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Abstract

The preoptic area is a well-established centre for the control of maternal behaviour. An intact
medial preoptic area (MPOA) is required for maternal responsiveness as lesion of the area
abolishes maternal behaviours. Whereas hormonal changes in the peripartum period
contribute to the initiation of maternal responsiveness, inputs from pups are required for its
maintenance. Neurones are activated in different parts of the MPOA in response to pup
exposure. In the present review, we summarize the potential inputs to the MPOA of rodent
dams from the litter that can activate MPOA neurones. The roles of potential indirect effects
through increased prolactin levels, as well as neuronal inputs to the preoptic area are
described. Recent results on the pathway mediating the effects of suckling to the MPOA
suggest that neurones containing the neuropeptide tuberoinfundibular peptide of 39 residues
in the posterior thalamus are candidates to convey the suckling information to the MPOA.
Although the molecular mechanism through which these inputs alter MPOA neurones to
support the maintenance of maternal responding is not yet known, altered gene expression is a
likely candidate. Here, we summarize gene expression changes in the MPOA that have been
linked to maternal behaviour and explore the idea that chromatin remodelling during mother-
infant interactions mediates the long-term alterations in gene expression that sustain maternal

responding.

Introduction

All mammalian infants are incapable of surviving on their own. Thus, infant survival depends
on the quality of care infants receive from birth until weaning. In most mammals, the mother
provides the constant care required for successful infant growth, development, and survival,
and hence the initiation of maternal behaviour after birth is critical (1). The most extensive
experimental investigations of maternal behaviours have been performed in rodents. Rat and
mouse dams display a variety of specific caregiving behaviours that start around the time of
parturition: they consume placenta, foetal membranes and fluids, build a nest to keep pups
warm and retrieve displaced pups there, lick the pups and nurse them in characteristic
postures (2). In addition, mothers demonstrate reduced anxiety and increased aggression
towards intruders approaching their nest [in this issue, (3)]. Although there is considerable
overlap in how mothers respond to their infants, there are some species differences in specific
caregiving behaviours. Thus, this review focuses on the mechanisms that underlie maternal
motivation, or the shift in responsiveness toward infants, rather than mechanisms that regulate

individual maternal behaviours (2).
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The transition into motherhood is comprised of a dramatic shift in maternal
responsiveness, which allows mothers to spend a considerable period of time devoting their
energy toward rearing offspring. Some species, such as rats, are relatively unresponsive to
infants before motherhood; therefore, this shift may involve a decrease in aversion toward
infants coupled with an increase in attraction toward infants (4,5). In other species, such as
mice, where unrelated individuals do respond to infants, this shift may exclusively involve an
increase in infant attraction. In all species studied, including humans, the hormonal events of
pregnancy and parturition function to increase maternal motivation, or responsiveness toward
infants, at birth (6). At birth, mothers are so highly motivated to interact with their offspring
that they will traverse an anxiogenic, novel environment (such as a novel T-maze) or learn to
press a lever to interact with pups (7-11). The elevated estrogen / progesterone ratio, which
occurs at the end of pregnancy, plays a crucial role in this process (12-19). When mother-
infant interaction occurs in this hormonal context, maternal motivation is initiated and

sustained for extended periods of time (20-22).

Although hormonal stimulation potentiates maternal motivation, it is the experience of
interacting with infants at the time of birth that is necessary for the initiation and maintenance
of maternal care. Three pieces of information support this idea. First, maternal motivation
remains high during the postpartum period long after the elevated estradiol/progesterone ratio
associated with birth has waned (23,24). The level of ovarian steroid hormones is very low at
10 days of postpartum, when maternal behaviours are maximal (25). Thus, these hormones
might prime neural circuits for the receipt of infant stimuli, but hormonal stimulation does not
sustain maternal care. Second, non-hormonal factors must also be operating in those cases
where paternal behaviour or alloparental behaviour occurs [in this issue, (26)], since these
individuals are not exposed to the hormonal changes associated with pregnancy although
exposure to pups may induce some hormonal changes in these individuals [in this issue, (27)].
In support of this idea, maternal responsiveness can occur in the absence of pregnancy
hormone stimulation after continual exposure to infant stimuli, in a process termed
sensitization (28). Sensitization can occur in mice that lack the aromatase enzyme, and are
therefore incapable of synthesizing oestradiol (7,29). Thus, estradiol stimulation is not
required for maternal responsiveness. Third, experience-induced changes in maternal
motivation extend far beyond weaning. Thus, once a female has interacted with pups,
maternal motivation is "permanently" altered. For example, in rats, the future onset of

