with her fetus and their potential
long-term effects on physiology and health.

6. Conclusions

In this review, we summarized the literature addressing the short
and long term impact of pregnancy and motherhood on neuroplasticity
and cognition. More studies are accumulating examining the long-
lasting effects of parity on the health of the mother. Intriguingly,
pregnancy and motherhood can also affect how the brain responds to
challenges (hormones, diet, and stress) even in midlife long after the
reproductive event. These findings have important implications for
disease treatments as nulliparous women may not have the same re-
sponse as previously parous women in response to a particular treat-
ment. In order to make progress in women’s health we need to ac-
knowledge that unique female experiences such as pregnancy and
motherhood can have long term effects on physiology and disease.

Acknowledgements

The work was funded by an operating grant from Canadian
Institutes for Health Research grant (PJT 148662) to LAMG. PDG is
funded by The Alzheimer’s Association of the USA and Brain Canada
with the financial support of Health Canada through the Brain Canada
Research Fund (AARF-17-529705). The views expressed herein do not
necessarily represent the views of the Minister of Health or the
Government of Canada.

Editorial disclosure

Given her role as Editor-in-Chief, Dr. Liisa Galea had no

involvement in the peer-review of this article and has no access to in-
formation regarding its peer-review. Full responsibility for the editorial
process for this article was delegated to Guest Editor, Dr. Susanne
Brummelte.

References

Aagaard-Tillery, K.M., Silver, R., Dalton, J., 2006. Immunology of normal pregnancy.
Semin. Fetal Neonatal Med. 11, 279–295. https://doi.org/10.1016/j.siny.2006.04.
003.

Adams Waldorf, K.M., Gammill, H.S., Lucas, J., Aydelotte, T.M., Leisenring, W.M.,
Lambert, N.C., Nelson, J.L., 2010. Dynamic changes in fetal microchimerism in ma-
ternal peripheral blood mononuclear cells, CD4+ and CD8+ cells in normal preg-
nancy. Placenta 31, 589–594. https://doi.org/10.1016/j.placenta.2010.04.013.

Agrati, D., Lonstein, J.S., 2016. Affective changes during the postpartum period: influ-
ences of genetic and experiential factors. Horm. Behav. 77, 141–152. https://doi.org/
10.1016/j.yhbeh.2015.07.016.

Akers, K.G., Martinez-Canabal, A., Restivo, L., Yiu, A.P., De Cristofaro, A., Hsiang, H.-L.L.,
Wheeler, A.L., Guskjolen, A., Niibori, Y., Shoji, H., Ohira, K., Richards, B.A.,
Miyakawa, T., Josselyn, S.A., Frankland, P.W., 2014. Hippocampal neurogenesis
regulates forgetting during adulthood and infancy. Science 344, 598–602. https://
doi.org/10.1126/science.1248903.

Albin-Brooks, C., Nealer, C., Sabihi, S., Haim, A., Leuner, B., 2017. The influence of
offspring, parity, and oxytocin on cognitive flexibility during the postpartum period.
Horm. Behav. 89, 130–136. https://doi.org/10.1016/j.yhbeh.2016.12.015.

Alford, S., Patel, D., Perakakis, N., Mantzoros, C.S., 2018. Obesity as a risk factor for
Alzheimer’s disease: weighing the evidence. Obes. Rev. 19, 269–280. https://doi.org/
10.1111/obr.12629.

Almanza-Sepulveda, M.L., Chico, E., Gonzalez, A., Hall, G.B., Steiner, M., Fleming, A.S.,
2018. Executive function in teen and adult women: association with maternal status
and early adversity. Dev. Psychobiol. https://doi.org/10.1002/dev.21766.

Anderson, M.V., Rutherford, M.D., 2012. Cognitive reorganization during pregnancy and
the postpartum period: an evolutionary perspective. Evol. Psychol. 10, 659–687.
https://doi.org/10.1177/147470491201000402.

Angst, J., Gamma, A., Gastpar, M., Lépine, J.-P., Mendlewicz, J., Tylee, A., Depression
research in European Society Study, 2002. Gender differences in depression.
Epidemiological findings from the European DEPRES I and II studies. Eur. Arch.
Psychiat. Clin. Neurosci. 252, 201–209. https://doi.org/10.1007/s00406-002-
0381-6.

Apostolova, L.G., Dutton, R.A., Dinov, I.D., Hayashi, K.M., Toga, A.W., Cummings, J.L.,
Thompson, P.M., 2006. Conversion of mild cognitive impairment to Alzheimer dis-
ease predicted by hippocampal atrophy maps. Arch. Neurol. 63, 693–699. https://
doi.org/10.1001/archneur.63.5.693.

Banasr, M., Hery, M., Brezun, J.M., Daszuta, A., 2001. Serotonin mediates oestrogen
stimulation of cell proliferation in the adult dentate gyrus: serotonin-oestrogen re-
lations and adult neurogenesis. Eur. J. Neurosci. 14, 1417–1424. https://doi.org/10.
1046/j.0953-816x.2001.01763.x.

Bannerman, D.M., Rawlins, J.N.P., McHugh, S.B., Deacon, R.M.J., Yee, B.K., Bast, T.,
Zhang, W.-N., Pothuizen, H.H.J., Feldon, J., 2004. Regional dissociations within the
hippocampus—memory and anxiety. Neurosci. Biobehav. Rev., Festschrift in Honour
of Jeffrey Gray - Issue 1: Anxiety and Neuroticism 28, 273–283. https://doi.org/10.
1016/j.neubiorev.2004.03.004.

Barha, C.K., Galea, L.A.M., 2011. Motherhood alters the cellular response to estrogens in
the hippocampus later in life. Neurobiol. Aging 32, 2091–2095. https://doi.org/10.
1016/j.neurobiolaging.2009.12.004.

Barha, C.K., Lieblich, S.E., Chow, C., Galea, L.A.M., 2015. Multiparity-induced en-
hancement of hippocampal neurogenesis and spatial memory depends on ovarian
hormone status in middle age. Neurobiol. Aging 36, 2391–2405. https://doi.org/10.
1016/j.neurobiolaging.2015.04.007.

Beeri, M.S., Rapp, M., Schmeidler, J., Reichenberg, A., Purohit, D.P., Perl, D.P., Grossman,
H.T., Prohovnik, I., Haroutunian, V., Silverman, J.M., 2009. Number of children is
associated with neuropathology of Alzheimer’s disease in women. Neurobiol. Aging
30, 1184–1191. https://doi.org/10.1016/j.neurobiolaging.2007.11.011.

Bekinschtein, P., Cammarota, M., Katche, C., Slipczuk, L., Rossato, J.I., Goldin, A.,
Izquierdo, I., Medina, J.H., 2008. BDNF is essential to promote persistence of long-
term memory storage. Proc. Natl. Acad. Sci. 105, 2711–2716. https://doi.org/10.
1073/pnas.0711863105.

Bernstein, L., Pike, M.C., Ross, R.K., Judd, H.L., Brown, J.B., Henderson, B.E., 1985.
Estrogen and sex hormone-binding globulin levels in nulliparous and parous women.
J. Natl. Cancer Inst. 74, 741–745.

Bianchi, D.W., Zickwolf, G.K., Weil, G.J., Sylvester, S., DeMaria, M.A., 1996. Male fetal
progenitor cells persist in maternal blood for as long as 27 years postpartum. Proc.
Natl. Acad. Sci. USA 93, 705–708.

Blackburn, E.H., Epel, E.S., Lin, J., 2015. Human telomere biology: a contributory and
interactive factor in aging, disease risks, and protection. Science 350, 1193–1198.
https://doi.org/10.1126/science.aab3389.

Boddy, A.M., Fortunato, A., Wilson Sayres, M., Aktipis, A., 2015. Fetal microchimerism
and maternal health: a review and evolutionary analysis of cooperation and conflict
beyond the womb. BioEssays 37, 1106–1118. https://doi.org/10.1002/bies.
201500059.

Bodensteiner, K.J., Cain, P., Ray, A.S., Hamula, L.A., 2006. Effects of pregnancy on spatial
cognition in female Hooded Long-Evans rats. Horm. Behav. 49, 303–314. https://doi.
org/10.1016/j.yhbeh.2005.08.002.

Boufidou, F., Lambrinoudaki, I., Argeitis, J., Zervas, I.M., Pliatsika, P., Leonardou, A.A.,

P. Duarte-Guterman, et al. Frontiers in Neuroendocrinology 53 (2019) 100740

10

https://doi.org/10.1016/j.siny.2006.04.003
https://doi.org/10.1016/j.siny.2006.04.003
https://doi.org/10.1016/j.placenta.2010.04.013
https://doi.org/10.1016/j.yhbeh.2015.07.016
https://doi.org/10.1016/j.yhbeh.2015.07.016
https://doi.org/10.1126/science.1248903
https://doi.org/10.1126/science.1248903
https://doi.org/10.1016/j.yhbeh.2016.12.015
https://doi.org/10.1111/obr.12629
https://doi.org/10.1111/obr.12629
https://doi.org/10.1002/dev.21766
https://doi.org/10.1177/147470491201000402
https://doi.org/10.1007/s00406-002-0381-6
https://doi.org/10.1007/s00406-002-0381-6
https://doi.org/10.1001/archneur.63.5.693
https://doi.org/10.1001/archneur.63.5.693
https://doi.org/10.1046/j.0953-816x.2001.01763.x
https://doi.org/10.1046/j.0953-816x.2001.01763.x
https://doi.org/10.1016/j.neubiorev.2004.03.004
https://doi.org/10.1016/j.neubiorev.2004.03.004
https://doi.org/10.1016/j.neurobiolaging.2009.12.004
https://doi.org/10.1016/j.neurobiolaging.2009.12.004
https://doi.org/10.1016/j.neurobiolaging.2015.04.007
https://doi.org/10.1016/j.neurobiolaging.2015.04.007
https://doi.org/10.1016/j.neurobiolaging.2007.11.011
https://doi.org/10.1073/pnas.0711863105
https://doi.org/10.1073/pnas.0711863105
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0085
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0085
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0085
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0090
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0090
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0090
https://doi.org/10.1126/science.aab3389
https://doi.org/10.1002/bies.201500059
https://doi.org/10.1002/bies.201500059
https://doi.org/10.1016/j.yhbeh.2005.08.002
https://doi.org/10.1016/j.yhbeh.2005.08.002


Petropoulos, G., Hasiakos, D., Papadias, K., Nikolaou, C., 2009. CSF and plasma cy-
tokines at delivery and postpartum mood disturbances. J. Affect. Disord. 115,
287–292. https://doi.org/10.1016/j.jad.2008.07.008.

Bowman, R.E., Zrull, M.C., Luine, V.N., 2001. Chronic restraint stress enhances radial arm
maze performance in female rats. Brain Res. 904, 279–289. https://doi.org/10.1016/
S0006-8993(01)02474-X.

Brett, M., Baxendale, S., 2001. Motherhood and memory: a review.
Psychoneuroendocrinology 26, 339–362.

