Jodi L Pawluski 
email: j.pawluski@gmail.com
  
Elseline Hoekzema 
email: e.a.hoekzema@amsterdamumc.nl
  
Benedetta Leuner 
email: leuner.1@osu.edu.
  
Joseph S Lonstein 
email: lonstein@msu.edu
  
  
Less Can Be More: Fine Tuning the Maternal Brain

Keywords: brain imaging, cortex, hippocampus, neurogenesis, neuroimmunology, neuroplasticity, maternal behavior, maternal brain, motherhood, glia, pregnancy, postpartum Pregnancy Postpartum Cell Proliferation and/or Survival ↓ hippocampus 1, 2 ↓ hippocampus 2, mPOA 3, DR

This plasticity often involves regressive events refining maternal neurocircuitry

Introduction

The peripartum period represents one of the most neurobehaviorally plastic phases in a female's life, on par with other critical hormonal-developmental stages such as adolescence and menopause (Leuner et al., 2010;[START_REF] Lonstein | The dynamic serotonin system of the maternal brain[END_REF]Pawluski et al., 2009a;[START_REF] Rehbein | Shaping of the Female Human Brain by Sex Hormones: A Review[END_REF].

Consequently, this dynamic developmental phase, often referred to as matrescence, presents a valuable context to gain a better understanding of the mechanisms and functions of plasticity in the adult female brain. Neuroplastic change across motherhood has been quite well-studied in non-human laboratory animals (Hillerer et al., 2014a;[START_REF] Levy | Plasticity of the parental brain: a case for neurogenesis[END_REF][START_REF] Medina | Maternal experience and adult neurogenesis in mammals: Implications for maternal care, cognition, and mental health[END_REF]Pawluski et al., 2009a) but only recently has work been conducted to understanding the structural and functional brain changes that occur in women as they transition through pregnancy J o u r n a l P r e -p r o o f and the postpartum period. This research provides some exciting parallels that suggest conservation across species in how motherhood sculpts the female brain.

When we think about the emergence of new neurobehavioral competencies across the lifespan, it is common to assume that they are supported by significant proliferative events in the nervous system. Therefore, it may be surprising to know that there are reports of a decrease across pregnancy in various measures of brain plasticityfrom structural changes to changes in neurogenesis and glial plasticity [START_REF] Haim | A survey of neuroimmune changes in pregnant and postpartum female rats[END_REF][START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF][START_REF] Pawluski | Neuroplasticity in the maternal hippocampus: Relation to cognition and effects of repeated stress[END_REF]. These decreases in aspects of brain plasticity are not linked to deficits in behavioral outcomes, similar to those often associated with aging but, in fact, may be a 'fine tuning' of the maternal brain where less can be more for female behavioral function. This idea is in line with numerous events occurring during other developmental stages such as early childhood or adolescence where decreases in neurogenesis and synaptic pruning are well-known to be necessary for healthy behavioral outcomes [START_REF] Lambert | Optimizing brain performance: Identifying mechanisms of adaptive neurobiological plasticity[END_REF]. It should be noted that changes in the maternal brain are not always specific to birthing parents. For reviews of brain changes with fatherhood and alloparenting see [START_REF] Feldman | The neural mechanisms and consequences of paternal caregiving[END_REF][START_REF] Glasper | More than just mothers: The neurobiological and neuroendocrine underpinnings of allomaternal caregiving[END_REF][START_REF] Kim | Neural plasticity in fathers of human infants[END_REF].

The present review will highlight the 'fine tuning' of the maternal brain as it relates to changes in brain plasticity in humans and laboratory rodent models. We will first focus on the structural and functional changes in the maternal brain in women and non-human animals, then discuss changes in neurogenesis, neuron structure and spine density in areas of the maternal brain studied to date.

Finally, we will consider what we know of changes in glial cell structure and function in the maternal brain. The mechanisms behind these normative changes, and how this brain plasticity is critical for mothering, will also be discussed. Highlighting the widespread and significant changes in brain plasticity with motherhood will provide a basis for understanding and optimizing brain health during this critical period in a female's life.

Brain changes accompanying motherhood in humans

Structural neuroimaging

Although the first observations of changes related to brain anatomy in pregnant women date from the 19 th century [START_REF] Comte | Contribution a l'etude de l'hypophyse humaine[END_REF], research on the impact of pregnancy and motherhood J o u r n a l P r e -p r o o f on the human brain is relatively scarce. The first observations came from the enlargements of the pituitary gland observed in autopsies [START_REF] Comte | Contribution a l'etude de l'hypophyse humaine[END_REF], which were confirmed in vivo a century later by magnetic resonance imaging (MRI) and were found to reflect an increase in the size and number of prolactin-synthesizing cells within this structure [START_REF] Dinc | Pituitary dimensions and volume measurements in pregnancy and post partum. MR assessment[END_REF][START_REF] Elster | Size and shape of the pituitary gland during pregnancy and post partum: measurement with MR imaging[END_REF][START_REF] Gonzalez | Pituitary gland growth during normal pregnancy: an in vivo study using magnetic resonance imaging[END_REF]. Insights into the effects of pregnancy on brain anatomy were obtained over 100 years later in a clinical study by Oatridge and colleagues that outlined the borders of the brain in five pregnant women with preeclampsia and nine without preeclampsia, observing transient reductions in overall brain size in pregnant women compared to non-pregnant women [START_REF] Oatridge | Change in brain size during and after pregnancy: study in healthy women and women with preeclampsia[END_REF].

Fifteen years after the study by Oatridge et al., a pre-conception prospective cohort MRI study resulting in complete "pre-post pregnancy" datasets of 25 first-time mothers, 20 nulliparous control women, 19 first-time fathers and 17 nulliparous control men who were all scanned before and after their (partner's) pregnancy, or at a comparable time interval, showed that primiparous women undergo extensive and highly consistent reductions in regional grey matter volumes across pregnancy in comparison to all three control groups. The very large effect sizes and fact that all women could be classified as having been pregnant or not based only on the changes in their brain structure point to very robust and consistent neural changes. These changes in grey matter volume were mirrored by reductions in surface area and cortical thickness and the reductions remained for at least two years after delivery [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF]. Further analyses showed that the affected areas, which comprised many brain regions but primarily centered on the medial frontal cortex, precuneus, posterior cingulate cortex, inferior frontal gyri and superior temporal sulci, showed the greatest quantitative overlap with the neural network regulating "theory of mind" [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF]. Theory of mind is the ability to decode mental states in ourselves and others, such as someone else's intentions and emotions, and is critical for sensitive maternal caregiving [START_REF] Schaafsma | Deconstructing and reconstructing theory of mind[END_REF]. Furthermore, these motherhood-related reductions in the brain also strongly overlapped with the mothers' neural reactions to stimuli of their babies when measured in a functional MRI (fMRI) paradigm, and the observed structural changes predicted measures of postpartum maternal attachment. Anatomical delineation of the ventral striatum, a core part of the mesolimbic reward system containing the nucleus accumbens, also demonstrated volumetric reductions that were associated with mothers' stronger ventro-striatal neural responses to their infants [START_REF] Hoekzema | J o u r n a l P r e -p r o o f Becoming a mother entails anatomical changes in the ventral striatum of the human brain that facilitate its responsiveness to offspring cues[END_REF].

J o u r n a l P r e -p r o o f

Together, these findings give rise to the notion that pregnancy can generate neural reductions, both transient reductions in overall brain size and regional reductions exceeding and outlasting the global changes (Table 1). It is interesting to note that the anatomical reductions observed during and across pregnancy are reminiscent of those observed in human adolescence, another transitional life stage characterized by increases in plasma and brain concentrations of sex steroid hormones [START_REF] Peper | Sex steroids and brain structure in pubertal boys and girls: a mini-review of neuroimaging studies[END_REF]. In fact, a longitudinal study comparing the changes in brain anatomy between 25 women undergoing pregnancy to those of 25 girls undergoing adolescence using various morphometric measures showed strong similarities between these groups, suggesting that pregnancy and adolescence might entail similar hormone-driven morphological brain adaptations [START_REF] Carmona | Pregnancy and adolescence entail similar neuroanatomical adaptations: A comparative analysis of cerebral morphometric changes[END_REF]. However, rather than a purely hormone-driven process, the observed brain changes likely reflect an interplay among various biological and experiential factors. In addition, osmotic processes could also play a role in the observed brain changes, particularly with regard to the observed transient global reductions in brain size. Spectroscopic studies in pregnant women have found lower levels of neural choline, creatine and myo-inositol, which correlated with osmolality [START_REF] Nelander | Cerebral Osmolytes and Plasma Osmolality in Pregnancy and Preeclampsia: A Proton Magnetic Resonance Spectroscopy Study[END_REF][START_REF] Rutherford | Magnetic resonance spectros copy in preeclampsia: evidence of cerebral ischaemia[END_REF], although differences in these neural metabolites have not been observed in all studies [START_REF] Holdcroft | Phosphorus-31 brain MR spectroscopy in women during and after pregnancy compared with nonpregnant control subjects[END_REF]. Future studies monitoring various biological and environmental factors could potentially further unravel the mechanisms driving the brain size changes associated with pregnancy.

Consistent with the longitudinal findings described above, cross-sectional studies examining brain structure in mothers compared to non-mothers have shown smaller regional volumes or cortical thickness in various stages of the postpartum period Luo and colleagues observed a thinner cortex in various regions, including the frontal lobe and cingulate gyrus, in nine mothers scanned within 24 hours after delivery compared to a control group of eight nonpregnant women [START_REF] Luo | Effects of normal pregnancy on maternal EEG, TCD, and cerebral cortical volume[END_REF]. These regions corresponded to areas of cerebral blood flow increases and changes in electroencephalography (EEG) measured during the third trimester of pregnancy [START_REF] Luo | Effects of normal pregnancy on maternal EEG, TCD, and cerebral cortical volume[END_REF]. Smaller volumes were also observed in the left striatum of 30 primiparous mothers scanned within the first two months after delivery when compared to 30 nulliparous women [START_REF] J O U R N A L P R E -P R O O F Lisofsky | Differences in navigation performance and postpartal striatal volume associated with pregnancy in humans[END_REF]. A recent study comparing 35 primiparous and 26 nulliparous women around 8 months after delivery found widespread clusters of smaller grey matter volume and cortical thickness, as well as increases in white matter volume and gyrification [START_REF] Zhang | Brain Structural Plasticity Associated with Maternal Caregiving in Mothers: A Voxel-and Surface-Based Morphometry Study[END_REF]. Future cross-sectional studies may find even longer-lasting J o u r n a l P r e -p r o o f differences, as predicted by longitudinal studies that found reductions in grey matter volume still present two years [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF] and even six years after delivery [START_REF] Martinez-Garcia | Lisofsky et al[END_REF].