maternal behaviour is less dependent on hormone stimulation (20-22). In laboratory strains of
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mice, which do not depend on hormone stimulation to care for pups, females will continue to
rescue pups from an anxiogenic environment (novel T-maze) (30,31). The amount of
experience with pups required to permanently alter maternal motivation varies depending on
species and hormonal profile. For example, in postpartum rats as little as 15 minutes of
mother-infant interaction maintains subsequent maternal responsiveness even during long
periods of separation from pups (20). In pup-naive, virgin female mice, 2 hours of interaction
for 4 consecutive days increases maternal responding on a T-maze up to one month later (29).
Therefore, the transition into motherhood involves the consolidation of maternal learning and

the maintenance of a maternal memory (22,32).

One proposal is that there is a core neural circuit regulating parental behaviour in all
mammals of both sexes (1), but whether infant stimuli can act on this circuit to elicit
responsiveness depends on how developmental, hormonal, and/or experiential factors impact
this circuit [in this issue, (33)]. The medial preoptic area (MPOA) is a critical site within this
circuit, which receives pup-related inputs from all sensory modalities and coordinates
maternal responsiveness through its widespread projections (4,34-36). Hormonal and/or
experiential factors can prime the MPOA for increased responsiveness toward pup-related
inputs. For example, somatosensory inputs derived from the pups play an important role in the
onset of maternal behaviour, as well as the long-term maintenance of maternal responding
(24,37,38). In this review, we focus on the hormonal and neuronal inputs that activate the
MPOA during mother-infant interaction, as well as the subsequent genetic and epigenetic

changes that may contribute to the long-term maintenance of maternal responding.

The medial preoptic area

The MPOA is situated in the medial zone of the rostral region of the hypothalamus. Its major
structure is the medial preoptic nucleus, which consists of central, medial and lateral
subdivisions (39). The central and medial subdivisions of the medial preoptic nucleus overlap
with the sexually dimorphic nucleus, which is considerably larger in males than in females
(40,41). In this review, we also include the dorsolaterally adjacent ventral subdivision of the
bed nucleus of the stria terminalis (vVBNST) in the term MPOA because it receives similar
inputs and plays a similar role in maternal responsiveness. Furthermore, a clear separation of
these areas was not found cytoarchitectonically (42). Accepted brain atlases actually show the

parastrial nucleus between them (43) while some researchers place the anterior (or lateral)
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subcommissural nucleus to the border of the medial preoptic area and the vBNST to describe
the location of oxytocinergic neurones in the area (44,45).

A number of different approaches have been used to examine the role of the preoptic
area in the regulation of maternal behaviour. Extensive evidence from this work indicates that
the preoptic area plays a crucial role in the initiation and maintenance of maternal behaviours.
Large electrical as well as axon-sparing excitotoxic lesions of the MPOA eliminate all
maternal behaviours without affecting other, e.g. feeding behaviours (46,47). Temporal
pharmacological inactivation of MPOA produces similar effects (48,49). Small bilateral
lesions of the dorsal MPOA, but not the sexually dimorphic nucleus, were sufficient to
abolish nest building and retrieving in rat (50). In mice, the lesions the central MPOA (a
potentially similar area) were the most effective in eliminating maternal behaviours (51). In
contrast, electrical stimulation of the MPOA increased maternal responsiveness (52).

The MPOA must receive sensory information from the litter to regulate maternal
responsiveness (5). Sensory information reaches the MPOA through neuronal inputs.
Interaction with the litter can also have effects on MPOA activity mediated by hormones. For
example, suckling stimulation affects the central and peripheral release of oxytocin and

prolactin, which bind to receptors in the MPOA to regulate maternal responding.

Prolactin as a regulator of preoptic neurones in mothers

There is a strong body of findings that support a role for prolactin in the central stimulation of
the onset of maternal behaviour. Central nervous system actions of prolactin in regulating
parental behaviours were first identified in the early 1960’s, when prolactin was implicated in
brooding behaviour in birds (53), nest building behaviour in rabbits (54,55) and fin-fanning
behaviour in some fish to induce fresh water flow over their eggs (56). Much work has
subsequently characterized the role of prolactin in rodent models, particularly in rats. As
described above, maternal care can be induced in virgin female rats with repeated exposure to
pups, albeit with a latency period of several days (28). Bridges and colleagues found that this
latency period could be markedly shortened when gonadectomised, virgin rats were treated
sequentially with progesterone followed by estradiol (57). As well as stimulating a rapid onset
of maternal care towards foster young, this steroid regimen significantly elevated serum
prolactin levels. When steroid-treated females were concurrently treated with bromocriptine
to suppress endogenous prolactin secretion, the onset of maternal behaviour towards foster
young was again delayed from a latency of 1-2 days to 4-5 days (58), strongly implicating

