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The role of progesterone goes beyond the maintenance of pregnancy. The hormone indeed protects the developing fetal brain and influences its maturation. Metabolomes analyzed by mass spectrometric methods have revealed the great diversity of steroids in maternal plasma and fetal fluids, but their developmental significance remains to be investigated. Progesterone and its metabolites reach highest levels during the third trimester, when the brain growth spurt occurs: its volume triples, synaptogenesis is particularly active and axons start to be myelinated. This developmental stage coincides with a period of great vulnerability. Studies in sheep have shown that progesterone and its metabolite allopregnanolone protect the vulnerable fetal brain. Work in rats and mice have demonstrated that progesterone plays an important role in myelin formation. These experimental studies are discussed in relation to preterm birth. Influences of progesterone on very early stages of neural development at the beginning of pregnancy await to be explored.

STEROID HORMONE EXPOSURE OF THE DEVELOPING HUMAN BRAIN

The prenatal brain is constantly exposed to elevated levels of progesterone and its metabolites, which progressively increase during pregnancy, reaching highest levels during the last trimester [START_REF] Schock | Hormone concentrations throughout uncomplicated pregnancies: a longitudinal study[END_REF]. In parallel, levels of the a GABAA receptor-active progesterone metabolite allopregnanolone, which plays an important role in protecting the developing brain, are also increased [START_REF] Luisi | Serum allopregnanolone levels in pregnant women: changes during pregnancy, at delivery, and in hypertensive patients[END_REF].

After 7 to 9 weeks post-conception, progesterone is mainly produced by the syncytiotrophoblasts of the placenta. As progesterone is required for the maintenance of pregnancy, it is not further surprising that the regulation of its placental synthesis differs from other steroidogenic tissues. The placenta indeed lacks short-term modulation of progesterone synthesis and does not express the intracellular cholesterol transport protein StAR [START_REF] Strauss | Providing progesterone for pregnancy: control of cholesterol flux to the side-chain cleavage system[END_REF].

However, the mitochondrial cholesterol import protein translocase (TSPO), the former peripheral benzodiazepine receptor, is present in human placenta and is involved in steroid production [START_REF] Lassance | Obesityinduced down-regulation of the mitochondrial translocator protein (TSPO) impairs placental steroid production[END_REF]. Expression of cytochrome P450scc (scc for side-chain cleavage), the mitochondrial enzyme that converts cholesterol to pregnenolone, the immediate precursor of progesterone, is constitutive [START_REF] Tuckey | Progesterone synthesis by the human placenta[END_REF][START_REF] Miller | Steroid hormone synthesis in mitochondria[END_REF]. Congruently, the placental 3β-hydroxysteroid dehydrogenase (3β-HSD), which converts pregnenolone to progesterone, is expressed throughout pregnancy [START_REF] Milewich | Initiation of human parturition. IX. Progesterone metabolism by placentas of early and late human gestation[END_REF]. For researchers using animal models, it is interesting to note that in contrast to humans, the maternal corpus luteum remains functional and produces progesterone throughout gestation in laboratory rodents. This explains why the genetic invalidation of enzymes involved in progesterone biosynthesis does not preclude the completion of pregnancy in mice.

The human fetus is not only exposed to high concentrations of progesterone and its metabolites, but also to abundant estrone, estradiol, estriol and estetrol, which also have cerebroprotective actions. The latter is exclusively synthesized by the fetal liver during human pregnancy. Levels of estetrol steadily increase during pregnancy and reach the maternal circulation via the placenta [START_REF] Bennink | Maternal and fetal estetrol levels during pregnancy[END_REF][START_REF] Visser | Clinical applications for estetrol[END_REF]. Estetrol binds with high selectivity to the intracellular estrogen receptors, preferentially to the alpha isoform, but with lower affinity than estradiol.

Interestingly, estetrol administration has been shown to increase brain allopregnanolone levels [START_REF] Pluchino | Effect of estetrol administration on brain and serum allopregnanolone in intact and ovariectomized rats[END_REF].

The other estrogens are mainly produced by the placental aromatization of androgens.