Bridges, R.S., 2016. Long-term alterations in neural and endocrine processes induced by
motherhood in mammals. Horm. Behav. 77, 193–203. https://doi.org/10.1016/j.
yhbeh.2015.09.001.

Brunton, P.J., Russell, J.A., 2010. Endocrine induced changes in brain function during
pregnancy. Brain Res. 1364, 198–215. https://doi.org/10.1016/j.brainres.2010.09.
062.

Brus, M., Meurisse, M., Franceschini, I., Keller, M., Lévy, F., 2010. Evidence for cell
proliferation in the sheep brain and its down-regulation by parturition and interac-
tions with the young. Horm. Behav. 58, 737–746. https://doi.org/10.1016/j.yhbeh.
2010.07.006.

Byrnes, E.M., Bridges, R.S., 2006. Reproductive experience alters anxiety-like behavior in
the female rat. Horm. Behav. 50, 70–76. https://doi.org/10.1016/j.yhbeh.2006.01.
006.

Calcia, M.A., Bonsall, D.R., Bloomfield, P.S., Selvaraj, S., Barichello, T., Howes, O.D.,
2016. Stress and neuroinflammation: a systematic review of the effects of stress on
microglia and the implications for mental illness. Psychopharmacology 233,
1637–1650. https://doi.org/10.1007/s00213-016-4218-9.

Cameron, H.A., Glover, L.R., 2015. Adult neurogenesis: beyond learning and memory.
Annu. Rev. Psychol. 66, 53–81. https://doi.org/10.1146/annurev-psych-010814-
015006.

Cameron, H.A., McEwen, B.S., Gould, E., 1995. Regulation of adult neurogenesis by ex-
citatory input and NMDA receptor activation in the dentate gyrus. J. Neurosci. 15,
4687–4692. https://doi.org/10.1523/JNEUROSCI.15-06-04687.1995.

Campbell, S., Macqueen, G., 2004. The role of the hippocampus in the pathophysiology of
major depression. J Psychiatry Neurosci 29, 417–426.

Carvalho-Freitas, M.I.R., Anselmo-Franci, J.A., Maiorka, P.C., Palermo-Neto, J., Felicio,
L.F., 2011. Prolactin differentially modulates the macrophage activity of lactating
rats: possible role of reproductive experience. J. Reprod. Immunol. 89, 38–45.
https://doi.org/10.1016/j.jri.2010.12.008.

Carvalho-Freitas, M.I.R., Anselmo-Franci, J.A., Palermo-Neto, J., Felicio, L.F., 2013. Prior
reproductive experience alters prolactin-induced macrophage responses in pregnant
rats. J. Reprod. Immunol. 99, 54–61. https://doi.org/10.1016/j.jri.2013.03.005.

Carvalho-Freitas, M.I.R., Anselmo-Franci, J.A., Teodorov, E., Nasello, A.G., Palermo-Neto,
J., Felicio, L.F., 2007. Reproductive experience modifies dopaminergic function,
serum levels of prolactin, and macrophage activity in female rats. Life Sci. 81,
128–136. https://doi.org/10.1016/j.lfs.2007.04.032.

Chan, R.W., Ho, L.C., Zhou, I.Y., Gao, P.P., Chan, K.C., Wu, E.X., 2015. Structural and
functional brain remodeling during pregnancy with diffusion tensor MRI and resting-
state functional MRI. PLoS One 10, e0144328. https://doi.org/10.1371/journal.
pone.0144328.

Chan, W.F.N., Gurnot, C., Montine, T.J., Sonnen, J.A., Guthrie, K.A., Nelson, J.L., 2012.
Male microchimerism in the human female brain. PLoS One 7, e45592. https://doi.
org/10.1371/journal.pone.0045592.

Chavez-MacGregor, M., van Gils, C.H., van der Schouw, Y.T., Monninkhof, E., van Noord,
P.A.H., Peeters, P.H.M., 2008. Lifetime cumulative number of menstrual cycles and
serum sex hormone levels in postmenopausal women. Breast Cancer Res. Treat. 108,
101–112. https://doi.org/10.1007/s10549-007-9574-z.

Chico, E., Gonzalez, A., Ali, N., Steiner, M., Fleming, A.S., 2014. Executive function and
mothering: challenges faced by teenage mothers: executive function and parenting.
Dev. Psychobiol. 56, 1027–1035. https://doi.org/10.1002/dev.21185.

Cho, K.-O., Lybrand, Z.R., Ito, N., Brulet, R., Tafacory, F., Zhang, L., Good, L., Ure, K.,
Kernie, S.G., Birnbaum, S.G., Scharfman, H.E., Eisch, A.J., Hsieh, J., 2015. Aberrant
hippocampal neurogenesis contributes to epilepsy and associated cognitive decline.
Nat Commun 6, 6606. https://doi.org/10.1038/ncomms7606.

Choleris, E., Clipperton-Allen, A.E., Phan, A., Kavaliers, M., 2009. Neuroendocrinology of
social information processing in rats and mice. Front. Neuroendocrinol., Hormones
Soc. Behav. 30, 442–459. https://doi.org/10.1016/j.yfrne.2009.05.003.

Christensen, H., Leach, L.S., Mackinnon, A., 2010. Cognition in pregnancy and mother-
hood: prospective cohort study. Br. J. Psychiatry 196, 126–132. https://doi.org/10.
1192/bjp.bp.109.068635.

Cole, J.H., Franke, K., 2017. Predicting age using neuroimaging: innovative brain ageing
biomarkers. Trends Neurosci. 40, 681–690. https://doi.org/10.1016/j.tins.2017.10.
001.

Colucci, M., Cammarata, S., Assini, A., Croce, R., Clerici, F., Novello, C., Mazzella, L.,
Dagnino, N., Mariani, C., Tanganelli, P., 2006. The number of pregnancies is a risk
factor for Alzheimer’s disease. Eur. J. Neurol. 13, 1374–1377. https://doi.org/10.
1111/j.1468-1331.2006.01520.x.

Corbo, R.M., Gambina, G., Ulizzi, L., Monini, P., Broggio, E., Rosano, A., Scacchi, R.,
2007. Combined effect of apolipoprotein E genotype and past fertility on age at onset
of Alzheimer’s disease in women. Dement. Geriatr. Cogn. Disord. 24, 82–85. https://
doi.org/10.1159/000103866.

Corbo, R.M., Gambina, G., Ulizzi, L., Moretto, G., Scacchi, R., 2009. Genetic variation of
CYP19 (Aromatase) gene influences age at onset of Alzheimer’s disease in women.
Dement. Geriatr. Cogn. Disord. 27, 513–518. https://doi.org/10.1159/000221832.

Corwin, E.J., Pajer, K., Paul, S., Lowe, N., Weber, M., McCarthy, D.O., 2015. Bidirectional
psychoneuroimmune interactions in the early postpartum period influence risk of
postpartum depression. Brain Behav. Immun. 49, 86–93. https://doi.org/10.1016/j.
bbi.2015.04.012.

Cui, J., Jothishankar, B., He, P., Staufenbiel, M., Shen, Y., Li, R., 2014. Amyloid precursor
protein mutation disrupts reproductive experience-enhanced normal cognitive de-
velopment in a mouse model of Alzheimer’s disease. Mol. Neurobiol. 49, 103–112.
https://doi.org/10.1007/s12035-013-8503-x.

Darnaudéry, M., Perez-Martin, M., Del Favero, F., Gomez-Roldan, C., Garcia-Segura, L.M.,
Maccari, S., 2007. Early motherhood in rats is associated with a modification of
hippocampal function. Psychoneuroendocrinology 32, 803–812. https://doi.org/10.
1016/j.psyneuen.2007.05.012.

Davies, S.J., Lum, J.A., Skouteris, H., Byrne, L.K., Hayden, M.J., 2018. Cognitive im-
pairment during pregnancy: a meta-analysis. Med. J. Austral. 208, 35–40. https://
doi.org/10.5694/mja17.00131.

Diamond, A., 2013. Executive functions. Annu. Rev. Psychol. 64, 135–168. https://doi.
org/10.1146/annurev-psych-113011-143750.

Dorgan, J.F., Reichman, M.E., Judd, J.T., Brown, C., Longcope, C., Schatzkin, A.,
Campbell, W.S., Franz, C., Kahle, L., Taylor, P.R., 1995. Relationships of age and
reproductive characteristics with plasma estrogens and androgens in premenopausal
women. Cancer Epidemiol. Biomarkers Prev. 4, 381–386.

Duarte-Guterman, P., Yagi, S., Chow, C., Galea, L.A.M., 2015. Hippocampal learning,
memory, and neurogenesis: effects of sex and estrogens across the lifespan in adults.
Horm. Behav. 74, 37–52. https://doi.org/10.1016/j.yhbeh.2015.05.024.

Eid, R.S., Chaiton, J.A., Lieblich, S.E., Bodnar, T.S., Weinberg, J., Galea, L., 2019. Early
and late effects of maternal experience on hippocampal neurogenesis, microglia, and
the circulating cytokine milieu. Neurobiol. Aging 78, 1–17. https://doi.org/10.1016/
j.neurobiolaging.2019.01.021.

Endogenous Hormones and Breast Cancer Collaborative Group,Key, T.J., Appleby, P.N.,
Reeves, G.K., Roddam, A.W., Helzlsouer, K.J., Alberg, A.J., Rollison, D.E., Dorgan,
J.F., Brinton, L.A., Overvad, K., Kaaks, R., Trichopoulou, A., Clavel-Chapelon, F.,
Panico, S., Duell, E.J., Peeters, P.H.M., Rinaldi, S., Fentiman, I.S., Dowsett, M.,
Manjer, J., Lenner, P., Hallmans, G., Baglietto, L., English, D.R., Giles, G.G., Hopper,
J.L., Severi, G., Morris, H.A., Hankinson, S.E., Tworoger, S.S., Koenig, K., Zeleniuch-
Jacquotte, A., Arslan, A.A., Toniolo, P., Shore, R.E., Krogh, V., Micheli, A., Berrino, F.,
Barrett-Connor, E., Laughlin, G.A., Kabuto, M., Akiba, S., Stevens, R.G., Neriishi, K.,
Land, C.E., Cauley, J.A., Lui, L.Y., Cummings, S.R., Gunter, M.J., Rohan, T.E.,
Strickler, H.D., 2011. Circulating sex hormones and breast cancer risk factors in
postmenopausal women: reanalysis of 13 studies. Br. J. Cancer 105, 709–722.
https://doi.org/10.1038/bjc.2011.254.

Enninga, E.A.L., Nevala, W.K., Creedon, D.J., Markovic, S.N., Holtan, S.G., 2015. Fetal
sex-based differences in maternal hormones, angiogenic factors, and immune med-
iators during pregnancy and the postpartum period. Am. J. Reprod. Immunol. 73,
251–262. https://doi.org/10.1111/aji.12303.

Epp, J.R., Chow, C., Galea, L.A.M., 2013. Hippocampus-dependent learning influences
hippocampal neurogenesis. Front. Neurosci. 7. https://doi.org/10.3389/fnins.2013.
00057.