prolactin as a key mediator of the enhanced onset of maternal care. These behavioural effects
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of prolactin can be mimicked by placental lactogen (59). Prolactin actions on maternal
behaviour are mediated in the central nervous system, demonstrated by the observation that
icv infusion of prolactin or placental lactogen will induce maternal behaviour at doses that are
without effect if administered peripherally (59,60). Using localised injections into the MPOA,
Bridges and colleagues have identified this region as a critical site for prolactin action to
stimulate maternal behaviour (60). Prolactin receptors are expressed throughout this region
(61-64), and levels are increased during lactation (64-66). Furthermore, prolactin induces
phosphorylation of signal transducer and activator of transcription 5 (Stat5) in a large
population of MPOA neurones, with neurones apparently more sensitive to prolactin during
lactation (67,68) (Fig. 1). Using the established steroid hormone regimen, it was found that
bilateral MPOA infusions of the putative prolactin receptor antagonist S179D-prolactin
delayed the onset of maternal behaviour in virgin rats by about 2 days (69). These findings
provide support for an involvement of the prolactin receptor in the MPOA in the regulation of

the onset of maternal care in the rat.

Interestingly, reproductive experience appears to provide a long-term change in the
responsiveness to prolactin within the MPOA, as well as other central sites of prolactin action,
i.e. arcuate, paraventricular nucleus (70). Basal expression of the long form of the prolactin
receptor (70) as well as the response of this system to a prolactin challenge (71) increases as a
result of reproductive experience. It seems possible that this enhanced response may
contribute to the “maternal memory” that enables enhanced responsiveness to pups for an
indefinite period after reproductive experience (72).

While mice show spontaneous maternal behaviour, this response is much enhanced in
females after parturition. As in rats, earlier work implicated a role for prolactin acting in the
hypothalamus to stimulate maternal behaviour and nest building in mice (73). There are high
levels of prolactin receptor expression in the MPOA in mice (68), and increased
responsiveness of this region to prolactin during lactation (67). The critical role of prolactin in
maternal care was confirmed in the prolactin receptor knockout model, with a deficiency in
pup-induced maternal care in both virgin and primiparous Prir*” mice, and an even more
severe deficit in virgin Prlr’ animals (74) (full knockouts are infertile, precluding study of
maternal behaviour in parous animals). Interestingly, prolactin-deficient animals exhibit some
maternal behaviour (75), possibly as a result of embryonic or neonatal exposure to
prolactin/placental lactogen or actions of other ligands on the prolactin receptor (76).

Prolactin actions on maternal behaviour in mice are not limited to the medial preoptic area.
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Prolactin-induced neurogenesis in the subventricular zone during early pregnancy (77) is also

critical for the normal expression of maternal behaviour post partum (78,79).

Neuronal inputs contributing to the maintenance of maternal behaviours

Oxytocin (Oxt) is secreted in the posterior pituitary from terminals of magnocellular neurones
of the hypothalamic paraventricular and supraoptic nuclei (PVN and SON) in response to
suckling as part of the milk ejection reflex (80). Although it is not likely that Oxt from the
blood reaches preoptic neurones through the blood-brain barrier, Oxt is also released directly
into the MPOA where it may have a neuromodulatory influence on MPOA neurones. It has
been shown that preoptic injection of an Oxt receptor antagonist blocked the onset of maternal
care (81) and mood adaptations in rats [in this issue, (82)]. Other reports have confirmed a
role for Oxt in the initiation rather than the maintenance of maternal care (83-85), and in
maternal-fetal signalling [in this issue, (86)]. Interestingly, oxytocin neurones express
prolactin receptors (87) and are both acutely and chronically responsive to prolactin (88),
suggesting the potential for interaction of these important lactation hormones. While it
remains obscure whether magnocellular oxytocin neurones project to the MPOA to mediate
the suckling input for maternal behaviours (89), the anatomical pathway from nipples to
magnocellular oxytocin neurones is worth mentioning as it is the best-studied ascending
pathway with specific maternal function. Lesion and microstimulation studies suggested that
the milk-ejection reflex arc ascends through the lateral mesencephalic tegmentum and enters
the zona incerta ventromedial to the medial geniculate body (90-92). Excitotoxic lesions of
this area blocked the milk-ejection reflex (93) and c-fos expression was detected here in
lactating mothers (94), suggesting relay of the pathway in this position. The same or a
topographically very similar pathway mediates suckling-induced prolactin release (95,96).
Thus, the effect of suckling on maternal motivation and behaviour may also be mediated by a
pathway reaching this area.