While these studies paint a coherent picture of grey matter reductions in pregnancy that persist well into the late postpartum period, longitudinal studies examining mothers in the postpartum period reveal that this is also a dynamic period in terms of brain plasticity. Several longitudinal studies have observed increases in grey matter volume in widespread cortical and subcortical areas in mothers in the first weeks and months of the postpartum period, some of which correspond to brain regions affected by pregnancy, although these studies did not include a control group (Kim et al., 2010a;[START_REF] Lisofsky | Postpartal Neural Plasticity of the Maternal Brain: Early Renormalization of Pregnancy-Related Decreases?[END_REF][START_REF] Luders | From baby brain to mommy brain: Widespread gray matter gain after giving birth[END_REF]. Lisofsky et al. also observed volume increases, particularly in frontal and cerebellar areas, across the first postpartum months in 24 first-time mothers in comparison to 24 nulliparous control women scanned at a comparable time interval [START_REF] Lisofsky | Postpartal Neural Plasticity of the Maternal Brain: Early Renormalization of Pregnancy-Related Decreases?[END_REF]. Accordingly, a positive correlation was observed between the number of postpartum months and cortical thickness in various regions primarily centered in the prefrontal cortex and lateral occipital cortex [START_REF] Kim | Months Postpartum : Associations with Parental Self -Efficacy[END_REF]. Hoekzema et al. also observed volume increases across the first two years after delivery, although these were restricted to the hippocampal complex [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF]. On the other hand, Zhang et al. observed cortical thinning between around eight months and two years after delivery in 22 mothers in widespread areas across the brain [START_REF] Zhang | Brain Structural Plasticity Associated with Maternal Caregiving in Mothers: A Voxel-and Surface-Based Morphometry Study[END_REF]. Analyses comparing brain anatomy around two years after delivery to a pre-pregnancy baseline scan showed a pattern of changes nearly identical to that observed when comparing the early postpartum scans to the pre-pregnancy scans [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF], suggestive of a major shift in brain structure as a result of pregnancy followed by a period of relatively more subtle changes in the postpartum period. The available findings thus seem to point to long-lasting pregnancyinduced brain changes that undergo a partial reversal across the postpartum period, likely in combination with novel brain changes primarily induced by postpartum experiential factors.

Interestingly, some recent studies have also examined the impact of childbearing on women's brain anatomy much later in life. Orchard and colleagues examined cortical thickness in 235 healthy older women (mean age = 73 years old) and found that mothers have thinner left dorsolateral prefrontal cortex and right pericalcarine sulcus [START_REF] Orchard | Relationship between parenthood and cortical thickness in late adulthood[END_REF]. Furthermore, there were associations between reduced cortical thickness in the left pericalcarine sulcus, left J o u r n a l P r e -p r o o f cuneus, right precuneus and a higher number of children parented by the women. Studies estimating brain age also consistently show an impact of motherhood in late life, with less signs of brain aging in mothers when compared to non-mothers (de Lange et al., 2020b;[START_REF] De Lange | Population-based neuroimaging reveals traces of childbirth in the maternal brain[END_REF][START_REF] Ning | Parity is associated with cognitive function and brain age in both females and males[END_REF]. These findings are also interesting to consider in relation to the development of Alzheimer's Disease or other age-related neurodegenerative disorders, although it should be noted that studies have actually shown a positive correlation between the number of children and Alzheimer's neuropathology in women [START_REF] Beeri | Number of children is associated with neuropathology of Alzheimer's disease in women[END_REF]. Although many factors likely contribute to the observed effects of motherhood on the aging brain, these findings suggest that the neural modifications during pregnancy and early motherhood are detectable decades after giving birth.

Functional neuroimaging

It can be assumed that the neuroplasticity seen across pregnancy and the postpartum period is not limited to brain anatomy but involves functional changes as well (Table 1). In line with the localization of pregnancy-related structural brain changes [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF], several studies performed in pregnant women point to potential neural adaptation in social cognition [START_REF] Anderson | Cognitive reorganization during pregnancy and the postpartum period: an evolutionary perspective[END_REF]. For instance, pregnant women show electrophysiological alterations in comparison to non-pregnant women while processing emotional face-stimuli [START_REF] Raz | Behavioral and neural correlates of cognitive-affective function during late pregnancy: an Event-Related Potentials study[END_REF] as well as an association between prefrontal activation, increased distress, and increased levels of cortisol and testosterone to fearful faces [START_REF] Roos | Selective attention to fearful faces during pregnancy[END_REF]. Furthermore, pregnant women have improved facial recognition (Anderson and Rutherford, 2011), better ability to encode threat-expressing faces [START_REF] Pearson | Emotional sensitivity for motherhood: Late pregnancy is associated with enhanced accuracy to encode emotional faces[END_REF], a preference for individuals perceived as healthier [START_REF] Jones | Menstrual cycle, pregnancy and oral contraceptive use alter attraction to apparent health in faces[END_REF], and increased ethnocentrism [START_REF] Navarrete | Elevated ethnocentrism in the first trimester of pregnancy[END_REF]. These changes seem to entail enhanced vigilance towards a range of threats, such as those potentially associated with angry or fearful faces, sick-looking or out-group individuals. In addition to changes in threat responsiveness, altered social cognition is likely to facilitate a mother's recognition of her infant's needs and signals and promote mother-infant bonding, which is in accordance with associations between various maternal brain measures and aspects of maternal caregiving [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF][START_REF] Hoekzema | J o u r n a l P r e -p r o o f Becoming a mother entails anatomical changes in the ventral striatum of the human brain that facilitate its responsiveness to offspring cues[END_REF]Kim et al., 2010b;[START_REF] Laurent | The missing link: mothers' neural response to infant cry related to infant attachment behaviors[END_REF][START_REF] Laurent | Neural correlates of hypothalamic -pituitary-adrenal regulation of mothers with their infants[END_REF][START_REF] Musser | The neural correlates of maternal sensitivity: an fMRI study[END_REF].

However, pregnancy-related neuro-functional changes are not restricted to social stimuli. For women pregnant with their first child compared to 33 multiparous pregnant women [START_REF] Rutherford | Parity and neural responses to social and nonsocial stimuli in pregnancy[END_REF]. Differences in electrophysiological responses have been observed in pregnant women when compared to non-pregnant women in a number of tasks [START_REF] Fiterman | Cognitive, neural and endocrine functioning during late pregnancy: An Event-Related Potentials study[END_REF][START_REF] Luo | Effects of normal pregnancy on maternal EEG, TCD, and cerebral cortical volume[END_REF], including a stop-signal task in which pregnant women showed improved performance as well as altered amplitudes of P1, N2 and P3 during stop signals [START_REF] Fiterman | Cognitive, neural and endocrine functioning during late pregnancy: An Event-Related Potentials study[END_REF].

In the postpartum period, a handful of fMRI studies have examined mothers' responses to visual or auditory cues of their infants. Brain areas consistently activated in response to cues of own versus other infants as observed in systematic literature reviews or meta-analyses include the insula, orbitofrontal gyrus, inferior frontal gyrus, precentral gyrus, thalamus, amygdala and striatum [START_REF] Bjertrup | The maternal brain: Neural responses to infants in mothers with and without mood disorder[END_REF][START_REF] Paul | Neural pathways of maternal responding: systematic review and meta-analysis[END_REF][START_REF] Rocchetti | Neurofunctional maps of the 'maternal brain' and the effects of oxytocin: A multimodal voxelbased meta-analysis[END_REF]. Several networks are strongly engaged in mothers in response to cues from their infants. These include the brain's reward system, which regulates reward processing and the hedonic value of stimuli and is also known to play a crucial role in maternal motivation in various other mammals [START_REF] Brunton | Adaptive responses of the maternal hypothalamicpituitary-adrenal axis during pregnancy and lactation[END_REF][START_REF] Rincón-Cortés | Adaptations in reward-related behaviors and mesolimbic dopamine function during motherhood and the postpartum period[END_REF]. In addition to core structures of the mesolimbic reward pathway, many other subcortical and cortical structures contribute to reward processing including the dorsal striatum, amygdala, hippocampus and various prefrontal areas [START_REF] Berridge | Pleasure systems in the brain[END_REF][START_REF] Haber | The Reward Circuit: Linking Primate Anatomy and Human Imaging[END_REF]. Viewing or hearing their infants has been found to activate many reward-related brain regions in human mothers in fMRI studies [START_REF] Bartels | The neural correlates of maternal and romantic love[END_REF][START_REF] Lorberbaum | A potential role for thalamocingulate circuitry in human maternal behavior[END_REF][START_REF] Noriuchi | The functional neuroanatomy of maternal love: mother's response to infant's attachment behaviors[END_REF]. Accordingly, human maternal bonding was found to relate to dopamine responses in the nucleus accumbens and pallidum, and was associated with the strength of intrinsic connectivity within the medial amygdala network [START_REF] Atzil | Dopamine in the medial amygdala network mediates human bonding[END_REF].

Functional MRI studies also strongly converge on recruitment of the brain's empathy and theory of mind networks in mothers exposed to cues from their infants [START_REF] Gingnell | Emotion Reactivity Is Increased 4-6 Weeks Postpartum in Healthy Women: A Longitudinal fMRI Study[END_REF][START_REF] Leibenluft | Mothers' neural activation in response to pictures of their children and other children[END_REF][START_REF] Lenzi | Neural basis of maternal communication and emotional expression processing during infant preverbal stage[END_REF]. The anterior insula and middle anterior cingulate cortex play crucial roles in empathy [START_REF] Lamm | Meta-analytic evidence for common and distinct neural networks associated with directly experienced pain and empathy for pain[END_REF], while the theory of mind network includes various midline areas such as the precuneus, posterior cingulate and medial frontal cortex, as well as the anterior temporal lobes, temporo-parietal junction, superior temporal sulcus and inferior frontal gyri [START_REF] Schurz | Fractionating theory of mind: A metaanalysis of functional brain imaging studies[END_REF]. A meta-analysis of fMRI studies in mothers using J o u r n a l P r e -p r o o f their own and unfamiliar infant cues indicated strong activations in the bilateral insula extending to the inferior frontal gyrus, basal ganglia and thalamus [START_REF] Rocchetti | Neurofunctional maps of the 'maternal brain' and the effects of oxytocin: A multimodal voxelbased meta-analysis[END_REF].