Fleming, A.S., Kuchera, C., Lee, A., Winocur, G., 1994. Olfactory-based social learning
varies as a function of parity in female rats. Psychobiology 22, 37–43. https://doi.
org/10.3758/BF03327078.

Fox, Molly, Berzuini, Carlo, Knapp, Leslie A., Glynn, Laura M., 2018. Women’s pregnancy
life history and Alzheimer’s risk: can immunoregulation explain the link? Am. J.
Alzheimers Dis. Other Demen 33 (8), 516–526. https://doi.org/10.1177/
1533317518786447.

Franssen, R.A., Rzucidlo, A.M., Franssen, C.L., Hampton, J.E., Benkovic, S.A., Bardi, M.,
Kinsley, C.H., Lambert, K.G., 2012. Reproductive experience facilitates recovery from
kainic acid-induced neural insult in female Long-Evans rats. Brain Res. 1454, 80–89.
https://doi.org/10.1016/j.brainres.2012.03.028.

Furuta, M., Bridges, R.S., 2009. Effects of maternal behavior induction and pup exposure
on neurogenesis in adult, virgin female rats. Brain Res. Bull. 80, 408–413. https://
doi.org/10.1016/j.brainresbull.2009.08.011.

Furuta, M., Bridges, R.S., 2005. Gestation-induced cell proliferation in the rat brain. Dev.
Brain Res. 156, 61–66. https://doi.org/10.1016/j.devbrainres.2005.01.008.

Galea, L.A., McEwen, B.S., Tanapat, P., Deak, T., Spencer, R.L., Dhabhar, F.S., 1997. Sex
differences in dendritic atrophy of CA3 pyramidal neurons in response to chronic
restraint stress. Neuroscience 81, 689–697.

Galea, L.A.M., Frick, K.M., Hampson, E., Sohrabji, F., Choleris, E., 2017. Why estrogens
matter for behavior and brain health. Neurosci. Biobehav. Rev. 76, 363–379. https://
doi.org/10.1016/j.neubiorev.2016.03.024.

Galea, L.A.M., Ormerod, B.K., Sampath, S., Kostaras, X., Wilkie, D.M., Phelps, M.T., 2000.
Spatial working memory and hippocampal size across pregnancy in rats. Horm.
Behav. 37, 86–95. https://doi.org/10.1006/hbeh.1999.1560.

Galea, L.A.M., Qiu, W., Duarte-Guterman, P., 2018a. Beyond sex differences: short and
long-term implications of motherhood on women’s health. Curr. Opin. Physiol., Sex
Diff. 6, 82–88. https://doi.org/10.1016/j.cophys.2018.06.003.

Galea, L.A.M., Roes, M.M., Dimech, C.J., Chow, C., Mahmoud, R., Lieblich, S.E., Duarte-
Guterman, P., 2018b. Premarin has opposing effects on spatial learning, neural ac-
tivation, and serum cytokine levels in middle-aged female rats depending on re-
productive history. Neurobiol. Aging 70, 291–307. https://doi.org/10.1016/j.
neurobiolaging.2018.06.030.

Gammill, H.S., Harrington, W.E., 2017. Microchimerism: defining and redefining the
prepregnancy context – a review. Placenta 60, 130–133. https://doi.org/10.1016/j.
placenta.2017.08.071.

Gatewood, J.D., Morgan, M.D., Eaton, M., McNamara, I.M., Stevens, L.F., Macbeth, A.H.,
Meyer, E.A.A., Lomas, L.M., Kozub, F.J., Lambert, K.G., Kinsley, C.H., 2005.
Motherhood mitigates aging-related decrements in learning and memory and posi-
tively affects brain aging in the rat. Brain Res. Bull. 66, 91–98. https://doi.org/10.
1016/j.brainresbull.2005.03.016.

Geerlings, M.I., Ruitenberg, A., Witteman, J.C., van Swieten, J.C., Hofman, A., van Duijn,
C.M., Breteler, M.M., Launer, L.J., 2001. Reproductive period and risk of dementia in

P. Duarte-Guterman, et al. Frontiers in Neuroendocrinology 53 (2019) 100740

11

https://doi.org/10.1016/j.jad.2008.07.008
https://doi.org/10.1016/S0006-8993(01)02474-X
https://doi.org/10.1016/S0006-8993(01)02474-X
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0120
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0120
https://doi.org/10.1016/j.yhbeh.2015.09.001
https://doi.org/10.1016/j.yhbeh.2015.09.001
https://doi.org/10.1016/j.brainres.2010.09.062
https://doi.org/10.1016/j.brainres.2010.09.062
https://doi.org/10.1016/j.yhbeh.2010.07.006
https://doi.org/10.1016/j.yhbeh.2010.07.006
https://doi.org/10.1016/j.yhbeh.2006.01.006
https://doi.org/10.1016/j.yhbeh.2006.01.006
https://doi.org/10.1007/s00213-016-4218-9
https://doi.org/10.1146/annurev-psych-010814-015006
https://doi.org/10.1146/annurev-psych-010814-015006
https://doi.org/10.1523/JNEUROSCI.15-06-04687.1995
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0160
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0160
https://doi.org/10.1016/j.jri.2010.12.008
https://doi.org/10.1016/j.jri.2013.03.005
https://doi.org/10.1016/j.lfs.2007.04.032
https://doi.org/10.1371/journal.pone.0144328
https://doi.org/10.1371/journal.pone.0144328
https://doi.org/10.1371/journal.pone.0045592
https://doi.org/10.1371/journal.pone.0045592
https://doi.org/10.1007/s10549-007-9574-z
https://doi.org/10.1002/dev.21185
https://doi.org/10.1038/ncomms7606
https://doi.org/10.1016/j.yfrne.2009.05.003
https://doi.org/10.1192/bjp.bp.109.068635
https://doi.org/10.1192/bjp.bp.109.068635
https://doi.org/10.1016/j.tins.2017.10.001
https://doi.org/10.1016/j.tins.2017.10.001
https://doi.org/10.1111/j.1468-1331.2006.01520.x
https://doi.org/10.1111/j.1468-1331.2006.01520.x
https://doi.org/10.1159/000103866
https://doi.org/10.1159/000103866
https://doi.org/10.1159/000221832
https://doi.org/10.1016/j.bbi.2015.04.012
https://doi.org/10.1016/j.bbi.2015.04.012
https://doi.org/10.1007/s12035-013-8503-x
https://doi.org/10.1016/j.psyneuen.2007.05.012
https://doi.org/10.1016/j.psyneuen.2007.05.012
https://doi.org/10.5694/mja17.00131
https://doi.org/10.5694/mja17.00131
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0260
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0260
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0260
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0260
https://doi.org/10.1016/j.yhbeh.2015.05.024
https://doi.org/10.1016/j.neurobiolaging.2019.01.021
https://doi.org/10.1016/j.neurobiolaging.2019.01.021
https://doi.org/10.1038/bjc.2011.254
https://doi.org/10.1111/aji.12303
https://doi.org/10.3389/fnins.2013.00057
https://doi.org/10.3389/fnins.2013.00057
https://doi.org/10.3758/BF03327078
https://doi.org/10.3758/BF03327078
https://doi.org/10.1177/1533317518786447
https://doi.org/10.1177/1533317518786447
https://doi.org/10.1016/j.brainres.2012.03.028
https://doi.org/10.1016/j.brainresbull.2009.08.011
https://doi.org/10.1016/j.brainresbull.2009.08.011
https://doi.org/10.1016/j.devbrainres.2005.01.008
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0315
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0315
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0315
https://doi.org/10.1016/j.neubiorev.2016.03.024
https://doi.org/10.1016/j.neubiorev.2016.03.024
https://doi.org/10.1006/hbeh.1999.1560
https://doi.org/10.1016/j.cophys.2018.06.003
https://doi.org/10.1016/j.neurobiolaging.2018.06.030
https://doi.org/10.1016/j.neurobiolaging.2018.06.030
https://doi.org/10.1016/j.placenta.2017.08.071
https://doi.org/10.1016/j.placenta.2017.08.071
https://doi.org/10.1016/j.brainresbull.2005.03.016
https://doi.org/10.1016/j.brainresbull.2005.03.016
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0350
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0350


postmenopausal women. JAMA 285, 1475–1481.
Glynn, L.M., 2012. Increasing parity is associated with cumulative effects on memory. J.

Women’s Health 21, 1038–1045. https://doi.org/10.1089/jwh.2011.3206.
Glynn, L.M., 2010. Giving birth to a new brain: hormone exposures of pregnancy influ-

ence human memory. Psychoneuroendocrinology 35, 1148–1155. https://doi.org/
10.1016/j.psyneuen.2010.01.015.

Glynn, L.M., Davis, E.P., Sandman, C.A., Goldberg, W.A., 2016. Gestational hormone
profiles predict human maternal behavior at 1-year postpartum. Horm. Behav. 85,
19–25. https://doi.org/10.1016/j.yhbeh.2016.07.002.

Gobinath, A.R., Richardson, R.J., Chow, C., Workman, J.L., Lieblich, S.E., Barr, A.M.,
Galea, L.A.M., 2018. Voluntary running influences the efficacy of fluoxetine in a
model of postpartum depression. Neuropharmacology 128, 106–118. https://doi.
org/10.1016/j.neuropharm.2017.09.017.

Goodman, J.H., Watson, G.R., Stubbs, B., 2016. Anxiety disorders in postpartum women:
a systematic review and meta-analysis. J. Affect. Disord. 203, 292–331. https://doi.
org/10.1016/j.jad.2016.05.033.

Gray, K.E., Schiff, M.A., Fitzpatrick, A.L., Kimura, M., Aviv, A., Starr, J.R., 2014.
Leukocyte telomere length and age at menopause. Epidemiology 25, 139–146.
https://doi.org/10.1097/EDE.0000000000000017.

Green, A.D., Galea, L.A.M., 2008. Adult hippocampal cell proliferation is suppressed with
estrogen withdrawal after a hormone-simulated pregnancy. Horm. Behav. 54,
203–211. https://doi.org/10.1016/j.yhbeh.2008.02.023.

Groer, M.E., Jevitt, C., Ji, M., 2015. Immune changes and dysphoric moods across the
postpartum. Am. J. Reprod. Immunol. 73, 193–198. https://doi.org/10.1111/aji.
12322.

Habib, P., Beyer, C., 2015. Regulation of brain microglia by female gonadal steroids. J.
Steroid Biochem. Mol. Biol. 146, 3–14. https://doi.org/10.1016/j.jsbmb.2014.02.
018.

Haim, A., Julian, D., Albin-Brooks, C., Brothers, H.M., Lenz, K.M., Leuner, B., 2017. A
survey of neuroimmune changes in pregnant and postpartum female rats. Brain
Behav. Immun. 59, 67–78. https://doi.org/10.1016/j.bbi.2016.09.026.

Hamilton, W.L., Diamond, M.C., Johnson, R.E., Ingham, C.A., 1977. Effects of pregnancy
and differential environments on rat cerebral cortical depth. Behav. Biol. 19,
333–340. https://doi.org/10.1016/S0091-6773(77)91674-1.