More details on this cell group were disclosed following the identification of a newly
discovered neuropeptide in the region (97). Tuberoinfundibular peptide of 39 residues (Tip39)
was purified as the ligand of the then orphan parathyroid hormone 2 receptor (Pth2r) (98).
Tip39 is encoded by a single gene, which does not express any other known peptide (99).
Tip39 is expressed in 2 thalamic and a pontine site and almost completely disappears from the
brain by the end of pubertal development (100). It is, however, induced dramatically in
lactating mothers in the posterior intralaminar complex (PIL) of the thalamus immediately

ventromedial to the medial geniculate body (101) and the medial paralemniscal nucleus (102)
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but not the third site of its expression in the periventricular gray of the thalamus. The vast
majority of neurones with induced Tip39 expression are labelled with Fos in response to
suckling (101,102). The active role of Tip39 in mediating the suckling reflex was
demonstrated by the near complete blockade of suckling-induced prolactin release by a Pth2r
antagonist (101). The projection of Tip39 neurones in the PIL to the arcuate nucleus but also
to the preoptic area has been demonstrated using retrograde tracer injections and pathway
transection studies (Fig. 2) (103-105). The projection of Tip39 fibres to the MPOA plays a
role in maternal motivation because microinjection of a virus expressing a Pth2r antagonist
into the MPOA blocked the formation of a conditioned place preference in lactating mothers,
without affecting serum prolactin levels (105). Further, pups of mice lacking the Pth2r gene
show reduced weight gain during lactation in an experiment where the pups of wild type as
well as Pth2r knock-out mice were heterozygous (106). Cytoarchitectonic,
chemoarchitectonic and Fos activational analysis of the PIL suggest that this area corresponds
to the previously identified relay for suckling information during milk ejection

(101,105,107,108).

It is also conceivable that suckling information reaches the MPOA by other routes. A
number of brain regions are activated following suckling, as determined by Fos expression
(109). For example, suckling information may reach the MPOA via the activation of arginin-
vasopressin (Avp) neurones located in the magnocellular subdivision of the PVN. Indeed,
Avp gene expression is increased in PVN neurones during suckling (110,111). Avp is released
in the MPOA during maternal behaviour (112). Furthermore, up-regulation of Avp Vla
receptors within the MPOA of lactating rats improved maternal care, while local blockade of
Vla receptor expression and its direct pharmacological inhibition impaired it (81,113).

Stimuli other than suckling may also reach the MPOA to contribute to the
maintenance of maternal responsiveness. Analysis of pup movement showed that after
reaching a supine posture, the pup crawls to a nipple by performing "stepping" movements on
the mother's ventral body surface (114). Thus, in the above listed experiments, somatosensory
stimulation of the ventral body surface by pups may also contribute to evoking the preoptic
responses (115). In addition, a specific auditory input from the pups, ultrasonic vocalization,
can enhance maternal responsiveness (116) in a synergistic way with odour inputs (117).
Since ultrasonic vocalization may evoke Prl release, a hormonal mediation is possible (118).
However, neurones activated by high intensity acoustic input in the area corresponding to the

PIL (119) are candidates to convey information to the MPOA (105) suggesting the existence
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of a neuronal pathway, by which ultrasonic vocalization can reach the MPOA. In contrast,
visual stimuli have not been experimentally supported to significantly induce maternal
behaviours. Rather, the olfactory inputs have been emphasized in the regulation of maternal
responsiveness in rodents (1). The role of olfactory input has been shown to change during the
maternal sensitization process in rats (120). The valence of pup odours seems to change
during the transition to motherhood (121). Initially aversive pup odours become attractive to
rat dams and therefore, might play a role in the maintenance of maternal responsiveness
(37,122). Odour information reaches the MPOA via the medial and cortical amygdaloid
nuclei (123).

Alterations of neuronal activity and gene expression in the maternal preoptic area