Finally, converging evidence points to roles for the salience network and emotion regulation network in a mother's neural reactivity to her infant's cues [START_REF] Seeley | Dissociable intrinsic connectivity networks for salience processing and executive control[END_REF]. The salience network, which is built around paralimbic structures such as the dorsal anterior cingulate and orbital fronto-insular cortices, is activated in response to highly salient and relevant stimuli resulting in a state of alertness. The emotion regulation network, which is a key system for regulating mothers' emotional responses to their infants, comprises prefrontal and cingulate control systems that modulate activity in emotion systems (Rutherford et al., 2015a;Rutherford et al., 2015b;[START_REF] Zaki | The neuroscience of empathy: progress, pitfalls and promise[END_REF]. These networks are activated by one's own versus unfamiliar infant stimuli [START_REF] Leibenluft | Mothers' neural activation in response to pictures of their children and other children[END_REF], especially if the stimulus comprises a negative emotional cue signaling infant distress [START_REF] Lorberbaum | A potential role for thalamocingulate circuitry in human maternal behavior[END_REF][START_REF] Noriuchi | The functional neuroanatomy of maternal love: mother's response to infant's attachment behaviors[END_REF][START_REF] Swain | Baby stimuli and the parent brain: functional neuroimaging of the neural substrates of parent-infant attachment[END_REF].

Interestingly, studies have revealed links between a mother's neural response to her infant and aspects of her maternal caregiving. For example, associations have been found between a mother's neural response to infant cries in frontal regions and a better quality of attachment [START_REF] Laurent | The missing link: mothers' neural response to infant cry related to infant attachment behaviors[END_REF], more sensitive behaviors to their infants [START_REF] Musser | The neural correlates of maternal sensitivity: an fMRI study[END_REF], and between reduced activation in the anterior cingulate cortex and medial prefrontal cortex with greater cortisol reactivity to stress [START_REF] Laurent | Neural correlates of hypothalamic -pituitary-adrenal regulation of mothers with their infants[END_REF]. A connectome-based predictive modeling approach applied to fMRI data involving infant face and cry stimuli in 55 mothers showed that greater segregation between cerebellar and fronto-parietal networks and within the motor-sensory-auditory networks was associated with more maternal anxiety toward the infant, while changes in network connectivity were associated with changes in maternal anxiety toward bonding with her infant [START_REF] Rutherford | The Application of Connectome-Based Predictive Modeling to the Maternal Brain: Implications for Mother-Infant Bonding[END_REF]. Furthermore, several longitudinal fMRI studies have observed alterations in brain activity in key emotion processing regions such as the insula and amygdala across the postpartum period or associations with the duration of maternal experience [START_REF] Gingnell | Emotion Reactivity Is Increased 4-6 Weeks Postpartum in Healthy Women: A Longitudinal fMRI Study[END_REF][START_REF] Parsons | Duration of motherhood has incremental effects on mothers' neural processing of infant vocal cues: a neuroimaging study of women[END_REF], possibly reflecting adaptations to the continuous development of the infant.

Resting state fMRI studies further support the implication of the neural networks identified in task-based fMRI and a link to maternal caregiving. For example, Dufford et al. revealed an association between postpartum months and resting state functional connectivity in J o u r n a l P r e -p r o o f regions involved in the salience network and the maternal motivation system in 47 primiparous women [START_REF] Dufford | Maternal brain resting-state connectivity in the postpartum period[END_REF], and functional connectivity between the left amygdala and left nucleus accumbens was positively correlated with maternal structuring during a mother -child interaction [START_REF] Dufford | Maternal brain resting-state connectivity in the postpartum period[END_REF]. Postpartum women were also found to show differences from non-mothers in resting state activity, including reduced functional connectivity between the posterior cingulate cortex and left medial prefrontal cortex [START_REF] Zheng | Disruption within brain default mode network in postpartum women without depression[END_REF] and in the amplitude of low-frequency fluctuations and regional homogeneity values in the posterior cingulate and prefrontal cortex [START_REF] Zheng | Disrupted spontaneous neural activity related to cognitive impairment in postpartum women[END_REF]. A recent study investigating resting state fMRI data in 220 aged women indicated associations between the number of children parented and measures of functional connectivity─involving increased segregation between networks, decreased connectivity between hemispheres, and decreased connectivity between anterior and posterior regions─which were considered an indication of neuroprotective effects of parenthood [START_REF] Orchard | Relationship between parenthood and cortical thickness in late adulthood[END_REF].

Taken together, a considerable amount of converging evidence points to the existence of a dynamic neural plasticity associated with motherhood in humans, which seems to serve an adaptive purpose for maternal caregiving and is evident throughout the lifespan.

Neuroplasticity accompanying motherhood in non-humans

Structural and functional changes in the maternal brain aren't unique to humans (Table 2). Over 40 years of research in animal models documents a wide range of differences between the maternal and non-maternal brain [START_REF] Numan | The Parental Brain: Mechanisms, Development, and Evolution[END_REF]. Regarding neuroplasticity, recent research is showing that alterations in neurogenesis and neuron morphology occur with motherhood and may be important for maternal caregiving of offspring, as well as other aspects of motherhood such as stress regulation (Leuner et al., 2010;[START_REF] Leuner | The birth of new neurons in the maternal brain: Hormonal regulation and functional implications[END_REF][START_REF] Pawluski | Neuroplasticity in the maternal hippocampus: Relation to cognition and effects of repeated stress[END_REF].

The majority of this research on neuroplasticity in the maternal brain has been carried out in rodent models but research in sheep, birds, and even recently in insects suggests conserved aspects of neuroplasticity in addition to species-specific brain modifications. The following sections summarize changes in neuroplasticity in specific brain regions during motherhood in non-human animals.

Structural brain changes in non-human mothers

J o u r n a l P r e -p r o o f

Due to the ability to use more invasive neuroscience techniques, research in animal models has allowed for a greater understanding of the structural and functional changes in the maternal brain. When looking at whole brain changes it has been documented in rat mothers that there is a reduction of overall brain size in early postpartum females compared to cycling females (Hillerer et al., 2014b) similar to what was reported in human mothers mentioned above [START_REF] Oatridge | Change in brain size during and after pregnancy: study in healthy women and women with preeclampsia[END_REF].

When looking at changes in grey matter volumes, similar to what is measures brain imaging studies in humans, a recent study in mice using MRI techniques documented the dynamic changes in the brain with motherhood [START_REF] Barriere | Brain orchestration of pregnancy and maternal behavior in mice: A longitudinal morphometric study[END_REF]. Barrière et al. showed that, as in humans, there were significant changes in gray matter concentration in many brain areas of female mice with the transition to motherhood. What's interesting about this work is that there was an increase, and not a decrease, in grey matter concentration in mouse mothers compared to virgin female mice particularly in mPOA, BNST, amygdala, and hippocampus in the early postpartum period. Furthermore, they showed that the degree of maternal caregiving behaviors, either high or low amounts of pup-directed care, was further associated with these brain changes such that highly maternal female mice had greater hypertropohies in a number of brain regions compared to female mice that were less maternal [START_REF] Barriere | Brain orchestration of pregnancy and maternal behavior in mice: A longitudinal morphometric study[END_REF]. These changes in grey matter concentration were reversible shortly after weaning. Thus, species specific changes in grey matter concentrations exist between humans and mice. This is likely due to differences in the hormonal milieu of the peripartum period (including a postpartum estrus in mice but not in humans) and different demands on the mother (singleton births in humans, multiple offspring in mice), to name a few. Regardless, it is clear that pregnancy and motherhood significantly impact grey matter concentrations in the maternal brain.

It should be mentioned that structural changes in the brain with female reproduction are not unique to mammals as there have been reports of changes in brain size in advance of the breeding seasons in songbirds and other vertebrates (usually males) [START_REF] Tramontin | Seasonal plasticity in the adult brain[END_REF]. Recent research also shows that gamergates, reproductively totipotent worker ants (Harpegnathos saltator), exhibit a decrease in brain size (i.e., 24% decrease in optic lobes size) compared to non-reproductive workers [START_REF] Penick | Reversible plasticity in brain size, behaviour and physiology characterizes caste transitions in a socially flexible ant (Harpegnathos saltator)[END_REF]. This decrease in brain size in ants prior to reproduction is thought to divert additional metabolic resources to egg production and not the metabolically expensive brain tissue and is associated with changes in reproductive J o u r n a l P r e -p r o o f hormone levels [START_REF] Niven | Energy limitation as a selective pressure on the evolution of sensory systems[END_REF]. Interestingly, once gamergate ants no longer have reproductive status their brain re-expands to match the brain size of non-gamergates, or in this case, foragers [START_REF] Penick | Reversible plasticity in brain size, behaviour and physiology characterizes caste transitions in a socially flexible ant (Harpegnathos saltator)[END_REF].

Given the widespread effect of reproduction on the female brain, understanding the molecular, cellular, and behavioral implications of these findings is important to further delineate the impact of reproduction. The sections below will highlight what we know about neuroplasticity in specific brain areas studied in non-human mammals.

The Hippocampus

The hippocampus has not traditionally been documented as an area critically important for maternal offspring-directed behaviors [START_REF] Lonstein | Parental Behavior[END_REF], although some of the first studies on the hippocampus and motherhood revealed the important role that it plays. In 1967, Kimble et al. showed that bilateral dorsal hippocampal lesions in laboratory rats result in marked alterations in maternal caregiving behaviors, particularly less time spent nursing, poorer nest building, poorer retrieval of pups, and increased maternal cannibalism [START_REF] Kimble | Hippocampal lesions disrupt maternal, not sexual, behavior in the albino rat[END_REF].

Severing the main fiber tract projecting to the CA1 and CA3 regions of the hippocampus (i.e., the fimbria), results in abnormal nest building and pup retrieval in rat mothers [START_REF] Terlecki | Effects of fimbria lesions on maternal behavior in the rat[END_REF]. These mothers built multiple nest sites and retrieved pups to more than one location [START_REF] Terlecki | Effects of fimbria lesions on maternal behavior in the rat[END_REF]. While this early work pointed to a role for the hippocampus in aspects of maternal caregiving behavior, it was not until the late 1990s that the possible relationship between the hippocampus and motherhood was revisited. More recent research on the hippocampus and motherhood has often focused on this brain area because of its importance in memory, stress regulation and mental health [START_REF] Dickens | The HPA Axis During the Perinatal Period: Implications for Perinatal Depression[END_REF]Leuner and Gould, 2010;[START_REF] Lucassen | Regulation of adult neurogenesis by stress, sleep disruption, exercise and inflammation: Implications for depression and antidepressant action[END_REF][START_REF] Pawluski | Neuroplasticity in the maternal hippocampus: Relation to cognition and effects of repeated stress[END_REF].

During each phase of female reproduction (i.e., pregnancy, parturition, postpartum, and post-lactation) there is a significant effect of motherhood on plasticity in the hippocampus that likely plays a role in cognitive flexibility, stress regulation, and affective behaviors in the mother. Below is a summary of recent work on hippocampal plasticity during pregnancy (3.2.1) and the postpartum period (3.2.2) with a focus on rodent models.