Hampson, E., Phillips, S.-D., Duff-Canning, S.J., Evans, K.L., Merrill, M., Pinsonneault,
J.K., Sadée, W., Soares, C.N., Steiner, M., 2015. Working memory in pregnant
women: Relation to estrogen and antepartum depression. Horm. Behav. 74, 218–227.
https://doi.org/10.1016/j.yhbeh.2015.07.006.

Harris, H.E., Ellison, G.T.H., Holliday, M., Lucassen, E., 1997. The impact of pregnancy on
the long-term weight gain of primiparous women in England. Int. J. Obesity 21,
747–755. https://doi.org/10.1038/sj.ijo.0800466.

Hauspurg, A., Ying, W., Hubel, C.A., Michos, E.D., Ouyang, P., 2018. Adverse pregnancy
outcomes and future maternal cardiovascular disease. Clin. Cardiol. 41, 239–246.
https://doi.org/10.1002/clc.22887.

Heinrichs, M., Meinlschmidt, G., Neumann, I., Wagner, S., Kirschbaum, C., Ehlert, U.,
Hellhammer, D.H., 2001. Effects of suckling on hypothalamic-pituitary-adrenal axis
responses to psychosocial stress in postpartum lactating women. J. Clin. Endocrinol.
Metab. 86, 4798–4804. https://doi.org/10.1210/jcem.86.10.7919.

Henderson, V.W., Guthrie, J.R., Dudley, E.C., Burger, H.G., Dennerstein, L., 2003.
Estrogen exposures and memory at midlife: a population-based study of women.
Neurology 60, 1369–1371.

Henry, J.D., Rendell, P.G., 2007. A review of the impact of pregnancy on memory
function. J. Clin. Exp. Neuropsychol. 29, 793–803. https://doi.org/10.1080/
13803390701612209.

Henry, J.F., Sherwin, B.B., 2012. Hormones and cognitive functioning during late preg-
nancy and postpartum: a longitudinal study. Behav. Neurosci. 126, 73–85. https://
doi.org/10.1037/a0025540.

Heys, M., Jiang, C., Cheng, K.K., Zhang, W., Yeung, S.L.A., Lam, T.H., Leung, G.M.,
Schooling, C.M., 2011. Life long endogenous estrogen exposure and later adulthood
cognitive function in a population of naturally postmenopausal women from
Southern China: the Guangzhou Biobank Cohort Study. Psychoneuroendocrinology
36, 864–873. https://doi.org/10.1016/j.psyneuen.2010.11.009.

Hillerer, K.M., Neumann, I.D., Couillard-Despres, S., Aigner, L., Slattery, D.A., 2014.
Lactation-induced reduction in hippocampal neurogenesis is reversed by repeated
stress exposure: stress effects on hippocampal neurogenesis in lactating rats.
Hippocampus 24, 673–683. https://doi.org/10.1002/hipo.22258.

Hinkula, M., Kauppila, A., Näyhä, S., Pukkala, E., 2006. Cause-specific mortality of grand
multiparous women in Finland. Am. J. Epidemiol. 163, 367–373. https://doi.org/10.
1093/aje/kwj048.

Hodes, G.E., Kana, V., Menard, C., Merad, M., Russo, S.J., 2015. Neuroimmune me-
chanisms of depression. Nat. Neurosci. 18, 1386–1393.

Hoekzema, E., Barba-Müller, E., Pozzobon, C., Picado, M., Lucco, F., García-García, D.,
Soliva, J.C., Tobeña, A., Desco, M., Crone, E.A., Ballesteros, A., Carmona, S.,
Vilarroya, O., 2017. Pregnancy leads to long-lasting changes in human brain struc-
ture. Nat. Neurosci. 20, 287–296. https://doi.org/10.1038/nn.4458.

Holdcroft, A., Hall, L., Hamilton, G., Counsell, S.J., Bydder, G.M., Bell, J.D., 2005.
Phosphorus-31 brain MR spectroscopy in women during and after pregnancy com-
pared with nonpregnant control subjects. AJNR Am. J. Neuroradiol. 26, 352–356.

Hollis, J.L., Crozier, S.R., Inskip, H.M., Cooper, C., Godfrey, K.M., Harvey, N.C., Collins,
C.E., Robinson, S.M., 2017. Modifiable risk factors of maternal postpartum weight
retention: an analysis of their combined impact and potential opportunities for pre-
vention. Int. J. Obesity 41, 1091–1098. https://doi.org/10.1038/ijo.2017.78.

Holmes, M.M., Wide, J.K., Galea, L.A.M., 2002. Low levels of estradiol facilitate, whereas
high levels of estradiol impair, working memory performance on the radial arm maze.
Behav. Neurosci. 116, 928–934. https://doi.org/10.1037//0735-7044.116.5.928.

Holschbach, M.A., Lonstein, J.S., 2017. Motherhood and infant contact regulate

neuroplasticity in the serotonergic midbrain dorsal raphe. Psychoneuroendocrinology
76, 97–106. https://doi.org/10.1016/j.psyneuen.2016.10.023.

Humphries, K.H., Westendorp, I.C.D., Bots, M.L., Spinelli, J.J., Carere, R.G., Hofman, A.,
Witteman, J.C.M., 2001. Parity and carotid artery atherosclerosis in elderly Women.
Stroke.

Hussain, D., Hoehne, A., Woodside, B., Brake, W.G., 2013. Reproductive experience
modifies the effects of estradiol on learning and memory bias in female rats. Horm.
Behav. 63, 418–423. https://doi.org/10.1016/j.yhbeh.2012.11.011.

Irvine, K., Laws, K.R., Gale, T.M., Kondel, T.K., 2012. Greater cognitive deterioration in
women than men with Alzheimer’s disease: a meta analysis. J. Clin. Exp.
Neuropsychol. 34, 989–998. https://doi.org/10.1080/13803395.2012.712676.

Jang, H., Bae, J.B., Dardiotis, E., Scarmeas, N., Sachdev, P.S., Lipnicki, D.M., Han, J.W.,
Kim, T.H., Kwak, K.P., Kim, B.J., Kim, S.G., Kim, J.L., Moon, S.W., Park, J.H., Ryu, S.-
H., Youn, J.C., Lee, D.Y., Lee, D.W., Lee, S.B., Lee, J.J., Jhoo, J.H., Yannakoulia, M.,
Kosmidis, M.H., Hadjigeorgiou, G.M., Sakka, P., Kim, K.W., 2018. Differential effects
of completed and incomplete pregnancies on the risk of Alzheimer disease. Neurology
91, e643–e651. https://doi.org/10.1212/WNL.0000000000006000.

Jessberger, S., Nakashima, K., Clemenson, G.D., Mejia, E., Mathews, E., Ure, K., Ogawa,
S., Sinton, C.M., Gage, F.H., Hsieh, J., 2007. Epigenetic modulation of seizure-in-
duced neurogenesis and cognitive decline. J. Neurosci. 27, 5967–5975. https://doi.
org/10.1523/JNEUROSCI.0110-07.2007.

Karelina, K., Stuller, K.A., Jarrett, B., Zhang, N., Wells, J., Norman, G.J., DeVries, A.C.,
2011. Oxytocin mediates social neuroprotection after cerebral ischemia. Stroke 42,
3606–3611. https://doi.org/10.1161/STROKEAHA.111.628008.

Karim, R., Dang, H., Henderson, V.W., Hodis, H.N., St. John, J., Brinton, R.D., Mack, W.J.,
2016. Effect of reproductive history and exogenous hormone use on cognitive func-
tion in mid- and late life. J. Am. Geriatrics Soc. 64, 2448–2456. https://doi.org/10.
1111/jgs.14658.

Kataja, E.-L., Karlsson, L., Huizink, A.C., Tolvanen, M., Parsons, C., Nolvi, S., Karlsson, H.,
2017. Pregnancy-related anxiety and depressive symptoms are associated with vi-
suospatial working memory errors during pregnancy. J. Affect. Disord. 218, 66–74.
https://doi.org/10.1016/j.jad.2017.04.033.

Kempermann, G., Gage, F.H., Aigner, L., Song, H., Curtis, M.A., Thuret, S., Kuhn, H.G.,
Jessberger, S., Frankland, P.W., Cameron, H.A., Gould, E., Hen, R., Abrous, D.N.,
Toni, N., Schinder, A.F., Zhao, X., Lucassen, P.J., Frisén, J., 2018. Human adult
neurogenesis: evidence and remaining questions. Cell Stem Cell 23, 25–30. https://
doi.org/10.1016/j.stem.2018.04.004.

Kettenmann, H., Hanisch, U.-K., Noda, M., Verkhratsky, A., 2011. Physiology of micro-
glia. Physiol. Rev. 91, 461–553. https://doi.org/10.1152/physrev.00011.2010.

Kim, P., Dufford, A.J., Tribble, R.C., 2018. Cortical thickness variation of the maternal
brain in the first 6 months postpartum: associations with parental self-efficacy. Brain
Struct. Funct. 223, 3267–3277. https://doi.org/10.1007/s00429-018-1688-z.

Kim, P., Leckman, J.F., Mayes, L.C., Feldman, R., Wang, X., Swain, J.E., 2010a. The
plasticity of human maternal brain: Longitudinal changes in brain anatomy during
the early postpartum period. Behav. Neurosci. 124, 695–700. https://doi.org/10.
1037/a0020884.

Kim, S.K., Hwang, I.K., Yoo, K.-Y., Yoo, D.Y., Bae, E., Lee, C.H., Choi, J.H., Choi, J.W.,
Seong, J.K., Yoon, Y.S., Won, M.-H., 2010b. Pregnancy inhibits cell proliferation and
neuroblast differentiation without neuronal damage in the hippocampal dentate
gyrus in C57BL/6N mice. Brain Res. 1315, 25–32. https://doi.org/10.1016/j.
brainres.2009.12.029.

Kinsley, C.H., Bales, K.L., Bardi, M., Stolzenberg, D.S., 2015. Reproductive experiential
regulation of cognitive and emotional resilience. Neurosci. Biobehav. Rev. 58,
92–106. https://doi.org/10.1016/j.neubiorev.2015.05.015.

Kinsley, C.H., Bardi, M., Karelina, K., Rima, B., Christon, L., Friedenberg, J., Griffin, G.,
2008. Motherhood induces and maintains behavioral and neural plasticity across the
lifespan in the rat. Arch. Sex. Behav. 37, 43–56. https://doi.org/10.1007/s10508-
007-9277-x.

Kinsley, C.H., Madonia, L., Gifford, G.W., Tureski, K., Griffin, G.R., Lowry, C., Williams,
J., Collins, J., McLearie, H., Lambert, K.G., 1999. Motherhood improves learning and
memory. Nature 402, 137–138. https://doi.org/10.1038/45957.

Kinsley, C.H., Trainer, R., Stafisso-Sandoz, G., Quadros, P., Marcus, L.K., Hearon, C.,
Meyer, E.A.A., Hester, N., Morgan, M., Kozub, F.J., 2006. Motherhood and the hor-
mones of pregnancy modify concentrations of hippocampal neuronal dendritic
spines. Horm. Behav. 49, 131–142. https://doi.org/10.1016/j.yhbeh.2005.05.017.