The electrophysiological activity of MPOA neurones has not been investigated in relation to
maternal behaviour. Still, their activation is likely as brain activity is elevated in the MPOA
based on c-fos, 2-deoxyglucose (124) and fMRI techniques (125). The most detailed studies
allowing cellular resolution were performed using the c-fos method (109,126-128). There is a
strong basal c-fos activity in the preoptic area, which is reduced when the litter is taken away.
Therefore, a typical experiment examines the Fos immunoreactivity pattern after the litter is
returned following previous separation. Using this technique, the activity of neurones was
demonstrated in a V-shaped distribution pattern in coronal sections with the 3™ ventricle
being in the middle. Ventrally, many neurones are labelled in the medial preoptic nucleus. A
high density of neurones are also Fos-positive dorsolateral to this area and also further
dorsolaterally in the ventral subdivision of the bed nucleus of the stria terminalis up to the
anterior commissure. Limited information is available on the characteristics of labelled
neurones but they appear to represent a diverse group of cells. About half of the activated
neurones are GABA-ergic (129) and many of these are projection neurones (34). The
distribution of estrogen receptor alpha (Esrl) expressing neurones overlaps with c-fos
expressing cells. About 10% of Esrl-positive cells are activated by pup exposure, which
means that about 40% of c-fos-expressing neurones contain Esrl (130). The activation of
these neurones can occur in the absence of pregnancy hormone stimulation, for example in
ovariectomized, behaviourally-sensitized rats (131). Some neuropeptide markers also co-
express with Fos-positive neurones. Amylin neurones have a similar distribution as the
activated cells and almost all are Fos-positive but still represent only a subset of Fos-positive
neurones (132). Similarly, a portion of activated neurones contained galanin, neurotensin,

and/or tachykinin 2 (51). Furthermore, about half of the activated neurones contained Avp
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receptor but almost no co-expression was found for the Oxt receptor (51). The specific

functions of these cell groups remain to be disclosed in future studies.

Gene expressional changes in the preoptic area of mothers

The expression of c-fos is an indicator of neuronal activity but is also a transcription factor
with altered expression level in the MPOA. Another transcription factor, Fos B, is expressed
in the MPOA in a similar pattern to c-fos-positive neurones in response to pup exposure
(131). Fos B expression appears with some delay but lasts longer than c-fos (133). Although
the number of Fos B-immunoreactive neurones is 3-4 times lower than the number of c-fos
expressing neurones, co-expression is likely (134). Interestingly, mice lacking Fos B were
selectively deficient in maternal responsiveness suggesting its role in this process (135).
Another transcription factor, NGF1-B, which, similar to Fos and Fos B, can also be regulated
by the extracellular signal regulated kinase (Erk), as well as 2 downstream regulatory
elements of Fos B, Rad and Spryl were also found to be induced in maternal mice suggesting
their maternal functions and the role of Erk in the process (136). Furthermore, a recent
microarray study suggested that a number of additional transcription factors and co-factors
have altered expression levels in the preoptic area of mothers (137).

Neuropeptide gene expression is also increased in the MPOA of mothers. These
neuropeptides may play a role in the execution of maternal responsiveness as
neuromodulators. The expression level of Oxt is elevated in the anterior subcommissural
nucleus in mothers (138), which may be related to the control of maternal behaviours (139).
However, potential relationship and similarities between Oxt neurones in the anterior

subcommissural and paraventricular / supraoptic nuclei remain to be established.

The gene expression of melanin-concentrating hormone (Mch) was induced in the
medial preoptic nucleus of mother rats (140). This cell group is clearly different from Mch
cells in the lateral hypothalamic area whose expression level is actually reduced in mothers
(141). Interestingly, Mch levels in the preoptic area increased with postnatal days. Some
elevation appeared at 5 days postpartum but Mch mRNA as well as peptide levels were
maximal (over 10 times increase) at postpartum day 19 (142). It is possible that Mch
expression is related to the physiological starving characteristic in this late period of nursing
the growing pups.

Another recently discovered maternally induced neuropeptide is amylin (or islet

amyloid polypeptide — Tapp), which is exclusively expressed in the MPOA of rat dams (143).
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Previously, amylin was only found in the pancreas (144). A microarray study comparing gene
expression between mother and pup-deprived mother rats identified amylin as the gene with
the largest increase in its expression level (over 25 times) in the maternal preoptic area (143).
The distribution of amylin neurones is similar to that of maternally active neurones (145).
Indeed, 90% of amylin neurones are labelled with Fos in response to pup exposure, but only
27% of Fos-positive neurones contain amylin in the MPOA (132). A role of amylin in
maternal motivation and behaviour, rather than in feeding, was suggested by its immediate
elevation after parturition and its induction in maternally sensitized control female rats (132).
Neurones containing the neuropeptide neurotensin are distributed in all parts of the
MPOA and about one third of them are activated by pup exposure (51). A small (about 1.5
times) but significant increase was found in the mRNA level of neurotensin and one of its
receptors (neurotensin receptor 3 — Sortl) in the MPOA, but not in some other hypothalamic
regions and the amygdala (146). It has also been demonstrated that endogenous neurotensin
signaling is altered in the postpartum period (147) suggesting a role of neurotensin in

maternal behaviours.