Pregnancy

J o u r n a l P r e -p r o o f

In a study showing that late pregnant female rats (day 21) have poorer working memory compared to their non-pregnant counterparts, Galea et al. reported a strong trend toward reduced hippocampal volume in late-pregnant rats [START_REF] Galea | Spatial working memory and hippocampal size across pregnancy in rats[END_REF]. This work predated the research in women showing that hippocampal volume is reduced across pregnancy [START_REF] Hoekzema | Pregnancy leads to long-lasting changes in human brain structure[END_REF] and points to an effect of pregnancy on the hippocampus that is conserved across mammals.

The hippocampus is often associated with adult neurogenesis as it is one of two areas in the adult brain (the other being the subventricular zone of the lateral ventricles; SVZ) where there is a high degree of neuron birth, although a number of other brain areas show neurogenesis as well [START_REF] Jurkowski | Beyond the Hippocampus and the SVZ: Adult Neurogenesis Throughout the Brain[END_REF]. Neurogenesis in the hippocampus occurs in the dentate gyrus where the primary neuron type is the granule neuron and these new neurons play a role in cognition, stress regulation and emotional regulation [START_REF] Snyder | Functional neurogenesis over the years[END_REF]. Often research on neurogenesis examines aspects of neuron birth including rates of cell proliferation, analysis of immature neurons, and implications of new neuron survival. Each stage of neurogenesis is of interest in understanding how motherhood may affect the hippocampus and its functions [START_REF] Levy | Plasticity of the parental brain: a case for neurogenesis[END_REF]Pawluski et al., 2009a).

Cell proliferation in the dentate gyrus was first shown to be affected by pregnancy in wild meadow voles. [START_REF] Galea | Sex and seasonal differences in the rate of cell proliferation in the dentate gyrus of adult wild meadow voles[END_REF] reported that wild pregnant meadow voles captured during the breeding season had decreased levels of hippocampal cell proliferation compared to non-pregnant female meadow voles captured during the non-breeding season [START_REF] Galea | Sex and seasonal differences in the rate of cell proliferation in the dentate gyrus of adult wild meadow voles[END_REF]. In addition, late pregnancy in the rat (day 21) and mouse (day16.5) also decreased cell proliferation when measured using an endogenous marker, Ki67, compared to non-pregnant females (Kim et al., 2010c;[START_REF] Pawluski | Effects of stress early in gestation on hippocampal neurogenesis and glucocorticoid receptor density in pregnant rats[END_REF][START_REF] Pawluski | Effect of sertraline on central serotonin and hippocampal plasticity in pregnant and non-pregnant rats[END_REF]. However, early pregnancy (day 1 or 7) in the rat has not been associated with any changes in cell proliferation in the hippocampus [START_REF] Pawluski | Pregnancy decreases oestrogen receptor alpha expression and pyknosis, but not cell proliferation or survival, in the hippocampus[END_REF][START_REF] Pawluski | Stress and the pregnant female: Impact on hippocampal cell proliferation, but not affective-like behaviors[END_REF][START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF] suggesting an effect of pregnancy on hippocampal plasticity. When looking at the production of immature neurons in the dentate gyrus during pregnancy in rats, recent research shows that during late pregnancy (day 20) there is a significant decrease in the number of new neurons, as measured by the endogenous marker, doublecortin (DCX), as compared to nonpregnant females [START_REF] Pawluski | Effect of sertraline on central serotonin and hippocampal plasticity in pregnant and non-pregnant rats[END_REF]. Interestingly, survival of new neurons across pregnancy in the rat does not differ from that seen in non-pregnant females [START_REF] Furuta | Gestation-induced cell proliferation in the rat brain[END_REF][START_REF] Pawluski | Pregnancy decreases oestrogen receptor alpha expression and pyknosis, but not cell proliferation or survival, in the hippocampus[END_REF][START_REF] Pawluski | Effects of stress early in gestation on hippocampal neurogenesis and glucocorticoid receptor density in pregnant rats[END_REF][START_REF] Pawluski | Stress and the pregnant female: Impact on hippocampal cell proliferation, but not affective-like behaviors[END_REF][START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF], although J o u r n a l P r e -p r o o f it may differ at other periods of reproduction. In contrast, a reduction in new cell survival has been reported during the second week of pregnancy in mice, with a return to pre-pregnancy levels during the postpartum period [START_REF] Rolls | Decrease in hippocampal neurogenesis during pregnancy: a link to immunity[END_REF] while recent research in guinea pigs found increased neurogenesis in the dentate gyrus of the dorsal hippocampus from early pregnancy to the postpartum period [START_REF] Wan | Pregnancy Promotes Maternal Hippocampal Neurogenesis in Guinea Pigs[END_REF]. Taken together, the available evidence suggests a species-specific effect of reproduction on cell birth within the dentate gyrus (Wan et al., 2019).

In addition to neurogenesis, other work has examined hippocampal dendritic and synaptic remodeling during pregnancy. Looking at dendritic remodeling of pyramidal neurons in the dorsal hippocampus during late pregnancy in the rat (day 21), [START_REF] Pawluski | Pregnancy or stress decrease complexity of CA3 pyramidal neurons in the hippocampus of adult female rats[END_REF] reported that in the CA3, but not CA1, pyramidal cells have significantly decreased dendritic complexity, as measured by Sholl analysis, compared to non-pregnant females [START_REF] Pawluski | Pregnancy or stress decrease complexity of CA3 pyramidal neurons in the hippocampus of adult female rats[END_REF]. Late pregnancy (day 21) was also accompanied by increased spine density in the apical CA1 region of the hippocampus as compared to virgin females. Similarly, recent work has shown that late pregnancy in rats increases synaptophysin density in both the dorsal CA3 and the dentate gyrus compared to non-pregnant females [START_REF] Pawluski | Effect of sertraline on central serotonin and hippocampal plasticity in pregnant and non-pregnant rats[END_REF]. Along with structural plasticity, others have shown that epileptiform network excitability in the CA1 region of the hippocampus is decreased in pregnant mice (day 18) and this decrease is associated with changes in expression of the delta subunit of the GABA(A)R [START_REF] Maguire | Excitability changes related to GABAA receptor plasticity during pregnancy[END_REF].

Several studies have attempted to link pregnancy-related hippocampal changes to hormones. The initial work investigating hippocampal cell proliferation during pregnancy in wild-caught meadow voles showed that the reductions in hippocampal cell proliferation was associated with increased circulating levels of estradiol and corticosterone, suggesting that the hormonal changes of pregnancy may be responsible for changes in hippocampal cell proliferation [START_REF] Galea | Sex and seasonal differences in the rate of cell proliferation in the dentate gyrus of adult wild meadow voles[END_REF]. However, subsequent work in rats has not found an association between hippocampal cell proliferation or neurogenesis and circulating levels of either estradiol or corticosterone [START_REF] Banasr | Serotonin mediates oestrogen stimulation of cell proliferation in the adult dentate gyrus[END_REF][START_REF] Pawluski | Pregnancy decreases oestrogen receptor alpha expression and pyknosis, but not cell proliferation or survival, in the hippocampus[END_REF][START_REF] Pawluski | Stress and the pregnant female: Impact on hippocampal cell proliferation, but not affective-like behaviors[END_REF]. It is perhaps surprising that the hormones of pregnancy have no association with hippocampal neurogenesis in the female rat given the significant effects of estradiol on other aspects of plasticity in the female hippocampus [START_REF] Galea | Sex, hormones, and neurogenesis in the hippocampus: Hormonal modulation of neurogenesis and potential functional implications[END_REF][START_REF] Mcewen | Estrogen actions throughout the brain[END_REF]Pawluski et al., 2009a). For example, steroid hormones influence dendritic spine density in the maternal J o u r n a l P r e -p r o o f hippocampus, particularly in the CA1 region. Indeed, Kinsley et al. showed that the increase in hippocampal CA1 spine density during late pregnancy was due to increased estradiol and progesterone levels at this time [START_REF] Kinsley | Motherhood and the hormones of pregnancy modify concentrations of hippocampal neuronal dendritic spines[END_REF]. Taken together, this work in laboratory rodents shows that there is decreased production of new neurons and reduced neuron complexity, but an increase in synaptic plasticity, in the hippocampus during late pregnancy. This may point to the brain preparing for the complex learning involved in offspring-directed care that mothers display postpartum [START_REF] Feldman | The adaptive human parental brain: implications for children's social development[END_REF][START_REF] Lomanowska | Parenting begets parenting: A neurobiological perspective on early adversity and the transmission of parenting styles across generations[END_REF]. Further work is needed to determine why these changes in the hippocampus occur during pregnancy and how they are related to maternal pup-directed care, affective behaviors and changing physiology.

Postpartum

Compared to pregnancy, a greater number of studies in laboratory rodents have investigated how plasticity in the hippocampus is altered in the postpartum period. Tomizawa et al. were the first to show that electrophysiological responses of the hippocampus are altered with motherhood. Specifically, they found that multiparous mice exhibit increased long-lasting longterm potentiation (LTP) along the Schaffer collaterals during the early-postpartum period (day 3) compared to nulliparous mice [START_REF] Tomizawa | Oxytocin improves long-lasting spatial memory during motherhood through MAP kinase cascade[END_REF]. It has also been consistently demonstrated in maternal rats and sheep that cell proliferation in the hippocampus during the early postpartum period is lower than in age-matched virgin females (Brus et al., 2010b;[START_REF] Darnaudery | Early motherhood in rats is associated with a modification of hippocampal function[END_REF]Hillerer et al., 2014b;[START_REF] Leuner | Maternal experience inhibits the production of immature neurons in the hippocampus during the postpartum period through elevations in adrenal steroids[END_REF][START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF].

There are also fewer immature neurons at weaning in the dorsal and ventral hippocampus of rat dams compared to virgin females [START_REF] Workman | Parity modifies the effects of fluoxetine and corticosterone on behavior, stress reactivity, and hippocampal neurogenesis[END_REF] and fewer new neurons in the entire hippocampus at weaning in first, but not second-time rat dams suggesting an influence of reproductive experience [START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF].

Decreased hippocampal cell proliferation during the postpartum period appears to be related, in part, to increased levels of adrenal steroids, as removal of the adrenal glands prevents the postpartum reduction in cell proliferation in rats [START_REF] Leuner | Maternal experience inhibits the production of immature neurons in the hippocampus during the postpartum period through elevations in adrenal steroids[END_REF]. Moreover, postpartum neurogenesis is associated with improved learning and memory in the mother [START_REF] Darnaudery | Early motherhood in rats is associated with a modification of hippocampal function[END_REF]Hillerer et al., 2014b;[START_REF] Leuner | Maternal experience inhibits the production of immature neurons in the hippocampus during the postpartum period through elevations in adrenal steroids[END_REF][START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF]. For example, at the time of weaning when hippocampal neurogenesis is suppressed in rat dams [START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF], there is an improvement in spatial learning and memory (Pawluski et al., 2006a , 2005). This may seem counterintuitive, but in the adult virgin female rat there are reports of increased glucocorticoids and decreased hippocampal plasticity being associated with improved memory performance (Pawluski and Galea, 2008).