Klein, S.L., Flanagan, K.L., 2016. Sex differences in immune responses. Nat. Rev.
Immunol. 16, 626–638. https://doi.org/10.1038/nri.2016.90.

Knight, A.K., Dunlop, A.L., Kilaru, V., Cobb, D., Corwin, E.J., Conneely, K.N., et al., 2018.
Characterization of gene expression changes over healthy term pregnancies. PLoS
One 13 (10), e0204228. https://doi.org/10.1371/journal.pone.0204228.

Kuźma, E., Lourida, I., Moore, S.F., Levine, D.A., Ukoumunne, O.C., Llewellyn, D.J., 2018.
Stroke and dementia risk: a systematic review and meta-analysis. Alzheimers Dement
14 (11), 1416–1426. https://doi.org/10.1016/j.jalz.2018.06.3061.

Ladyman, S.R., Khant Aung, Z., Grattan, D.R., 2018. Impact of pregnancy and lactation on
the long-term regulation of energy balance in female mice. Endocrinology 159,
2324–2336. https://doi.org/10.1210/en.2018-00057.

Larsen, C.M., Grattan, D.R., 2012. Prolactin, neurogenesis, and maternal behaviors. Brain
Behav. Immun. 26, 201–209. https://doi.org/10.1016/j.bbi.2011.07.233.

Larsen, C.M., Grattan, D.R., 2010. Prolactin-induced mitogenesis in the subventricular
zone of the maternal brain during early pregnancy is essential for normal postpartum
behavioral responses in the mother. Endocrinology 151, 3805–3814. https://doi.org/
10.1210/en.2009-1385.

Laurent, M.R., Hammond, G.L., Blokland, M., Jardí, F., Antonio, L., Dubois, V., Khalil, R.,
Sterk, S.S., Gielen, E., Decallonne, B., Carmeliet, G., Kaufman, J.-M., Fiers, T.,
Huhtaniemi, I.T., Vanderschueren, D., Claessens, F., 2016. Sex hormone-binding
globulin regulation of androgen bioactivity in vivo: validation of the free hormone

P. Duarte-Guterman, et al. Frontiers in Neuroendocrinology 53 (2019) 100740

12

http://refhub.elsevier.com/S0091-3022(18)30123-7/h0350
https://doi.org/10.1089/jwh.2011.3206
https://doi.org/10.1016/j.psyneuen.2010.01.015
https://doi.org/10.1016/j.psyneuen.2010.01.015
https://doi.org/10.1016/j.yhbeh.2016.07.002
https://doi.org/10.1016/j.neuropharm.2017.09.017
https://doi.org/10.1016/j.neuropharm.2017.09.017
https://doi.org/10.1016/j.jad.2016.05.033
https://doi.org/10.1016/j.jad.2016.05.033
https://doi.org/10.1097/EDE.0000000000000017
https://doi.org/10.1016/j.yhbeh.2008.02.023
https://doi.org/10.1111/aji.12322
https://doi.org/10.1111/aji.12322
https://doi.org/10.1016/j.jsbmb.2014.02.018
https://doi.org/10.1016/j.jsbmb.2014.02.018
https://doi.org/10.1016/j.bbi.2016.09.026
https://doi.org/10.1016/S0091-6773(77)91674-1
https://doi.org/10.1016/j.yhbeh.2015.07.006
https://doi.org/10.1038/sj.ijo.0800466
https://doi.org/10.1002/clc.22887
https://doi.org/10.1210/jcem.86.10.7919
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0430
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0430
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0430
https://doi.org/10.1080/13803390701612209
https://doi.org/10.1080/13803390701612209
https://doi.org/10.1037/a0025540
https://doi.org/10.1037/a0025540
https://doi.org/10.1016/j.psyneuen.2010.11.009
https://doi.org/10.1002/hipo.22258
https://doi.org/10.1093/aje/kwj048
https://doi.org/10.1093/aje/kwj048
http://refhub.elsevier.com/S0091-3022(18)30123-7/h9000
http://refhub.elsevier.com/S0091-3022(18)30123-7/h9000
https://doi.org/10.1038/nn.4458
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0465
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0465
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0465
https://doi.org/10.1038/ijo.2017.78
https://doi.org/10.1037//0735-7044.116.5.928
https://doi.org/10.1016/j.psyneuen.2016.10.023
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0485
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0485
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0485
https://doi.org/10.1016/j.yhbeh.2012.11.011
https://doi.org/10.1080/13803395.2012.712676
https://doi.org/10.1212/WNL.0000000000006000
https://doi.org/10.1523/JNEUROSCI.0110-07.2007
https://doi.org/10.1523/JNEUROSCI.0110-07.2007
https://doi.org/10.1161/STROKEAHA.111.628008
https://doi.org/10.1111/jgs.14658
https://doi.org/10.1111/jgs.14658
https://doi.org/10.1016/j.jad.2017.04.033
https://doi.org/10.1016/j.stem.2018.04.004
https://doi.org/10.1016/j.stem.2018.04.004
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1007/s00429-018-1688-z
https://doi.org/10.1037/a0020884
https://doi.org/10.1037/a0020884
https://doi.org/10.1016/j.brainres.2009.12.029
https://doi.org/10.1016/j.brainres.2009.12.029
https://doi.org/10.1016/j.neubiorev.2015.05.015
https://doi.org/10.1007/s10508-007-9277-x
https://doi.org/10.1007/s10508-007-9277-x
https://doi.org/10.1038/45957
https://doi.org/10.1016/j.yhbeh.2005.05.017
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1371/journal.pone.0204228
https://doi.org/10.1016/j.jalz.2018.06.3061
https://doi.org/10.1210/en.2018-00057
https://doi.org/10.1016/j.bbi.2011.07.233
https://doi.org/10.1210/en.2009-1385
https://doi.org/10.1210/en.2009-1385


hypothesis. Sci. Rep. 6, 35539. https://doi.org/10.1038/srep35539.
Lei, B., Mace, B., Dawson, H.N., Warner, D.S., Laskowitz, D.T., James, M.L., 2014. Anti-

inflammatory effects of progesterone in lipopolysaccharide-stimulated BV-2 micro-
glia. PLoS One 9. https://doi.org/10.1371/journal.pone.0103969.

Lemaire, V., Billard, J.-M., Dutar, P., George, O., Piazza, P.V., Epelbaum, J., Le Moal, M.,
Mayo, W., 2006. Motherhood-induced memory improvement persists across lifespan
in rats but is abolished by a gestational stress. Eur. J. Neurosci. 23, 3368–3374.
https://doi.org/10.1111/j.1460-9568.2006.04870.x.

Leuner, B., Glasper, E.R., Gould, E., 2010. Parenting and plasticity. Trends Neurosci. 33,
465–473. https://doi.org/10.1016/j.tins.2010.07.003.

Leuner, B., Gould, E., 2010. Dendritic growth in medial prefrontal cortex and cognitive
flexibility are enhanced during the postpartum period. J. Neurosci. 30, 13499–13503.
https://doi.org/10.1523/JNEUROSCI.3388-10.2010.

Leuner, B., Mirescu, C., Noiman, L., Gould, E., 2007. Maternal experience inhibits the
production of immature neurons in the hippocampus during the postpartum period
through elevations in adrenal steroids. Hippocampus 17, 434–442. https://doi.org/
10.1002/hipo.20278.

Leuner, B., Sabihi, S., 2016. The birth of new neurons in the maternal brain: Hormonal
regulation and functional implications. Front. Neuroendocrinol. 41, 99–113. https://
doi.org/10.1016/j.yfrne.2016.02.004.

Lin, J., Kroenke, C.H., Epel, E., Kenna, H.A., Wolkowitz, O.M., Blackburn, E., Rasgon,
N.L., 2011. Greater endogenous estrogen exposure is associated with longer telo-
meres in postmenopausal women at risk for cognitive decline. Brain Res. 1379,
224–231. https://doi.org/10.1016/j.brainres.2010.10.033.

Lisofsky, N., Wiener, J., de Condappa, O., Gallinat, J., Lindenberger, U., Kühn, S., 2016.
Differences in navigation performance and postpartal striatal volume associated with
pregnancy in humans. Neurobiol. Learn. Mem. 134, 400–407. https://doi.org/10.
1016/j.nlm.2016.08.022.

Love, G., Torrey, N., McNamara, I., Morgan, M., Banks, M., Hester, N.W., Glasper, E.R.,
DeVries, A.C., Kinsley, C.H., Lambert, K.G., 2005. Maternal experience produces
long-lasting behavioral modifications in the rat. Behav. Neurosci. 119, 1084–1096.
https://doi.org/10.1037/0735-7044.119.4.1084.

Low, L.-F., Anstey, K.J., Jorm, A.F., Rodgers, B., Christensen, H., 2005. Reproductive
period and cognitive function in a representative sample of naturally postmenopausal
women aged 60–64 years. Climacteric 8, 380–389. https://doi.org/10.1080/
13697130500345240.

Lucassen, P.J., Oomen, C.A., Naninck, E.F.G., Fitzsimons, C.P., van Dam, A.-M., Czeh, B.,
Korosi, A., 2015. Regulation of Adult Neurogenesis and Plasticity by (Early) Stress,
Glucocorticoids, and Inflammation. Cold Spring Harb. Perspect. Biol. 7, a021303.
https://doi.org/10.1101/cshperspect.a021303.

Luders, E., Gingnell, M., Poromaa, I.S., Engman, J., Kurth, F., Gaser, C., 2018. Potential
brain age reversal after pregnancy: younger brains at 4–6 weeks postpartum.
Neuroscience 386, 309–314. https://doi.org/10.1016/j.neuroscience.2018.07.006.

Luppi, P., 2003. How immune mechanisms are affected by pregnancy. Vaccine 21,
3352–3357. https://doi.org/10.1016/S0264-410X(03)00331-1.

Lv, H., Wu, H., Yin, J., Qian, J., Ge, J., 2015. Parity and cardiovascular disease mortality:
a dose-response meta-analysis of cohort studies. Sci. Rep. 5, 13411. https://doi.org/
10.1038/srep13411.

Macbeth, A.H., Scharfman, H.E., MacLusky, N.J., Gautreaux, C., Luine, V.N., 2008. Effects
of multiparity on recognition memory, monoaminergic neurotransmitters, and brain-
derived neurotrophic factor (BDNF). Horm. Behav. 54, 7–17. https://doi.org/10.
1016/j.yhbeh.2007.08.011.

Maes, M., Lin, A.H., Ombelet, W., Stevens, K., Kenis, G., De Jongh, R., Cox, J., Bosmans,
E., 2000. Immune activation in the early puerperium is related to postpartum anxiety
and depressive symptoms. Psychoneuroendocrinology 25, 121–137.

Mahmoud, R., Wainwright, S.R., Chaiton, J.A., Lieblich, S.E., Galea, L.A.M., 2016a.
Ovarian hormones, but not fluoxetine, impart resilience within a chronic un-
predictable stress model in middle-aged female rats. Neuropharmacology 107,
278–293. https://doi.org/10.1016/j.neuropharm.2016.01.033.