In MPOA, corticotropin releasing hormone (Crh) expression was higher in lactating
females compared with virgin and pregnant rats and did not increase further in response to
stress (148). The available information on the function of elevated Crh in the maternal MPOA
is limited. A study showed that Crh actually inhibited maternal behavior and induced pup-
killing (149).It remains to be elucidated whether the reported alteration in Crh expression is
related to maternal behaviours or the reduced anxiety and stress response of lactating dams.

Apart from neuropeptides, some hormone receptors have elevated levels in the
maternal MPOA, too. Prolactin receptor (Prlr) levels were elevated in the ventromedial and
ventrolateral preoptic nuclei in the postpartum period (150). Pharmacological manipulation of
prolactin levels suggested that this increase is the direct result of neuronal activation (151).
Oxt receptor expression was also increased in the MPOA during parturition, but returned to
control level in the postpartum period (112,152). In contrast, a recent study suggested that Oxt
receptor expression remains elevated in the postpartum period (137). AVP receptor

expression is also increased in lactating rats (84,113).

We have limited information on the changes in gene expression level of other proteins
in mothers. Systems biological approaches have addressed this question only a few times. In a

microarray study, gene expression of 11904 genes was compared between lactating mothers
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and virgin female mice in the hypothalamus (including the MPOA) and nucleus accumbens
(153). Several genes belonging to neuropeptides, growth factors, receptors, elements of signal
transduction pathways, neuroimmune factors, and mitochondrial genes were induced in
mothers (153). Unfortunately, qRT-PCR verification was reported for only a few genes,
including Cited2 and PIk2. Cited2 is a Cbp/p300-interacting transactivator required during
development (154) but still does not have an established neural function. PIk2 is a polo-like

kinase that has been recently suggested to silence synuclein at the synapse (155).

Another microarray study investigated gene expression exclusively in the MPOA of
maternal lactating female rats compared with mother rats that were deprived of their pups
immediately after delivery. This study identified the maternal neuropeptide amylin (as
described above) but other genes were not further analysed (143). The dorsal part of MPOA
was examined in another microarray study, which reported the transcription factors: c-fos, Fos
B, Ngfl-B, Rad, and Spryl induced in both parentally behaving males and females (136). A
recent microarray study, which compared gene expression of 35557 targets in the medial
preoptic area between mother mice and control females, found 734 annotated genes, whose
expression changed significantly in the maternal preoptic area (137). Subsequent modular
single set enrichment procedure proved that genes implicated in disorders with social deficits
were overrepresented in the altered gene list (137). Among the 13 genes tested with qRT-
PCR, 7 were validated as significantly altered. B cell leukemia/lymphoma 2 (Bcl2),
glutamate-ammonia ligase (Glul), Oxtr, and suppressor of cytokine signalling (Socs2) were
upregulated in mothers, while the level of angitensin 1 converting enzyme (Ace), GABA A
receptor, subunit epsilon (Gabre), and nitric oxide sythase 1 were significantly decreased
(137). Another recent microarray study comparing mother and maternally behaving rats with
non-maternal females found that dopamine receptor D4 (Drd4), dopamine transporter (Dat),
glucocorticoid-related gene Cypxlbla, opioid receptor, mu 1 (Oprml), and 5-

hydroxytryptamine (serotonin) receptor 2A are genes with altered maternal expression (156).

The distribution, temporal course of induction, and function, of the genes identified by
the above discussed microarray studies are not known yet. Thus, further studies are needed to
identify the role of maternally expressed genes in the MPOA and its subdivisions. It is equally
important to establish the precise temporal patterns of the gene expression of maternally
involved genes. For some genes, the expression changes may be related to continuous

neuronal or hormonal input and wane after weaning of the pups. However, maternal
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responsiveness remains elevated for a long period of time following maternal experience,

which may be accompanied with long-term gene expression changes.

Epigenetic mechanisms that control the expression of genes involved in maternal
responsiveness

The transition into motherhood is associated with gene expression changes within the MPOA,
described above, which regulate maternal responsiveness. Furthermore, these alterations in
gene expression within the MPOA likely support the maintenance of maternal care because
damage to the MPOA, even when that damage occurs after the experience of rearing a litter,
results in poor maternal responsiveness (51,157). A critical question is how the alterations in
neuronal phenotype described above support the long-lasting maintenance of maternal
responsiveness to infants (158-162).