Reproductive experience also influences new neuron survival in the postpartum hippocampus [START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF]. [START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF] showed that primiparous rats (birthed and mothered once) had significantly fewer new surviving cells during the late postpartum period (day 21) than either nulliparous or multiparous rats (birthed and mothered twice). Interestingly, they found that age-matched multiparous females had a greater number of surviving new neurons compared to nulliparous and primiparous females across the postpartum period. These changes in hippocampal neurogenesis accompanying motherhood are thought to be related to changes in hippocampal-dependent memory performance at the time of weaning, with primiparous females showing the best memory performance compared to nulliparous females (Pawluski et al., 2006a;Pawluski et al., 2006b).

A growing body of research is beginning to reveal that lactation may be driving the effects on hippocampus neurogenesis given that the effects of pregnancy and birth on hippocampal neurogenesis do not persist in the weeks after weaning [START_REF] Leuner | Maternal experience inhibits the production of immature neurons in the hippocampus during the postpartum period through elevations in adrenal steroids[END_REF][START_REF] Medina | Maternal experience and adult neurogenesis in mammals: Implications for maternal care, cognition, and mental health[END_REF][START_REF] Rolls | Decrease in hippocampal neurogenesis during pregnancy: a link to immunity[END_REF]. De Guzman et al. recently showed that increasing nursing demand in rats by providing food deprived litters to the dam every 12 hours decreased hippocampal neurogenesis, as indicated fewer immature neurons and less cell proliferation at the time of weaning. The reduction in neurogenesis with increased nursing demand was associated with higher circulating corticosterone levels and more active coping as indicated by lower immobility in the forced swim test [START_REF] De Guzman | High nursing demand reduces depression-like behavior despite increasing glucocorticoid concentrations and reducing hippocampal neurogenesis in late postpartum rats[END_REF]. Notably, dams in this study exposed to pups but unable to nurse due to removal of the nipples (i.e., thelectomy) did not show the same reductions in hippocampal neurogenesis and associated increase in corticosterone and decrease in immobility in the forced swim test. This suggests that lactation itself modulates aspects of hippocampal neurogenesis and the HPA axis in rat dams. This is perhaps not a surprise as lactation's influence on the maternal HPA axis is well known [START_REF] Almanza-Sepulveda | Mothering revisited: A role for cortisol?[END_REF]Hillerer et al., 2014b;Pawluski et al., 2008;[START_REF] Walker | Mother to infant or infant to mother? Reciprocal regulation of responsiveness to stress in rodents and the implications for humans[END_REF]. However, it is important to note that in biparental California mice, both mothers and fathers have decreased survival of new hippocampal neurons during the mother's postpartum period (Glasper et al., J o u r n a l P r e -p r o o f 2011). Thus, lactation's impact on hippocampal neurogenesis may be species-specific and other factors, such as interaction with the offspring are also important.

In the De Guzman et al. study, the non-lactating thelectomized rat dams allowed to interact to pups had more immature hippocampal neurons, fewer proliferative and intermediate immature neurons, and more postmitotic immature neurons compared to lactating rat dams which points to a role for pup interactions in influencing neurogenic processes. Consistent with this, an increase in hippocampal neurogenesis after pup exposure in virgin rodents has been reported. Nulliparous female rats exposed to pups in order to induce maternal caregiving toward them (a process termed sensitization; [START_REF] Rosenblatt | The development of maternal responsiveness in the rat[END_REF]) have more neurogenesis in the hippocampus, via both cell proliferation and new cell survival, compared to either lactating rats (primiparous and multiparous) or nulliparous female rats not exposed to pups [START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF]. In virgin prairie voles, both males and females that were exposed to pups, regardless of whether or not they acted parentally towards them, had more hippocampal cell proliferation compared to unexposed controls [START_REF] Ruscio | Pup exposure elicits hippocampal cell proliferation in the prairie vole[END_REF]. The virgin prairie voles that did not act parentally towards the pups had greater cell proliferation compared to virgin prairie voles that were parental [START_REF] Ruscio | Pup exposure elicits hippocampal cell proliferation in the prairie vole[END_REF] suggesting an impact of degree of care-giving on hippocampal neurogenesis. These findings indicate that exposure to pups and parenting alone may be an additional modulator of hippocampal neurogenesis postpartum, particularly in some species.

Although the evidence above suggests that interactions with pups can influence neurogenesis, the impact of offspring removal on hippocampal neurogenesis in the rat dam has received little attention. One study showed that removing the pups 24 h after birth did not impact new neuron survival 3 weeks later [START_REF] Pawluski | Reproductive experience alters hippocampal neurogenesis during the postpartum period in the dam[END_REF]. However, dams that had offspring removed within a day of giving birth have increased depressive-like behavior and impaired memory weeks later (Pawluski et al., 2009b;Pawluski et al., 2006a), suggesting a disconnect between postpartum cell survival and maternal affective behaviors. Dams with complete pup removal also show alterations in the HPA axis [START_REF] Demarchi | The brain oxytocin and corticotropin-releasing factor systems in grieving mothers: What we know and what we need to learn[END_REF].

Understanding the link between hippocampal neurogenesis, glucocorticoid levels, maternal behavior and affective state is important to determine how these new neurons act to facilitate normative mothering.

J o u r n a l P r e -p r o o f

Dendrite spine remodeling is also evident in the maternal hippocampus during lactation. [START_REF] Kinsley | Motherhood and the hormones of pregnancy modify concentrations of hippocampal neuronal dendritic spines[END_REF] reported that rat dams (day 5-6) have increased spine density in the CA1 apical region of the hippocampus during early lactation [START_REF] Kinsley | Motherhood and the hormones of pregnancy modify concentrations of hippocampal neuronal dendritic spines[END_REF] and others have shown that this effect persists into the late-postpartum period (Leuner and Gould, 2010) but not after weaning (Pawluski and Galea, 2006). Primiparous rats, at weaning, exhibit decreased dendritic complexity in both the CA1 and CA3 pyramidal neurons compared to nulliparous as well as multiparous rats (Pawluski and Galea, 2006). In this same study, multiparous rats had enhanced spine density in the CA1 region of the hippocampus, which correlated with number of male pups in a litter (Pawluski and Galea, 2006) suggesting a role of experience on spine plasticity at weaning. With aging changes in the morphology of CA1 pyramidal neurons with parity are not evident in rats (at two years of age), showing that some changes with motherhood can be reversible [START_REF] Love | Maternal experience produces long-lasting behavioral modifications in the rat[END_REF]. Other work indicates that some functional consequences of motherhood on the hippocampus persist. For example, Lemaire et al. showed that there is increased hippocampal LTP in mother rats two weeks after weaning and well into aging at 22 months old (Lemaire et al., 2006). Furthermore, Gatewood et al (2005) showed that aged (24 months old) reproductively experienced females have lower levels of amyloid precursor protein (APP), a marker of neurodegeneration in the hippocampus along with attenuated memory decline (Gatewood et al., 2005). Eid et al. have also shown that during middle age (10 months old) there is an increase in hippocampal neurogenesis in primiparous rats but a continued decrease in neurogenesis in nulliparous female rats [START_REF] Eid | Early and late effects of maternal experience on hippocampal neurogenesis, microglia, and the circulating cytokine milieu[END_REF] further pointing to an enduring effect of motherhood on the hippocampus. Motherhood also has lasting effects on the response of hippocampal progenitor cells to estrogens, with different estrogens significantly upregulating cell proliferation in the hippocampus in middle-aged multiparous female rats but not of middle-aged virgin rats [START_REF] Barha | Motherhood alters the cellular response to estrogens in the hippocampus later in life[END_REF].

In summary, these studies demonstrate numerous types of plastic changes in the hippocampus accompanying motherhood that often endure in the mother's brain. The exact role of these changes in neuroplasticity on cognition, stress regulation, or affective behaviors remain to be determined but future work using methods that inhibit hippocampal plasticity, as seen in some studies investigating other brain sites and described below, would be valuable [START_REF] Medina | Maternal experience and adult neurogenesis in mammals: Implications for maternal care, cognition, and mental health[END_REF][START_REF] Pawluski | Neuroplasticity in the maternal hippocampus: Relation to cognition and effects of repeated stress[END_REF][START_REF] Slattery | The maternal brain under stress: Consequences for adaptive peripartum plasticity and its potential functional implications[END_REF].

J o u r n a l P r e -p r o o f

SVZ and Olfactory Bulb

While the hippocampus has been the major focus for studying motherhood-induced neuroplasticity, newborn cells also exist in the adult SVZ and the number of new cells is affected by motherhood. In the first study of its kind, [START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF] found that the number of proliferating cells in the female mouse SVZ was briefly elevated at early pregnancy (day 7), and again at day 7 postpartum, with a return to low pre-mating levels within a week in both cases [START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF]. This effect could not be reproduced with exogenous estradiol with or without progesterone, suggesting that other aspects of reproduction and later caregiving experience are required. A pregnancy-associated increase in proliferating cells has also been found in the SVZ of laboratory rats, but at the end of pregnancy rather than in early pregnancy [START_REF] Furuta | Gestation-induced cell proliferation in the rat brain[END_REF]. This increase in newborn cells in the SVZ of rats does not require that females reproduce, however, because nulliparous female rats repeatedly exposed to pups until the point of displaying maternal care show more proliferating cells compared to nulliparous rats that were never exposed to pups or nulliparous rats that were exposed to pups but never showed maternal caregiving behaviors [START_REF] Furuta | Effects of maternal behavior induction and pup exposure on neurogenesis in adult, virgin female rats[END_REF].

Many newborn cells in the adult SVZ are known to migrate to the olfactory bulbs [START_REF] Brann | A lifetime of neurogenesis in the olfactory system[END_REF]) and this appears to also be true in mothers. [START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF] reported that early and late in the postpartum period mouse dams have more new interneurons in the granule and periglomerular layers of their olfactory bulbs. A more recent study found only a small, nonsignificant rise in the number of newborn neurons in the female mouse olfactory bulb postpartum [START_REF] Belnoue | Plasticity in the olfactory bulb of the maternal mouse is prevented by gestational stress[END_REF]), but differences between that studies in the mouse strain (CD1 vs. C57BL/6J), stage of neurogenesis investigated, and cell genesis marker used (CldU vs. BrdU) may be partly responsible. [START_REF] Belnoue | Plasticity in the olfactory bulb of the maternal mouse is prevented by gestational stress[END_REF] did find, though, that new neurons two weeks postpartum had longer apical (but not basal) dendrites in the granular cell layer of the SVZ when compared to virgins. Adult-born cells in the granule layer of early postpartum mother mice also show more stable dendritic spines consistent with greater maturity and, although they have lower spine density, are better integrated into the bulbar network when compared to the newborn cells in the olfactory of nulliparous females [START_REF] Kopel | Enhanced synaptic integration of adultborn neurons in the olfactory bulb of lactating mothers[END_REF].