Mahmoud, R., Wainwright, S.R., Galea, L.A.M., 2016b. Sex hormones and adult hippo-
campal neurogenesis: regulation, implications, and potential mechanisms. Front.
Neuroendocrinol. 41, 129–152. https://doi.org/10.1016/j.yfrne.2016.03.002.

McLay, R.N., Maki, P.M., Lyketsos, C.G., 2003. Nulliparity and late menopause are as-
sociated with decreased cognitive decline. J. Neuropsychiat. Clin. Neurosci. 15,
161–167. https://doi.org/10.1176/jnp.15.2.161.

Mitchell, A.M., Palettas, M., Christian, L.M., 2017. Fetal sex is associated with maternal
stimulated cytokine production, but not serum cytokine levels, in human pregnancy.
Brain Behav. Immun. 60, 32–37. https://doi.org/10.1016/j.bbi.2016.06.015.

Moore, E.R., Anderson, G.C., Bergman, N., Dowswell, T., 2012. Early skin-to-skin contact
for mothers and their healthy newborn infants. Cochrane Database Syst. Rev. 5,
CD003519. https://doi.org/10.1002/14651858.CD003519.pub3.

Mor, G., Cardenas, I., 2010. The immune system in pregnancy: a unique complexity:
immune system in pregnancy. Am. J. Reprod. Immunol. 63, 425–433. https://doi.
org/10.1111/j.1600-0897.2010.00836.x.

Moran, C., Beare, R., Phan, T.G., Bruce, D.G., Callisaya, M.L., Srikanth, V., 2015.
Alzheimer’s Disease Neuroimaging Initiative (ADNI), Type 2 diabetes mellitus and
biomarkers of neurodegeneration. Neurology 85, 1123–1130. https://doi.org/10.
1212/WNL.0000000000001982.

Musey, V.C., Collins, D.C., Brogan, D.R., Santos, V.R., Musey, P.I., Martino-Saltzman, D.,
Preedy, J.R.K., 1987a. Long term effects of a first pregnancy on the hormonal en-
vironment: estrogens and androgens. J. Clin. Endocrinol. Metab. 64, 111–118.
https://doi.org/10.1210/jcem-64-1-111.

Musey, V.C., Collins, D.C., Musey, P.I., Martino-Saltzman, D., Preedy, J.R.K., 1987b.
Long-term effect of a first pregnancy on the secretion of prolactin. N. Engl. J. Med.
316, 229–234. https://doi.org/10.1056/NEJM198701293160501.

Nandy, S.B., Subramani, R., Rajamanickam, V., Lopez-Valdez, R., Arumugam, A.,

Boopalan, T., Lakshmanaswamy, R., 2014. microRNA alterations in ALDH positive
mammary epithelial cells: a crucial contributing factor towards breast cancer risk
reduction in case of early pregnancy. BMC Cancer 14, 644. https://doi.org/10.1186/
1471-2407-14-644.

Neumann, I.D., 2001. Alterations in behavioral and neuroendocrine stress coping stra-
tegies in pregnant, parturient and lactating rats. Prog. Brain Res. 133, 143–152.

Oatridge, A., Holdcroft, A., Saeed, N., Hajnal, J.V., Puri, B.K., Fusi, L., Bydder, G.M.,
2002. Change in brain size during and after pregnancy: study in healthy women and
women with preeclampsia. AJNR Am. J. Neuroradiol. 23, 19–26.

O’Hara, M.W., Wisner, K.L., 2014. Perinatal mental illness: definition, description and
aetiology. Best Pract. Res. Clin. Obstet. Gynaecol. 28, 3–12. https://doi.org/10.1016/
j.bpobgyn.2013.09.002.

Orso, R., Wearick-Silva, L.E., Creutzberg, K.C., Centeno-Silva, A., Glusman Roithmann, L.,
Pazzin, R., Tractenberg, S.G., Benetti, F., Grassi-Oliveira, R., 2018. Maternal behavior
of the mouse dam toward pups: implications for maternal separation model of early
life stress. Stress 21, 19–27. https://doi.org/10.1080/10253890.2017.1389883.

Osborne, L.M., Monk, C., 2013. Perinatal depression–the fourth inflammatory morbidity
of pregnancy?: Theory and literature review. Psychoneuroendocrinology 38,
1929–1952. https://doi.org/10.1016/j.psyneuen.2013.03.019.

Ouellette, S.J., Hampson, E., 2018. Memory and affective changes during the antepartum:
a narrative review and integrative hypothesis. J. Clin. Exp. Neuropsychol. 1–21.
https://doi.org/10.1080/13803395.2018.1485881.

Overgaard, A., Lieblich, S.E., Richardson, R., Galea, L.A.M., Frokjaer, V.G., 2018.
Paroxetine blunts the corticosterone response to swim-induced stress and increases
depressive-like behavior in a rat model of postpartum depression.
Psychoneuroendocrinology 89, 223–228. https://doi.org/10.1016/j.psyneuen.2017.
10.021.

Paris, J.J., Frye, C.A., 2008. Estrous cycle, pregnancy, and parity enhance performance of
rats in object recognition or object placement tasks. Reproduction 136, 105–115.
https://doi.org/10.1530/REP-07-0512.

Parkhurst, C.N., Yang, G., Ninan, I., Savas, J.N., Yates, J.R., Lafaille, J.J., Hempstead, B.L.,
Littman, D.R., Gan, W.-B., 2013. Microglia promote learning-dependent synapse
formation through BDNF. Cell 155, 1596–1609. https://doi.org/10.1016/j.cell.2013.
11.030.

Pawluski, J.L., Barakauskas, V.E., Galea, L.A.M., 2010. Pregnancy decreases oestrogen
receptor α expression and pyknosis, but not cell proliferation or survival, in the
hippocampus. J. Neuroendocrinol. 22, 248–257. https://doi.org/10.1111/j.1365-
2826.2010.01960.x.

Pawluski, J.L., Brummelte, S., Barha, C.K., Crozier, T.M., Galea, L.A.M., 2009a. Effects of
steroid hormones on neurogenesis in the hippocampus of the adult female rodent
during the estrous cycle, pregnancy, lactation and aging. Front. Neuroendocrinol. 30,
343–357. https://doi.org/10.1016/j.yfrne.2009.03.007.

Pawluski, J.L., Charlier, T.D., Lieblich, S.E., Hammond, G.L., Galea, L.A.M., 2009b.
Reproductive experience alters corticosterone and CBG levels in the rat dam. Physiol.
Behav. 96, 108–114. https://doi.org/10.1016/j.physbeh.2008.09.004.

Pawluski, J.L., Galea, L.a.M., 2007. Reproductive experience alters hippocampal neuro-
genesis during the postpartum period in the dam. Neuroscience 149, 53–67. https://
doi.org/10.1016/j.neuroscience.2007.07.031.

Pawluski, J.L., Galea, L.A.M., 2006. Hippocampal morphology is differentially affected by
reproductive experience in the mother. J. Neurobiol. 66, 71–81. https://doi.org/10.
1002/neu.20194.

Pawluski, J.L., Vanderbyl, B.L., Ragan, K., Galea, L.A.M., 2006a. First reproductive ex-
perience persistently affects spatial reference and working memory in the mother and
these effects are not due to pregnancy or ‘mothering’ alone. Behav. Brain Res. 175,
157–165. https://doi.org/10.1016/j.bbr.2006.08.017.

Pawluski, J.L., Walker, S.K., Galea, L.A.M., 2006b. Reproductive experience differentially
affects spatial reference and working memory performance in the mother. Horm.
Behav. 49, 143–149. https://doi.org/10.1016/j.yhbeh.2005.05.016.

Penn, D.J., Smith, K.R., 2007. Differential fitness costs of reproduction between the sexes.
Proc. Natl. Acad. Sci. 104, 553–558. https://doi.org/10.1073/pnas.0609301103.

Perl, D.P., 2010. Neuropathology of Alzheimer’s disease. Mt. Sinai J. Med. 77, 32–42.
https://doi.org/10.1002/msj.20157.

Pollack, A.Z., Rivers, K., Ahrens, K.A., 2018. Parity associated with telomere length
among US reproductive age women. Hum. Reprod. 33, 736–744. https://doi.org/10.
1093/humrep/dey024.

Posillico, C.K., Schwarz, J.M., 2016. An investigation into the effects of antenatal stressors
on the postpartum neuroimmune profile and depressive-like behaviors. Behav. Brain
Res. 298, 218–228. https://doi.org/10.1016/j.bbr.2015.11.011.

Postpartum Depression: Action Towards Causes and Treatment (PACT) Consortium, 2015.
Heterogeneity of postpartum depression: a latent class analysis. Lancet Psychiatry 2,
59–67. https://doi.org/10.1016/S2215-0366(14)00055-8.

Prince, M.J., Acosta, D., Guerra, M., Huang, Y., Jimenez-Velazquez, I.Z., Llibre Rodriguez,
J.J., Salas, A., Sosa, A.L., Chua, K.-C., Dewey, M.E., Liu, Z., Mayston, R., Valhuerdi,
A., 2018. Reproductive period, endogenous estrogen exposure and dementia in-
cidence among women in Latin America and China; A 10/66 population-based cohort
study. PLoS One 13, e0192889. https://doi.org/10.1371/journal.pone.0192889.

Ptok, U., Barkow, K., Heun, R., 2002. Fertility and number of children in patients with
Alzheimer’s disease. Arch. Women’s Mental Health 5, 83–86. https://doi.org/10.
1007/s00737-002-0142-6.

Rasgon, N.L., Magnusson, C., Johansson, A.L.V., Pedersen, N.L., Elman, S., Gatz, M.,
2005. Endogenous and exogenous hormone exposure and risk of cognitive impair-
ment in Swedish twins: a preliminary study. Psychoneuroendocrinology 30, 558–567.
https://doi.org/10.1016/j.psyneuen.2005.01.004.

Ray, S., Tzeng, R.-Y., DiCarlo, L.M., Bundy, J.L., Vied, C., Tyson, G., Nowakowski, R.,
Arbeitman, M.N., 2015. An examination of dynamic gene expression changes in the
mouse brain during pregnancy and the postpartum period. G3 (Bethesda) 6, 221–233.