One possibility is that chromatin modifications regulate genetic networks involved in
the reorganization of the MPOA during initial mother-infant interactions. Chromatin is the
complex of DNA compactly coiled around histone proteins. Numerous post-translational
modifications to histones such as acetylation and methylation can occur, and DNA itself can
also be modified by methylation. These "epigenetic marks" exist above the level of the
genome to control gene expression (163). The placement of epigenetic marks on the
epigenome is regulated by the enzymatic activity of proteins. Histone acetyltransferases
(HATSs) add acetyl groups to proteins, histone deacetyltransferases (HDACs) remove them,
and DNA methyltransferases (DNMTs) add methyl groups to the cytosine residues of DNA.
Post-translational modifications to histone protein tails regulate gene transcription by
remodelling the structure of chromatin (the strength of association between histones and
DNA) and/or altering transcription factor binding. Histone acetylation neutralizes the positive
charge of histone proteins, "loosening" their association with negatively charged DNA, and
increasing transcription factor access to DNA sequences. DNA itself is also a target for
remodelling; cytosine methylation tightens the chromatin structure and can result in
recruitment of DNA methylated binding proteins that repress gene transcription. As chromatin
modifications become an increasing area of research, it is clear that generalizations about the
consequences of chromatin remodelling on transcriptional activity are insufficient. For
example, it is tempting to link specific modifications with on/off states of gene transcription,
but this view is not always supported by data [for a thoughtful discussion see (164)].
Similarly, classification of acetylation as dynamic and reversible, but methylation of histones

or DNA as stable and permanent, is not accurate (165,166).
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If dynamic regulation of acetylation and methylation occur in response to cell
signalling pathways (165,166), is chromatin remodelling a final common pathway through
which different factors (hormonal, experiential) produce long-term changes in the way MPOA
neurones respond to infant stimuli (Fig. 3)? One possibility is that in the absence of pregnancy
hormones, repeated sensory inputs from pups ultimately stimulate the same molecular
pathways [for review see (167)]. Intracellular signalling cascades affect histone acetylation by
activating HAT enzymes, such as Creb binding protein (Crebbp). CBP-mediated histone
acetylation is a logical candidate mechanism because Crebbp can be turned on by hormonal
factors (Crebbp is a coactivator at estrogen receptors) as well as experiential factors (neural
activity during mother-infant interaction), and regulates gene expression in MPOA neurones
by remodelling chromatin (165,166,168). Thus, it is certainly possible that the mechanism
through which the surge of estradiol just before birth activates maternal behaviour involves
recruitment of HATs. In support of this idea, estradiol and dopamine D1 receptor stimulation
of the MPOA produce strikingly similar effects on maternal responses (169,170). Activation
of Creb and Erk signalling pathways support maternal responsiveness in both postpartum and
virgin female mice and increases in Crebbp gene expression are seen in both postpartum and

virgin mice that show maternal responsiveness (136,153,171-173).

If chromatin remodelling is a final common pathway through which hormones and
experience activate maternal responsiveness, is it also involved in the consolidation of
maternal experience and/or the maintenance of maternal memory? Consistent with the idea
that maternal experience is consolidated, as in other forms of learning; maternal learning
requires Creb-mediated gene transcription (173). Recent evidence supports the idea that the
consolidation of maternal experience may involve Crebbp-mediated histone acetylation
(171,174). In the absence of pregnancy hormones, HDAC inhibition potentiated sub-threshold
amounts of maternal experience, such that maternal motivation was not statistically different
than postpartum females. Maternal motivation was measured by the latency to retrieve
scattered pups from the far ends of a novel T-maze back to the nest. When mice were re-
tested 1-month after maternal experience and/or HDACi treatment, pup retrieval responses
were consistent [manuscript under review, also see (29)]. Importantly, the fact that
experience-dependent changes in maternal responses appear to be regulated by Crebbp-HAT
activity, affords the opportunity to identify chromatin modifications that initiate and stabilize

transcriptional activities required for maternal memory. This line of research may help clarify
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how initial neuronal inputs (hormonal and experiential) come to leave lasting effects on gene
expression.

Considering that histone acetylation is a transcriptional regulatory mechanism that
allows for increased transcription of particular genes, it is not surprising that administration of
an HDACi not only affects behavioural responses toward pups but also potentiates the
expression of genes associated with maternal care in the MPOA. For example, maternal
experience increases the expression of some of the genes identified as relevant for maternal
behaviour: estrogen receptor beta (Esr2), oxytocin (Oxt), oxytocin receptor (Oxtr),
vasopressin (Avp), and vasopressin receptor (Avpla). Undoubtedly, other genes are also
involved in maternal behaviour, such as those described above including Tip39, as well as
novel targets that have yet to be discovered. However, experimental evidence of epigenetic
alterations during maternal learning is currently available only for a subset of genes. For
example, epigenetic regulation of Esrl expression plays an important role in the development
of maternal behaviour (175), but Esrl expression does not seem to be modified during
maternal experience consolidation in virgin mice (171). Administration of an HDACi during
sub-threshold experience increases the expression of Crebbp, Esr2, and Oxt (171).
Importantly, these gene expression changes are tightly linked to maternal responses on the T-
maze, suggesting their up-regulation coincides with maternal experience consolidation (Fig.
4). Furthermore, Crebbp is recruited to Esr2 and Oxt gene promoters, suggesting that it may

be involved in transcriptional regulation of these genes [manuscript under review].