The pituitary peptide, prolactin, is an important regulator of neurogenesis in the maternal olfactory bulbs. Exogenous prolactin can increase the number of proliferating cells in the female J o u r n a l P r e -p r o o f mouse [START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF], which is somewhat surprising given that estradiol is a strong stimulator of pituitary prolactin release [START_REF] Chen | Effects of estrogen and progesterone on serum and pituitary prolactin levels in ovariectomized rats[END_REF] but is unable to stimulate neurogenesis in the SVZ [START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF]. Yet others have found that exogenous estradiol instead decreases newborn cells in the female mouse olfactory bulb [START_REF] Veyrac | The main and accessory olfactory systems of female mice are activated differentially by dominant versus subordinate male urinary odors[END_REF]. In any case, further support for a prolactin-mediated process is that mutation of the prolactin receptor gene prevents the effects of reproduction to increase SVZ neurogenesis [START_REF] Shingo | Pregnancy-stimulated neurogenesis in the adult female forebrain mediated by prolactin[END_REF]. In addition, other methods that increase circulating prolactin can also stimulate neurogenesis in the female mouse SVZ and olfactory bulb. Nulliparous mice exposed to the pheromones of conspecific males have chronically high circulating prolactin, along with more newborn cells in their SVZ and olfactory bulbs [START_REF] Larsen | Prolactin-induced mitogenesis in the subventricular zone of the maternal brain during early pregnancy is essential for normal postpartum behavioral responses in the mother[END_REF]. These effects of male pheromones were prevented by ovariectomizing females or pharmacologically inhibiting their pituitary prolactin release, and conversely, mimicked in pheromone-unexposed females by injecting exogenous prolactin [START_REF] Larsen | Prolactin-induced mitogenesis in the subventricular zone of the maternal brain during early pregnancy is essential for normal postpartum behavioral responses in the mother[END_REF][START_REF] Larsen | Male pheromones initiate prolactin-induced neurogenesis and advance maternal behavior in female mice[END_REF].

The functional significance of greater numbers of newborn cells in the maternal SVZ or olfactory bulb has been demonstrated either directly or indirectly. In transgenic mice that allow experimenters to temporally destroy newborn cells in the SVZ and elsewhere in the brain when they begin differentiating into neurons, parturient females show a severe impairment in pup caregiving [START_REF] Sakamoto | Continuous neurogenesis in the adult forebrain is required for innate olfactory responses[END_REF]. Pregnancy stress, which often but not always impairs postpartum maternal caregiving, also reduces newborn neurons and their dendrite length in the maternal olfactory bulb [START_REF] Belnoue | Plasticity in the olfactory bulb of the maternal mouse is prevented by gestational stress[END_REF]. Prolactin manipulations that alter neurogenesis in mice also hasten or impair maternal responsiveness [START_REF] Larsen | Prolactin-induced mitogenesis in the subventricular zone of the maternal brain during early pregnancy is essential for normal postpartum behavioral responses in the mother[END_REF][START_REF] Larsen | Male pheromones initiate prolactin-induced neurogenesis and advance maternal behavior in female mice[END_REF], as does early-pregnancy injections of a mitotic inhibitor [START_REF] Larsen | Prolactin-induced mitogenesis in the subventricular zone of the maternal brain during early pregnancy is essential for normal postpartum behavioral responses in the mother[END_REF]. On the other hand, focal irradiation of the SVZ that lead to a large reduction in newborn cells in the olfactory bulb did not impair mothering in parturient mice, but instead increased the time that dams spent in the nest with pups [START_REF] Feierstein | Disruption of Adult Neurogenesis in the Olfactory Bulb Affects Social Interaction but not Maternal Behavior[END_REF].

The studies above in laboratory rodents can be contrasted to those involving maternal sheep. Adult female sheep also have many proliferating cells in their SVZ and olfactory bulbs, but the numbers of these cells are reduced in parturient females that interact with their lambs compared to estrus ewes housed with a ram or anestrous ewes housed alone (Brus et al., 2010a;[START_REF] Brus | Interactions with the young down-regulate adult olfactory neurogenesis and enhance the maturation of olfactory neuroblasts in sheep mothers[END_REF]. Despite having fewer newborn olfactory cells, neuroblast dendrite length is longer in parturient ewes compared to virgin ewes, but not if the lamb is removed immediately J o u r n a l P r e -p r o o f after birth (Brus et al., 2010a). Because nulliparous ewes primed with progesterone and estradiol before given acute ICV oxytocin infusions show reduced cell survival in the olfactory bulb compared to CSF-infused control ewes [START_REF] Levy | Differential effects of oxytocin on olfactory, hippocampal and hypothalamic neurogenesis in adult sheep[END_REF], the tremendous release of oxytocin that occurs at the birth of the lamb and necessary for the onset of maternal behavior [START_REF] Levy | Intracerebral oxytocin is important for the onset of maternal behavior in inexperienced ewes delivered under peridural anesthesia[END_REF] is likely responsible for the downregulation of newborn cells seen in naturally parturient ewes. Despite mothers having fewer newborn cells in the olfactory bulb, the cells that do remain are critical for normal motherhood. Chronic ICV infusion of an anti-mitotic drug (Ara-C) for one month during early pregnancy reduces ewes' maternal vocalizations at and soon after parturition, as well as led the ewes unable to discriminate between their own lamb and an unfamiliar lamb [START_REF] Corona | Disruption of adult olfactory neurogenesis induces deficits in maternal behavior in sheep[END_REF]. Thus, whether new mothers have more (mice, rats) or fewer (sheep) newborn cells in their SVZ and olfactory bulb, these cells can be critical for the olfactory regulation of maternal caregiving.

Medial Preoptic Area

The medial preoptic area (mPOA) anterior to the hypothalamus is the most-studied brain site for the hormonal initiation and later pup-induced maintenance of maternal caregiving in numerous species [START_REF] Lonstein | Parental Behavior[END_REF]. It undergoes significant neuroplasticity in mothers, involving a host of plasticity-related genes [START_REF] Udvari | Proteomic Analysis of the Maternal Preoptic Area in Rats[END_REF]. Neurogenesis is known to exist in the adult rodent mPOA (e.g., [START_REF] Huang | Olfactory bulb cells generated in adult male golden hamsters are specifically activated by exposure to estrous females[END_REF][START_REF] Kostin | Adult hypothalamic neurogenesis and sleepwake dysfunction in aging[END_REF], but only one study has examined this in maternal females. [START_REF] Akbari | Experience-dependent cell survival in the maternal rat brain[END_REF] found that female rats permitted to interact with pups on the day after parturition had non-significantly fewer new surviving cells in the mPOA compared to dams that never interacted with pups after giving birth [START_REF] Akbari | Experience-dependent cell survival in the maternal rat brain[END_REF].

Other types of plasticity have been shown to occur in the maternal mPOA. Late-pregnant rats have larger mPOA somata and more basal dendritic branches compared to virgins and these measures shrink back to premating levels by the end of the first week postpartum [START_REF] Keyser-Marcus | Alterations of medial preoptic area neurons following pregnancy and pregnancy-like steroidal treatment in the rat[END_REF]. Dendrite length was longer in both late-pregnancy and postpartum [START_REF] Keyser-Marcus | Alterations of medial preoptic area neurons following pregnancy and pregnancy-like steroidal treatment in the rat[END_REF]. These effects could be induced by treating ovariectomized virgins with exogenous estradiol plus progesterone, suggesting that the steroid hormone milieu of pregnancy is a driving factor [START_REF] Keyser-Marcus | Alterations of medial preoptic area neurons following pregnancy and pregnancy-like steroidal treatment in the rat[END_REF]. Similar studies also found evidence of greater mPOA cells primary dendrite branching in female rats one day or one week after parturition J o u r n a l P r e -p r o o f [START_REF] J O U R N A L P R E -P R O O F Frankfurt | Cocaine alters dendritic spine density in cortical and subcortical brain regions of the postpartum and virgin female rat[END_REF][START_REF] Shams | Dendritic morphology in the striatum and hypothalamus differentially exhibits experience-dependent changes in response to maternal care and early social isolation[END_REF], but fewer dendritic branches further away from the soma and no differences between mothers and virgins in total dendrite length [START_REF] Shams | Dendritic morphology in the striatum and hypothalamus differentially exhibits experience-dependent changes in response to maternal care and early social isolation[END_REF].

Of the structural factors regulating neuroplasticity across the brain, perineuronal nets (PNNs) have become of great interest. PNNs are part of the extra-cellular matrix and surround neural somata and proximal dendrites [START_REF] Sorg | Casting a Wide Net: Role of Perineuronal Nets in Neural Plasticity[END_REF]. PNNs are thought to act as physical and chemical barriers to neuroplasticity, and thus high numbers of PNNs are associated with relatively consolidated or fixed neuronal function [START_REF] Sorg | Casting a Wide Net: Role of Perineuronal Nets in Neural Plasticity[END_REF]. [START_REF] Uriarte | Reorganization of perineuronal nets in the medial Preoptic Area during the reproductive cycle in female rats[END_REF] recently found that while no PNNs were found in the mPOA of cycling female rats (or males), they appeared by mid-pregnancy, reached high levels in late pregnancy and the end of the first week postpartum, then declined but not completely disappeared by the end of lactation [START_REF] Uriarte | Reorganization of perineuronal nets in the medial Preoptic Area during the reproductive cycle in female rats[END_REF]. Treating ovariectomized virgin females with estradiol plus progesterone (but not estradiol alone) also increased PNNs in the mPOA, but this was mostly prevented if pituitary prolactin release was pharmacologically inhibited [START_REF] Uriarte | Reorganization of perineuronal nets in the medial Preoptic Area during the reproductive cycle in female rats[END_REF]. These data indicate that PNNs may be involved in hormone-induced plasticity in the mPOA necessary to establish maternal caregiving and consolidate the experience, and then regulate changes in maternal care as the pups grow and develop over lactation.