P. Duarte-Guterman, et al. Frontiers in Neuroendocrinology 53 (2019) 100740

13

https://doi.org/10.1038/srep35539
https://doi.org/10.1371/journal.pone.0103969
https://doi.org/10.1111/j.1460-9568.2006.04870.x
https://doi.org/10.1016/j.tins.2010.07.003
https://doi.org/10.1523/JNEUROSCI.3388-10.2010
https://doi.org/10.1002/hipo.20278
https://doi.org/10.1002/hipo.20278
https://doi.org/10.1016/j.yfrne.2016.02.004
https://doi.org/10.1016/j.yfrne.2016.02.004
https://doi.org/10.1016/j.brainres.2010.10.033
https://doi.org/10.1016/j.nlm.2016.08.022
https://doi.org/10.1016/j.nlm.2016.08.022
https://doi.org/10.1037/0735-7044.119.4.1084
https://doi.org/10.1080/13697130500345240
https://doi.org/10.1080/13697130500345240
https://doi.org/10.1101/cshperspect.a021303
https://doi.org/10.1016/j.neuroscience.2018.07.006
https://doi.org/10.1016/S0264-410X(03)00331-1
https://doi.org/10.1038/srep13411
https://doi.org/10.1038/srep13411
https://doi.org/10.1016/j.yhbeh.2007.08.011
https://doi.org/10.1016/j.yhbeh.2007.08.011
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0680
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0680
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0680
https://doi.org/10.1016/j.neuropharm.2016.01.033
https://doi.org/10.1016/j.yfrne.2016.03.002
https://doi.org/10.1176/jnp.15.2.161
https://doi.org/10.1016/j.bbi.2016.06.015
https://doi.org/10.1002/14651858.CD003519.pub3
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1212/WNL.0000000000001982
https://doi.org/10.1212/WNL.0000000000001982
https://doi.org/10.1210/jcem-64-1-111
https://doi.org/10.1056/NEJM198701293160501
https://doi.org/10.1186/1471-2407-14-644
https://doi.org/10.1186/1471-2407-14-644
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0735
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0735
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0740
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0740
http://refhub.elsevier.com/S0091-3022(18)30123-7/h0740
https://doi.org/10.1016/j.bpobgyn.2013.09.002
https://doi.org/10.1016/j.bpobgyn.2013.09.002
https://doi.org/10.1080/10253890.2017.1389883
https://doi.org/10.1016/j.psyneuen.2013.03.019
https://doi.org/10.1080/13803395.2018.1485881
https://doi.org/10.1016/j.psyneuen.2017.10.021
https://doi.org/10.1016/j.psyneuen.2017.10.021
https://doi.org/10.1530/REP-07-0512
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1111/j.1365-2826.2010.01960.x
https://doi.org/10.1111/j.1365-2826.2010.01960.x
https://doi.org/10.1016/j.yfrne.2009.03.007
https://doi.org/10.1016/j.physbeh.2008.09.004
https://doi.org/10.1016/j.neuroscience.2007.07.031
https://doi.org/10.1016/j.neuroscience.2007.07.031
https://doi.org/10.1002/neu.20194
https://doi.org/10.1002/neu.20194
https://doi.org/10.1016/j.bbr.2006.08.017
https://doi.org/10.1016/j.yhbeh.2005.05.016
https://doi.org/10.1073/pnas.0609301103
https://doi.org/10.1002/msj.20157
https://doi.org/10.1093/humrep/dey024
https://doi.org/10.1093/humrep/dey024
https://doi.org/10.1016/j.bbr.2015.11.011
https://doi.org/10.1016/S2215-0366(14)00055-8
https://doi.org/10.1371/journal.pone.0192889
https://doi.org/10.1007/s00737-002-0142-6
https://doi.org/10.1007/s00737-002-0142-6
https://doi.org/10.1016/j.psyneuen.2005.01.004


https://doi.org/10.1534/g3.115.020982.
Ritzel, R.M., Patel, A.R., Spychala, M., Verma, R., Crapser, J., Koellhoffer, E.C.,

Schrecengost, A., Jellison, E.R., Zhu, L., Venna, V.R., McCullough, L.D., 2017.
Multiparity improves outcomes after cerebral ischemia in female mice despite fea-
tures of increased metabovascular risk. Proc. Natl. Acad. Sci. 114, E5673–E5682.
https://doi.org/10.1073/pnas.1607002114.

Robinson, D.P., Klein, S.L., 2012. Pregnancy and pregnancy-associated hormones alter
immune responses and disease pathogenesis. Horm. Behav. 62, 263–271. https://doi.
org/10.1016/j.yhbeh.2012.02.023.

Roes, Meighen, Galea, Liisa A.M., 2016. The maternal brain: short- and long-term effects
of reproductive experience on hippocampus structure and function in adulthood. In:
Sex Differences in the Central Nervous System. Elsevier, pp. 197–220. https://doi.
org/10.1016/B978-0-12-802114-9.00009-3.

Rogers, J.T., Morganti, J.M., Bachstetter, A.D., Hudson, C.E., Peters, M.M., Grimmig, B.A.,
Weeber, E.J., Bickford, P.C., Gemma, C., 2011. CX3CR1 deficiency leads to impair-
ment of hippocampal cognitive function and synaptic plasticity. J. Neurosci. 31,
16241–16250. https://doi.org/10.1523/JNEUROSCI.3667-11.2011.

Rolls, A., Schori, H., London, A., Schwartz, M., 2008. Decrease in hippocampal neuro-
genesis during pregnancy: a link to immunity. Mol. Psychiatry 13, 468–469. https://
doi.org/10.1038/sj.mp.4002126.

Rossetti, M.F., Varayoud, J., Lazzarino, G.P., Luque, E.H., Ramos, J.G., 2016. Pregnancy
and lactation differentially modify the transcriptional regulation of steroidogenic
enzymes through DNA methylation mechanisms in the hippocampus of aged rats.
Mol. Cell. Endocrinol. 429, 73–83. https://doi.org/10.1016/j.mce.2016.03.037.

Rotunno, M., Sun, X., Figueroa, J., Sherman, M.E., Garcia-Closas, M., Meltzer, P.,
Williams, T., Schneider, S.S., Jerry, D.J., Yang, X.R., Troester, M.A., 2014. Parity-
related molecular signatures and breast cancer subtypes by estrogen receptor status.
Breast Cancer Res. 16, R74. https://doi.org/10.1186/bcr3689.

Ryan, J., Carrière, I., Scali, J., Ritchie, K., Ancelin, M.-L., 2009. Life-time estrogen ex-
posure and cognitive functioning in later life. Psychoneuroendocrinology 34,
287–298. https://doi.org/10.1016/j.psyneuen.2008.09.008.

Santos, C.Y., Snyder, P.J., Wu, W.-C., Zhang, M., Echeverria, A., Alber, J., 2017.
Pathophysiologic relationship between Alzheimer’s disease, cerebrovascular disease,
and cardiovascular risk: A review and synthesis. Alzheimers Dement (Amst) 7, 69–87.
https://doi.org/10.1016/j.dadm.2017.01.005.

Sapolsky, R.M., Meaney, M.J., McEwen, B.S., 1985. The development of the glucocorti-
coid receptor system in the rat limbic brain. III. Negative-feedback regulation. Dev.
Brain Res. 18, 169–173. https://doi.org/10.1016/0165-3806(85)90261-5.

Schilling, M.A., 2016. Unraveling Alzheimer’s: making sense of the relationship between
diabetes and Alzheimer’s Disease1. J. Alzheimers Dis. 51, 961–977. https://doi.org/
10.3233/JAD-150980.

Schumacher, A., Costa, S.-D., Zenclussen, A.C., 2014. Endocrine factors modulating im-
mune responses in pregnancy. Front. Immunol. 5, 196. https://doi.org/10.3389/
fimmu.2014.00196.

Segman, R.H., Goltser-Dubner, T., Weiner, I., Canetti, L., Galili-Weisstub, E., Milwidsky,
A., Pablov, V., Friedman, N., Hochner-Celnikier, D., 2010. Blood mononuclear cell
gene expression signature of postpartum depression. Mol. Psychiatry 15 (93–100), 2.
https://doi.org/10.1038/mp.2009.65.

Selvamani, A., Sohrabji, F., 2010. Reproductive age modulates the impact of focal
ischemia on the forebrain as well as the effects of estrogen treatment in female rats.
Neurobiol. Aging 31, 1618–1628. https://doi.org/10.1016/j.neurobiolaging.2008.
08.014.

Setiawan, E., Wilson, A.A., Mizrahi, R., Rusjan, P.M., Miler, L., Rajkowska, G., Suridjan, I.,
Kennedy, J.L., Rekkas, P.V., Houle, S., Meyer, J.H., 2015. Role of translocator protein
density, a marker of neuroinflammation, in the brain during major depressive epi-
sodes. JAMA Psychiatry 72, 268–275. https://doi.org/10.1001/jamapsychiatry.
2014.2427.

Sherer, M.L., Posillico, C.K., Schwarz, J.M., 2018. The psychoneuroimmunology of
pregnancy. Front. Neuroendocrinol. 51, 25–35. https://doi.org/10.1016/j.yfrne.
2017.10.006.

Sherer, M.L., Posillico, C.K., Schwarz, J.M., 2017. An examination of changes in maternal
neuroimmune function during pregnancy and the postpartum period. Brain Behav.
Immun. 66, 201–209. https://doi.org/10.1016/j.bbi.2017.06.016.

Shingo, T., Gregg, C., Enwere, E., Fujikawa, H., Hassam, R., Geary, C., Cross, J.C., Weiss,
S., 2003. Pregnancy-stimulated neurogenesis in the adult female forebrain mediated
by prolactin. Science 299, 117–120. https://doi.org/10.1126/science.1076647.

Sierra, A., Gottfried-Blackmore, A., Milner, T.A., McEwen, B.S., Bulloch, K., 2008. Steroid
hormone receptor expression and function in microglia. Glia 56, 659–674. https://
doi.org/10.1002/glia.20644.

Skilton, M.R., Sérusclat, A., Begg, L.M., Moulin, P., Bonnet, F., 2009. Parity and carotid
atherosclerosis in men and women. Stroke 40, 1152–1157. https://doi.org/10.1161/
STROKEAHA.108.535807.

Smith, C.A., McCleary, C.A., Murdock, G.A., Wilshire, T.W., Buckwalter, D.K., Bretsky, P.,
Marmol, L., Gorsuch, R.L., Buckwalter, J.G., 1999. Lifelong estrogen exposure and
cognitive performance in elderly women. Brain Cogn. 39, 203–218. https://doi.org/
10.1006/brcg.1999.1078.

Sobow, T., Kloszewska, I., 2004. Parity, number of pregnancies, and the age of onset of
Alzheimer’s disease. J Neuropsychiat. Clin. Neurosci. 16, 120–121. https://doi.org/
10.1176/jnp.16.1.120-a.

Soma-Pillay, P., Catherine, N.-P., Tolppanen, H., Mebazaa, A., Tolppanen, H., Mebazaa,
A., 2016. Physiological changes in pregnancy. Cardiovasc. J. Afr. 27, 89–94. https://
doi.org/10.5830/CVJA-2016-021.

Sun, F., Sebastiani, P., Schupf, N., Bae, H., Andersen, S.L., McIntosh, A., Abel, H., Elo, I.T.,
Perls, T.T., 2015. Extended maternal age at birth of last child and women’s longevity
in the long life family study. Menopause 22, 26–31. https://doi.org/10.1097/GME.
0000000000000276.

Sweatt, J.D., 2004. Hippocampal function in cognition. Psychopharmacology 174,
99–110. https://doi.org/10.1007/s00213-004-1795-9.