Finally, although the idea that dynamic regulation of the epigenome might support the
long-lasting changes in MPOA neurones that sustain maternal motivation is new, a growing
body of research has linked dynamically driven epigenetic changes to mechanisms underlying
the consolidation of long-term memories [in this issue, (176,177)]. In the hippocampus and
amygdala, increased histone acetylation (178-182) and increased Crebbp have been linked to
memory formation (183,184). Further, administration of HDAC inhibitors, which allow for
increased acetylation, enhance memory formation (178-180,182,183,185-187), and this effect
depends on the HAT activity of Crebbp (180). More recently, a role for chromatin
modifications in estradiol facilitation of learning and memory has been elucidated (188-190).
Thus, the data linking histone acetylation to the consolidation of maternal experience and
regulation of gene expression in the MPOA are a first step toward understanding epigenetic
involvement in maternal experience. Future work is needed to identify the epigenetic

signature that underlies plasticity in the MPOA.
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Conclusions

Hormonal changes during pregnancy initiate complex behavioural changes to promote
maternal care of the offspring after birth. These behaviours are reinforced and extended by
sensory neural inputs, initiated either by suckling, or by the sight, smell and sounds of
dependent offspring. Both mechanisms converge on the MPOA, promoting changes in gene
expression to maintain maternal responses. Essentially these changes lead to the maternal
adaptation of the brain. Once established, the memory of this maternal experience is

permanently maintained through processes that are likely to involve epigenetic changes.
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Figure legends

Fig. 1. Prolactin receptors are widely expressed in the MPOA. The figure (top panel, left)
shows S*’-labelling of prolactin receptor mRNA by in situ hybridisation, showing strong
labelling (black dots) over numerous neurones (blue counterstain) in the MPOA. The inset
shows autoradiographic film of the section, with extensive expression evident throughout the
MPOA (including vBNST) as well as lateral septum and choroid plexus (dark staining within
the lateral ventricles). Remaining panels illustrate prolactin-induced phosphorylation of
STATS in the MPOA using immunohistochemistry (black nuclear staining), with a prolactin-
sensitive gonadotrophin-releasing hormone neuron labelled (brown staining) as an example of

a prolactin-sensitive neuron. Data are from (67,68).

Fig. 2. The projection from the posterior intralaminar complex of the thalamus (PIL) to the
medial preoptic area (MPOA). A: The distribution of fibre terminals containing
tuberoinfundibular peptide of 39 residues (Tip39) in the MPOA. Small dots in the drawing on
the right represent Tip39 fibre terminals. B: Tip39-immunoreactive cell bodies in the PIL.
Large dots on the right represent Tip39-expressing neurones. The drawing shows the

projection of these neurones to the MPOA.

Fig. 3. Histone deacetylase inhibition (HDACi) potentiates maternal responsiveness. Virgin
mice with no experience or sub-threshold experience (2 exposures) were not responsive to
infants on the maze, but threshold experience (4 exposures) resulted in similar behaviour as
postpartum mice. Administration of an HDACi reduced the amount of experience required to
induce pup retrieval on the maze. Exposure to foster pups lasted for 2 hours and each
exposure was separated by 24-hours. T-maze testing took place 24 hours after the last
exposure. Virgin mice were ovary intact. Data comparing the effects of maternal experience

on pup retrieval in the T-maze in virgin versus postpartum mice were adapted from (174).
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Data comparing the effects of maternal experience on pup retrieval in the T-maze after
HDAC:i administration or control were adapted from (171). All data are presented as Mean +
SEM.

Fig. 4. (A)-(B) No effect of HDACi-treatment on gene expression in MPOA or pup retrieval
on T-maze 5Sh after pup experience [unpublished data]. (C)-(D) HDAC:i treatment effects gene
expression and pup retrieval 24h after pup experience (171). (E)-(F) HDACi during sub-
threshold pup experience maintains pup retrieval responses along with Esr2 expression 1

month later [manuscript under review].{Stolzenberg, 2012 #152}
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Timing of Gene Expression Linked to Maternal Responses on Maze
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