Cerebral Cortex

The primary somatosensory cortex (S1) is essential for processing incoming tactile information from the surface of the body and integrating that information with motoric activity necessary for behavior. It contains a mostly topographic map of the skin and is one of the most use-dependent neuroplastic regions of the brain during early development and in adulthood [START_REF] Harding-Forrester | Somatosensory maps[END_REF]. One would expect that motherhood, which involves novel use of the ventral and perioral skin to most sensitively detect and respond to pup cues [START_REF] Stern | Somatosensation and Maternal Care in Norway Rats[END_REF], would involve neuroplasticity in S1. Indeed, during the first days postpartum there is an increase in cortical depth in rat dams [START_REF] Hamilton | Effects of pregnancy and differential environments on rat cerebral cortical depth[END_REF] and the S1 of lactating rats (but not parturient rats whose pups were removed at parturition) exhibits >50% greater representation of the ventral skin, along with a tremendous reduction in receptive field size compared to nulliparae [START_REF] Rosselet | Nursing-induced somatosensory cortex plasticity: temporally decoupled changes in neuronal receptive field properties are accompanied by modifications in activity-dependent protein expression[END_REF][START_REF] Xerri | Alterations of the cortical representation of the rat ventrum induced by nursing behavior[END_REF].
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Another change in S1 during the expression of caregiving also involves PNNs. Virgin female mice that were cohoused with late-pregnant females and then given 5 days of alloparental experience with pups had more PNNs in the barrel field (S1 representation of whiskers on the mystacial pad) than inexperienced virgins [START_REF] Lau | Lateralized Expression of Cortical Perineuronal Nets during Maternal Experience is Dependent on MECP2[END_REF]. This could be related to the central oxytocin released when even virgins interact with pups [START_REF] Okabe | Pup exposure facilitates retrieving behavior via the oxytocin neural system in female mice[END_REF], as oxytocin receptor activity in the midbrain dorsal raphe (DR) -which contains the most forebrain-projecting serotonin neuronsregulates PNN expression in the barrel field of parturient rats and disrupting oxytocin signaling in the DR derails almost all postpartum behaviors [START_REF] Grieb | Oxytocin receptors in the midbrain dorsal raphe are essential for postpartum maternal social and affective behaviors[END_REF].

Auditory perception is less consequential for maternal caregiving compared to somatosensation in mice and rats [START_REF] D'amato | Mother-offspring interaction and pup development in genetically deaf mice[END_REF][START_REF] Herrenkohl | Exteroceptive stimulation of maternal behavior in the naive rat[END_REF][START_REF] Kolunie | Maternal aggression in rats: effects of visual or auditory deprivation of the mother and dyadic pattern of ultrasonic vocalizations[END_REF], but motherhood-induced plasticity still occurs in the primary auditory cortex and facilitates dams' responsiveness to pups' vocal cues. When female mice become mothers, the number of A1 cells selectively responding to pup ultrasonic vocalizations increases, followed by a decrease after weaning the litter [START_REF] Tasaka | The Temporal Association Cortex Plays a Key Role in Auditory-Driven Maternal Plasticity[END_REF]. This functional plasticity is not accompanied by morphological plasticity such expansion of the A1 in toto [START_REF] Shepard | Behavioral relevance helps untangle natural vocal categories in a specific subset of core auditory cortical pyramidal neurons[END_REF], or altered dendritic spine density or size [START_REF] Tasaka | The Temporal Association Cortex Plays a Key Role in Auditory-Driven Maternal Plasticity[END_REF]. The A1 of virgin mice induced to become maternal via co-housing with a dam and pups also show increased "tuning" to pup vocalizations [START_REF] Liu | Improved cortical entrainment to infant communication calls in mothers compared with virgin mice[END_REF][START_REF] Liu | Auditory cortical detection and discrimination correlates with communicative significance[END_REF][START_REF] Schiavo | Innate and plastic mechanisms for maternal behaviour in auditory cortex[END_REF], but this increased proficiency does not last as long after removal of the pups as it does in mothers, suggesting that not just maternal experience but the physiology of reproduction contributes to sustained auditory plasticity [START_REF] Lin | A role for maternal physiological state in preserving auditory cortical plasticity for salient infant calls[END_REF]. This plasticity in virgins (and presumably parturient mothers) relies on oxytocin release from the paraventricular nucleus of the hypothalamus [START_REF] Marlin | Oxytocin enables maternal behaviour by balancing cortical inhibition[END_REF][START_REF] Schiavo | Innate and plastic mechanisms for maternal behaviour in auditory cortex[END_REF] and involves changes in excitatory and inhibitory balance that alters A1 response to sound pitch and rate [START_REF] Cohen | Plasticity during motherhood: changes in excitatory and inhibitory layer 2/3 neurons in auditory cortex[END_REF].

Mothers also show plasticity in non-sensory region of the cortex. This includes increased dendritic spine number and density in the anterior cingulate and infralimbic regions of the mPFC, which in the latter declines considerably within 2-3 weeks after weaning the litter (Leuner et al., 2010;[START_REF] Opala | Experience of Adversity during a First Lactation Modifies Prefrontal Cortex Morphology in Primiparous Female Rats: Lack of Long Term Effects on a Subsequent Lactation[END_REF]. Increased spine density in the mPFC has been associated with improved attention and cognitive flexibility, functions which rely on this region of the cortex (Leuner et al., 2010).
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Dorsal Raphe Nucleus

As clearly seen from the discussion above, motherhood-related plasticity extends throughout the forebrain. The midbrain, hindbrain, spinal cord, and periphery have been mostly neglected but may be the next "frontier" for studying where female reproduction and infant caregiving sculpt the nervous system. A recent venture outside mothers' forebrain by the Lonstein lab hypothesized that differences in cell birth or survival could be expected to exist in the maternal midbrain, given that the lining of the midbrain cerebral aqueduct is a proliferative niche from early development through adulthood [START_REF] J O U R N A L P R E -P R O O F Zhao | Bromodeoxyuridine infused into the cerebral ventricle of adult mice labels nigral neurons under physiological conditions--a method to detect newborn nerve cells in regions with a low rate of neurogenesis[END_REF]. Lonstein and Holschbach (2017) found that the lining of the adult female rat aqueduct has a high degree of cell proliferation [START_REF] Holschbach | Motherhood and infant contact regulate neuroplasticity in the serotonergic midbrain dorsal raphe[END_REF] and that newborn cells exist in the dorsal raphe nucleus (DR) lying just below the aqueduct. Cells of the DR are the source of most forebrain serotonin [START_REF] Lowry | Topographic organization and chemoarchitecture of the dorsal raphe nucleus and the median raphe nucleus, Serotonin and Sleep: Molecular, Functional and Clinical Aspects[END_REF] and maternal care is disrupted by selectively lesioning DR serotonin neurons [START_REF] Holschbach | Serotonin-specific lesions of the dorsal raphe disrupt maternal aggression and caregiving in postpartum rats[END_REF]. While they found that there were no effects of pregnancy and postpartum state on DR cell proliferation, cells that were born during the postpartum period were less likely to survive (12days later) than cells born during pregnancy and surviving into the early postpartum period (12 days later) [START_REF] Holschbach | Motherhood and infant contact regulate neuroplasticity in the serotonergic midbrain dorsal raphe[END_REF]. The nearby median raphe also contained newborn cells, but there were few and the number was unaffected by female reproductive state. The early-postpartum rate of new cell survival in the DR was concomitant with higher DR levels of serotonin's precursor, 5-HTP, and its metabolite, 5-HIAA. Many of the newborn cells had a neuronal phenotype. Less cell death was also found during the early postpartum period compared to late postpartum [START_REF] Holschbach | Motherhood and infant contact regulate neuroplasticity in the serotonergic midbrain dorsal raphe[END_REF]. The effects of motherhood on these temporal changes in DR new cell survival and cell death were prevented by removing the pups at parturition, indicating that simply giving birth was not alone responsible. The inability of maternal adrenalectomy to influence cell survival indicated that circulating corticosterone was not also not singularly responsible. Whether some the newborn cells eventually become serotonergic neurons, and what role any of them play in DR-and serotonin-dependent postpartum behavior and physiology, remains to be discovered.

Glial cell plasticity in the maternal brain

Glia are abundant in the vertebrate brain [START_REF] Herculano-Houzel | The glia/neuron ratio: how it varies uniformly across brain structures and species and what that means for brain physiology and evolution[END_REF] and provide an ample, additional substrate for how motherhood influences central nervous system structure and J o u r n a l P r e -p r o o f function. This is evident in the mPOA, where along with neuronal changes described above, there is an increase in the number of cells containing the glia -activating factor basic fibroblast growth factor (bFGF) in postpartum lactating rats (day 16) compared to cycling or hormonetreated virgins [START_REF] Salmaso | Differential effects of reproductive and hormonal state on basic fibroblast growth factor and glial fibrillary acid protein immunoreactivity in the hypothalamus and cingulate cortex of female rats[END_REF][START_REF] Salmaso | Upregulation of astrocytic basic fibroblast growth factor in the cingulate cortex of lactating rats: time course and role of suckling stimulation[END_REF]. More cells containing the astrocyte cytoskeleton protein, glial fibrillary acidic protein (GFAP) have also been reported in the mPOA of multiparous, postpartum (day 5) rats [START_REF] Featherstone | Plasticity in the maternal circuit: effects of experience and partum condition on brain astrocyte number in female rats[END_REF]. These findings are consistent with a very recent study using MRI in mice to reveal an enlargement of the mPOA from late pregnancy through late lactation [START_REF] Barriere | Brain orchestration of pregnancy and maternal behavior in mice: A longitudinal morphometric study[END_REF].

Significantly more glial cells, as indicated by bFGF and GFAP expression, specifically in area 2 of the cingulate cortex are also found in mothers compared to cycling virgins, with cells containing these proteins beginning to appearing in late pregnancy, increase within hours after parturition, and remain at high numbers throughout lactation [START_REF] Salmaso | Differential effects of reproductive and hormonal state on basic fibroblast growth factor and glial fibrillary acid protein immunoreactivity in the hypothalamus and cingulate cortex of female rats[END_REF][START_REF] Salmaso | Upregulation of astrocytic basic fibroblast growth factor in the cingulate cortex of lactating rats: time course and role of suckling stimulation[END_REF]. This particular region of the rodent anterior cingulate is thought to best correspond to the human anterior cingulate cortex (ACC) [START_REF] Van Heukelum | Where is Cingulate Cortex? A Cross-Species View[END_REF], and as such is involved in numerous functions including higher-order reward-based decision making and affective control [START_REF] Holroyd | The Best Laid Plans: Computational Principles of Anterior Cingulate Cortex[END_REF][START_REF] Hunt | Frontal circuit specialisations for decision making[END_REF]. Maternal upregulation of bFGF and GFAP is accompanied by greater number of apical dendritic spines very early postpartum and greater basilar dendritic complexity late postpartum, suggesting increased network integration [START_REF] Salmaso | Changes in dendritic spine density on layer 2/3 pyramidal cells within the cingulate cortex of late pregnant and postpartum rats[END_REF]. Unlike most neuroplasticity in the maternal brain, this increase in glial cell markers does not require that dams interact with pups or lactate, as removing the litter at parturition has little effect on GFAP expression, and it takes 5-6 weeks after a normal period of lactation for levels to return to those found before mating (Salmaso andWoodside, 2006, 2008). Interestingly, there is no increase in either protein in rats that are remated and allowed to care for pups again, suggesting that remodeling of the Cg2 could be involved in maternal "learning" effects in inexperienced females that are unnecessary in experienced caregivers [START_REF] Salmaso | Fluctuations in astrocytic basic fibroblast growth factor in the cingulate cortex of cycling, ovariectomized and postpartum animals[END_REF].