Taylor, B.D., Ness, R.B., Klebanoff, M.A., Tang, G., Roberts, J.M., Hougaard, D.M.,
Skogstrand, K., Haggerty, C.L., 2018. The impact of female fetal sex on preeclampsia
and the maternal immune milieu. Pregnancy Hypert. 12, 53–57. https://doi.org/10.
1016/j.preghy.2018.02.009.

Tomizawa, K., Iga, N., Lu, Y.-F., Moriwaki, A., Matsushita, M., Li, S.-T., Miyamoto, O.,
Itano, T., Matsui, H., 2003. Oxytocin improves long-lasting spatial memory during
motherhood through MAP kinase cascade. Nat. Neurosci. 6, 384–390. https://doi.
org/10.1038/nn1023.

Tu, M.T., Lupien, S.J., Walker, C.-D., 2005. Measuring stress responses in postpartum
mothers: perspectives from studies in human and animal populations. Stress 8,
19–34. https://doi.org/10.1080/10253890500103806.

Vannuccini, S., Bocchi, C., Severi, F.M., Challis, J.R., Petraglia, F., 2016. Endocrinology of
human parturition. Ann. Endocrinol. (Paris) 77, 105–113. https://doi.org/10.1016/j.
ando.2016.04.025.

Vanston, C.M., Watson, N.V., 2005. Selective and persistent effect of foetal sex on cog-
nition in pregnant women. NeuroReport 16, 779–782.

Vegeto, E., Bonincontro, C., Pollio, G., Sala, A., Viappiani, S., Nardi, F., Brusadelli, A.,
Viviani, B., Ciana, P., Maggi, A., 2001. Estrogen prevents the lipopolysaccharide-
induced inflammatory response in microglia. J. Neurosci. 21, 1809–1818.

Wartella, J., Amory, E., Macbeth, A., McNamara, I., Stevens, L., Lambert, K.G., Kinsley,
C.H., 2003. Single or multiple reproductive experiences attenuate neurobehavioral
stress and fear responses in the female rat. Physiol. Behav. 79, 373–381. https://doi.
org/10.1016/S0031-9384(03)00150-1.

We, J.-S., Han, K., Kwon, H.-S., Kil, K., 2016. Effect of maternal age at childbirth on
obesity in postmenopausal women: a nationwide population-based study in Korea.
Medicine 95, e3584. https://doi.org/10.1097/MD.0000000000003584.

Werneburg, S., Feinberg, P.A., Johnson, K.M., Schafer, D.P., 2017. A microglia-cytokine
axis to modulate synaptic connectivity and function. Curr. Opin. Neurobiol. 47,
138–145. https://doi.org/10.1016/j.conb.2017.10.002.

West, M.J., Coleman, P.D., Flood, D.G., Troncoso, J.C., 1994. Differences in the pattern of
hippocampal neuronal loss in normal ageing and Alzheimer’s disease. Lancet 344,
769–772.

Wohleb, E.S., Franklin, T., Iwata, M., Duman, R.S., 2016. Integrating neuroimmune sys-
tems inthe neurobiology of depression. Nat. Rev. Neurosci. 17, 497–511.

Workman, J.L., Barha, C.K., Galea, L.A.M., 2012. Endocrine substrates of cognitive and
affective changes during pregnancy and postpartum. Behav. Neurosci. 126, 54–72.
https://doi.org/10.1037/a0025538.

Workman, J.L., Crozier, T., Lieblich, S.E., Galea, L.A.M., 2013. Reproductive experience
does not persistently alter prefrontal cortical-dependent learning but does alter
strategy use dependent on estrous phase. Horm. Behav. 64, 439–447. https://doi.org/
10.1016/j.yhbeh.2013.06.005.

Workman, J.L., Gobinath, A.R., Kitay, N.F., Chow, C., Brummelte, S., Galea, L.A.M., 2016.
Parity modifies the effects of fluoxetine and corticosterone on behavior, stress re-
activity, and hippocampal neurogenesis. Neuropharmacology 105, 443–453. https://
doi.org/10.1016/j.neuropharm.2015.11.027.

Workman, J.L., Raineki, C., Weinberg, J., Galea, L.A.M., 2015. Alcohol and pregnancy:
Effects on maternal care, HPA axis function, and hippocampal neurogenesis in adult
females. Psychoneuroendocrinology 57, 37–50. https://doi.org/10.1016/j.psyneuen.
2015.03.001.

Wu, Y., Dissing-Olesen, L., MacVicar, B.A., Stevens, B., 2015. Microglia: Dynamic
Mediators of Synapse Development and Plasticity. Trends Immunol. 36, 605–613.
https://doi.org/10.1016/j.it.2015.08.008.

Yuan, L., Liu, S., Bai, X., Gao, Y., Liu, G., Wang, X., Liu, D., Li, T., Hao, A., Wang, Z., 2016.
Oxytocin inhibits lipopolysaccharide-induced inflammation in microglial cells and
attenuates microglial activation in lipopolysaccharide-treated mice. J.
Neuroinflamm. 13, 77. https://doi.org/10.1186/s12974-016-0541-7.

Zeng, X.X., Tan, K.H., Yeo, A., Sasajala, P., Tan, X., Xiao, Z.C., Dawe, G., Udolph, G., 2010.
Pregnancy-associated progenitor cells differentiate and mature into neurons in the
maternal brain. Stem Cells Dev. 19, 1819–1830. https://doi.org/10.1089/scd.2010.
0046.

Zheng, J.-X., Chen, Y.-C., Chen, H., Jiang, L., Bo, F., Feng, Y., Tang, W.-W., Yin, X., Gu, J.-
P., 2018. Disrupted spontaneous neural activity related to cognitive impairment in
postpartum women. Front. Psychol. 9. https://doi.org/10.3389/fpsyg.2018.00624.

Zhou, I.Y., Chan, R.W., Ho, L.C., Wu, E.X., 2013. Longitudinal metabolic changes in the
hippocampus and thalamus of the maternal brain revealed by proton magnetic re-
sonance spectroscopy. Neurosci. Lett. 553, 170–175. https://doi.org/10.1016/j.
neulet.2013.08.041.

Zimberknopf, E., Xavier, G.F., Kinsley, C.H., Felicio, L.F., 2011. Prior parity positively
regulates learning and memory in young and middle-aged rats. Comp. Med. 61, 12.

P. Duarte-Guterman, et al. Frontiers in Neuroendocrinology 53 (2019) 100740

14

https://doi.org/10.1534/g3.115.020982
https://doi.org/10.1073/pnas.1607002114
https://doi.org/10.1016/j.yhbeh.2012.02.023
https://doi.org/10.1016/j.yhbeh.2012.02.023
https://doi.org/10.1016/B978-0-12-802114-9.00009-3
https://doi.org/10.1016/B978-0-12-802114-9.00009-3
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1038/sj.mp.4002126
https://doi.org/10.1038/sj.mp.4002126
https://doi.org/10.1016/j.mce.2016.03.037
https://doi.org/10.1186/bcr3689
https://doi.org/10.1016/j.psyneuen.2008.09.008
https://doi.org/10.1016/j.dadm.2017.01.005
https://doi.org/10.1016/0165-3806(85)90261-5
https://doi.org/10.3233/JAD-150980
https://doi.org/10.3233/JAD-150980
https://doi.org/10.3389/fimmu.2014.00196
https://doi.org/10.3389/fimmu.2014.00196
https://doi.org/10.1038/mp.2009.65
https://doi.org/10.1016/j.neurobiolaging.2008.08.014
https://doi.org/10.1016/j.neurobiolaging.2008.08.014
https://doi.org/10.1001/jamapsychiatry.2014.2427
https://doi.org/10.1001/jamapsychiatry.2014.2427
https://doi.org/10.1016/j.yfrne.2017.10.006
https://doi.org/10.1016/j.yfrne.2017.10.006
https://doi.org/10.1016/j.bbi.2017.06.016
https://doi.org/10.1126/science.1076647
https://doi.org/10.1002/glia.20644
https://doi.org/10.1002/glia.20644
https://doi.org/10.1161/STROKEAHA.108.535807
https://doi.org/10.1161/STROKEAHA.108.535807
https://doi.org/10.1006/brcg.1999.1078
https://doi.org/10.1006/brcg.1999.1078
https://doi.org/10.1176/jnp.16.1.120-a
https://doi.org/10.1176/jnp.16.1.120-a
https://doi.org/10.5830/CVJA-2016-021
https://doi.org/10.5830/CVJA-2016-021
https://doi.org/10.1097/GME.0000000000000276
https://doi.org/10.1097/GME.0000000000000276
https://doi.org/10.1007/s00213-004-1795-9
https://doi.org/10.1016/j.preghy.2018.02.009
https://doi.org/10.1016/j.preghy.2018.02.009
https://doi.org/10.1038/nn1023
https://doi.org/10.1038/nn1023
https://doi.org/10.1080/10253890500103806
https://doi.org/10.1016/j.ando.2016.04.025
https://doi.org/10.1016/j.ando.2016.04.025
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1005
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1005
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1010
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1010
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1010
https://doi.org/10.1016/S0031-9384(03)00150-1
https://doi.org/10.1016/S0031-9384(03)00150-1
https://doi.org/10.1097/MD.0000000000003584
https://doi.org/10.1016/j.conb.2017.10.002
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1030
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1030
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1030
http://refhub.elsevier.com/S0091-3022(18)30123-7/h9010
http://refhub.elsevier.com/S0091-3022(18)30123-7/h9010
https://doi.org/10.1037/a0025538
https://doi.org/10.1016/j.yhbeh.2013.06.005
https://doi.org/10.1016/j.yhbeh.2013.06.005
https://doi.org/10.1016/j.neuropharm.2015.11.027
https://doi.org/10.1016/j.neuropharm.2015.11.027
https://doi.org/10.1016/j.psyneuen.2015.03.001
https://doi.org/10.1016/j.psyneuen.2015.03.001
https://doi.org/10.1016/j.it.2015.08.008
https://doi.org/10.1186/s12974-016-0541-7
https://doi.org/10.1089/scd.2010.0046
https://doi.org/10.1089/scd.2010.0046
https://doi.org/10.3389/fpsyg.2018.00624
https://doi.org/10.1016/j.neulet.2013.08.041
https://doi.org/10.1016/j.neulet.2013.08.041
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1080
http://refhub.elsevier.com/S0091-3022(18)30123-7/h1080

	The long and short term effects of motherhood on the brain
	Introduction
	The effects of pregnancy and the postpartum on cognition and neuroplasticity
	Human cognition during pregnancy and the postpartum
	Rodents and cognition (spatial, executive function, and social) during pregnancy and into the postpartum
	Neuroplasticity during pregnancy and early postpartum
	Neuroimmune alterations during the peripartum period

	Beyond the postpartum: long-term effects of parity on cognition and neuroplasticity
	Cognition
	Neuroplasticity and other mechanisms

	Reproductive experience and health
	Parity influences risk of brain disorders and stroke outcomes
	Parity influences the effects of antidepressants and hormone treatments

	Considerations for future research
	Conclusions
	Acknowledgements
	Editorial disclosure
	References