Of the glial changes that occur with female reproduction and motherhood, much recent work has focused on microglia. Microglia, comprising approximately 8-12% of total brain cells, are the resident macrophages of the of the CNS [START_REF] Kettenmann | Physiology of microglia[END_REF]. Microglia provide immune surveillance, clear debris to maintain homeostasis, and engage in inflammatory signaling in response to pathogens, injuries or other perturbations [START_REF] Kettenmann | Physiology of microglia[END_REF]. In J o u r n a l P r e -p r o o f addition, through phagocytic activity and inflammatory signaling, microglia mediate normal changes in neuronal structure, function, and resulting behavioral output during other periods of dramatic plasticity in the brain such as development [START_REF] Lenz | Microglia and Beyond: Innate Immune Cells As Regulators of Brain Development and Behavioral Function[END_REF] and aging [START_REF] Hong | Complement and microglia mediate early synapse loss in Alzheimer mouse models[END_REF]. Whether microglia are involved in the dynamic remodeling of the maternal brain has yet to be determined but recent data have shown that microglia are modified across the peripartum period. Specifically, studies in laboratory rats show that the numbers of microglia are reduced in the days prior to parturition and remain reduced until approximately one week postpartum in numerous brain regions, including the medial prefrontal cortex, nucleus accumbens, amygdala, and hippocampus [START_REF] Haim | A survey of neuroimmune changes in pregnant and postpartum female rats[END_REF][START_REF] Posillico | An investigation into the effects of antenatal stressors on the postpartum neuroimmune profile and depressive-like behaviors[END_REF]. Other work has found microglia in the hippocampus have shortened processes on PD8 [START_REF] Eid | Early and late effects of maternal experience on hippocampal neurogenesis, microglia, and the circulating cytokine milieu[END_REF]. 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 [START_REF] Eid | Early and late effects of maternal experience on hippocampal neurogenesis, microglia, and the circulating cytokine milieu[END_REF][START_REF] Haim | A survey of neuroimmune changes in pregnant and postpartum female rats[END_REF].

In addition to the microglial alterations, inflammatory signaling is also modified in the maternal brain with postpartum increases seen in the anti-inflammatory cytokine, interleukin (IL) -10 and the pleiotropic cytokine, IL-6 [START_REF] Haim | A survey of neuroimmune changes in pregnant and postpartum female rats[END_REF]. Similarly, IL-4 and brain derived neurotrophic factor (BDNF) are elevated in the brains of maternal rats [START_REF] Posillico | An investigation into the effects of antenatal stressors on the postpartum neuroimmune profile and depressive-like behaviors[END_REF][START_REF] Sherer | An examination of changes in maternal neuroimmune function during pregnancy and the postpartum period[END_REF]. Other work has examined the neuroimmune response of the maternal brain to immune/inflammatory challenge and found it to be suppressed such that up-regulation in gene expression for the cytokines, IL-1β and IL-6, in response to bacterial endotoxin LPS administration was markedly attenuated in the PFC, mPOA, hypothalamus and hippocampus of late-pregnant rats, compared with non-pregnant females [START_REF] Sherer | An examination of changes in maternal neuroimmune function during pregnancy and the postpartum period[END_REF]. When taken together with the peripartum decrease in microglia levels, these data suggest that the maternal brain may be assuming a protective, inflammatory resistant state. Although there are some differences in time course, these central immune changes mirror immune changes in the periphery that are necessary for sustaining a pregnancy and fetal development [START_REF] Sherer | An examination of changes in maternal neuroimmune function during pregnancy and the postpartum period[END_REF].

Because changes in central immune function across motherhood is a new area of investigation, there are a number of open questions that require further study. For example, the mechanisms underlying peripartum neuroimmune changes has yet to determined. Given that some of the changes are evident during late pregnancy, it is likely that they are not primarily J o u r n a l P r e -p r o o f driven by parturition or maternal experience but rather some physiological change of pregnancy.

Hormones are the most likely candidates, as microglia express receptors for many hormones that are altered across the peripartum period and which exert effects on neuroinflammatory signaling, including glucocorticoids, estrogens, progestins and oxytocin [START_REF] Bruce-Keller | Antiinflammatory effects of estrogen on microglial activation[END_REF][START_REF] Dimayuga | Estrogen and brain inflammation: effects on microglial expression of MHC, costimulatory molecules and cytokines[END_REF][START_REF] Lei | Anti-inflammatory effects of progesterone in lipopolysaccharide-stimulated BV-2 microglia[END_REF][START_REF] Sierra | Steroid hormone receptor expression and function in microglia[END_REF][START_REF] Vegeto | Estrogen prevents the lipopolysaccharide-induced inflammatory response in microglia[END_REF]. Another possibility is that non-hormonal chemical signals that are dynamic during the peripartum period may be responsible for the microglial changes observed. For example, microglia express receptors for GABA, serotonin and dopamine and fluctuations of these neurotransmitters have been shown to influence microglia [START_REF] Lee | Neurotransmitters and microglial-mediated neuroinflammation[END_REF][START_REF] Pocock | Neurotransmitter receptors on microglia[END_REF]. In addition to mechanism, the functional significance of peripartum immune changes is an open question.

Given their timing, it is possible that peripartum central immune changes may play a role in the motivational, cognitive and mood-related changes found in new mothers. It is also important to consider that the postpartum period is a time of heightened vulnerability for the development of mood disorders. A number of studies have implicated peripheral immune dysregulation in human anxiety and depression [START_REF] Hodes | Neuroimmune mechanisms of depression[END_REF][START_REF] Wohleb | Neuron-Microglia Interactions in Mental Health Disorders: "For Better, and For Worse[END_REF], including postpartum depression, although these have yielded mixed results [START_REF] Boufidou | CSF and plasma cytokines at delivery and postpartum mood disturbances[END_REF][START_REF] Corwin | Bidirectional psychoneuroimmune interactions in the early postpartum period influence risk of postpartum depression[END_REF][START_REF] Maes | Immune activation in the early puerperium is related to postpartum anxiety and depressive symptoms[END_REF][START_REF] Osborne | Perinatal depression--the fourth inflammatory morbidity of pregnancy?: Theory and literature review[END_REF][START_REF] Segman | Blood mononuclear cell gene expression signature of postpartum depression[END_REF]. More work in humans and rodent models are needed to further explore the role of central neuroinflammation as a mechanistic pathway that contributes to peripartum depression. For now, however, the available data are largely consistent with the theme of 'less is more' and suggest that less inflammation is likely better for maternal affective state and possibly other outcomes.

Conclusions and future directions

The female brain goes through many developmental shifts across the lifespan, with the transition to motherhood (i.e., matrescence) being one of the most significant. In this review we summarize many levels of 'fine-tuning' of the maternal brain, in both structure and function across this developmental phase, that are important for maternal care-giving behaviors and maternal mental health. This 'fine-tuning' of the brain to presumably optimize brain function occurs in a number of species studied to date. Although these brain changes are not always similar between species there is clear evidence that significant modifications occur in the female brain during the transition to motherhood. It is important to point out that it is not necessarily the J o u r n a l P r e -p r o o f 'amount' of brain plasticity accompanying motherhood that is key but likely the function and connectivity between cells (both neuron and glial) within and among brain areas that need to be investigated in order to fully determine how these changes in 'amount' correspond to changes in function within the maternal brain. Some of these brain modifications with motherhood are reversible, such as the rate of hippocampal neurogenesis, but other modifications, or even new modifications, resulting from pregnancy and motherhood likely exist throughout the maternal brain later in life (de Lange et al., 2020a;[START_REF] Lambert | Optimizing brain performance: Identifying mechanisms of adaptive neurobiological plasticity[END_REF]. Knowing this, future research in many realms needs to move beyond the study of sex differences (often comparing nulliparous females with sexually inexperienced males) to more broadly address how reproductive experience and parenting specifically impact brain health throughout the lifespan. Thus, it is anticipated that future research investigating intricate functional aspects of brain plasticity during pregnancy and the postpartum period will increase our understanding of how reproductively-related modifications in the female brain optimize complex behavioral outcomes with the transition to motherhood. In addition, as mentioned, understanding the impact of pregnancy and parenting on the female brain is of vital importance to the future of neuroscience research, particularly as the majority of females are parturient in many species. One thing that is certain is that matrescence has a significant impact on the adult female brain. Structural neuroimaging ↓ cortical thickness 4,5,6 ↑ grey matter volume in various brain regions in the weeks or months postpartum in frontal areas, occipital cortex, and cerebellar areas 7,8 ↓ grey matter volume in many brain regions compared to pre-conception up to 6 years postpartum 2, 9,10 ↑ grey matter volume in hippocampus 2

↑ white matter volume and gyrification 6

Functional neuroimaging ↑ EEG response in a number of tasks 5,11,12 Functional neuroimaging ↑ fMRI response to offspring cues in many areas including the insula, orbitofrontal gyrus, inferior frontal gyrus, precentral gyrus, thalamus, amygdala, striatum 13,14,15 ↑ fMRI response to infant cries in frontal regions associated with ↑ attachment 16 , ↑ sensitive behaviors to their infants J o u r n a l P r e -p r o o f

J

  o u r n a l P r e -p r o o f example, Rutherford et al. demonstrated stronger EEG responses to non-social stimuli in 30
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  volume across pregnancy in medial frontal cortex, precuneus, posterior cingulate cortex, inferior frontal gyri, superior temporal sulci, hippocampus, ventral striatum 2, 3 ↓ volume associated with ↑ maternal attachment 2 and ↑ neural reactivity to infant 3

17↑

  connectivity with the anterior cingulate gyrus, left nucleus accumbens, right caudate and left cerebellum using rsFC18 J o u r n a l P r e -p r o o f Table2. Summary of key changes in the maternal brain of rodents with regards to neurogenesis, measures of dendritic complexity, glial cells and grey matter volumes. mPOA = medial preoptic area; SVZ=subventricular zone; OB = olfactory bulb; DR = dorsal raphe nucleus; mPFC = medial prefrontal cortex; FGF = fibroblast growth factor; GFAP = glial fibrillary acidic protein; BNST = bed nucleus of the stria terminalis.
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