However, as the human placenta lacks the cytochrome P450 enzyme CYP17, placental estrogen synthesis is dependent on the supply of the androgen precursor dehydroepiandrosterone sulfate (DHEAS) by the adrenal fetal zone and maternal adrenal glands. The sulfate moiety is then removed from DHEAS by the placental sulfatase, and the unconjugated DHEA is converted by 3β-and 17β-hydroxysteroid dehydrogenases to androstenedione and testosterone, the respective precursors of estrone and estradiol [START_REF] Ishimoto | Development and function of the human fetal adrenal cortex: a key component in the feto-placental unit[END_REF]. The fetal zone, described for the first time in 1910, is a compartment of the fetal adrenal cortex only present in humans and higher primates, which produces large amounts of DHEAS [START_REF] Ishimoto | Development and function of the human fetal adrenal cortex: a key component in the feto-placental unit[END_REF][START_REF] Malendowicz | 100th anniversary of the discovery of the human adrenal fetal zone by Stella Starkel and Leslaw Wegrzynowski: How far have we come?[END_REF]. It becomes well differentiated by 9 to 12 weeks of gestation. As fetal zone DHEAS is used as a precursor for estrogen synthesis by the placenta, the term "feto-placental unit" has been coined [START_REF] Ishimoto | Development and function of the human fetal adrenal cortex: a key component in the feto-placental unit[END_REF].

THE CONTRIBUTION OF ANALYTICAL MASS SPECTROMETRIC METHODS

The majority of studies on pregnancy steroids are based on immunological methods. Their lack of specificity and inability to simultaneously analyze multiple steroid metabolites have always represent major limitations. Currently, gas or liquid chromatography (GC or LC) coupled to mass spectrometry (MS) or tandem mass spectrometry (MS/MS), combined with carefully validated sample preparation, have become reference methods for accurate and sensitive steroid analysis [START_REF] Stanczyk | Advantages and challenges of mass spectrometry assays for steroid hormones[END_REF][START_REF] Schumacher | Analytical challenges for measuring steroid responses to stress, neurodegeneration and injury in the central nervous system[END_REF]. Moreover, these technologies offer powerful tools for extensive steroid profiling in tissue samples. Steroid profiling by mass spectrometry has revealed the complexity and large number of steroids to which the fetus is exposed [START_REF] Hertig | Steroid profiling in preeclamptic women: evidence for aromatase deficiency[END_REF][START_REF] Hill | Steroid metabolome in fetal and maternal body fluids in human late pregnancy[END_REF].

They have also provided important informations concerning changes in placental steroids during pregnancy-related disorders such as preeclampsia [START_REF] Berkane | From pregnancy to preeclampsia: a key role for estrogens[END_REF].

Particular interesting are recently reported steroid metabolomic profiles in human fetal body fluids obtained by gas chromatography/mass spectrometry (GC/MS), as they provide insights into the functioning of the feto-placental unit [START_REF] Hill | Steroid metabolome in fetal and maternal body fluids in human late pregnancy[END_REF]. Levels of 37 unconjugated steroids and 30 steroid polar conjugates have been separately measured in blood of he umbilical artery, supplying deoxygenated blood from the fetus to the placenta, and of the umbilical vein, providing oxygenated blood from the placenta to the fetus. Samples were taken from 80 women giving birth within weeks 28 to 42 of gestation [START_REF] Paskova | Steroid metabolome in the umbilical cord: is it necessary to differentiate between arterial and venous blood ?[END_REF]. Differences or similarities in the levels of steroids between placental arterial and venous blood provided clues for their origins. Thus, progesterone is mainly of placental origin, whereas its metabolites 5αdihydroprogesterone (5α-DHP) and allopregnanolone (3α,5α-tetrahydroprogesterone, 3α,5α-THP) did not significantly differ between the umbilical artery and vein, suggesting that they may be formed in both placenta and fetus. In contrast, 20α-dihydroprogesterone (20α-DHP) and its 5α-reduced metabolites as well as isopregnanolone (3β,5α-tetrahydroprogesterone, 3β,5α-THP) and the androgens androstenedione and testosterone are mainly produced by the fetus. Similarly, pregnenolone sulfate (PREGS) and DHEAS are also mainly of fetal origin, and their levels increase towards the normal term of pregnancy, reflecting the increasing activity of the adrenal fetal zone [START_REF] Paskova | Steroid metabolome in the umbilical cord: is it necessary to differentiate between arterial and venous blood ?[END_REF].

NEUROACTIVE STEROIDS ARE SYNTHESIZED WITHIN THE BRAIN

In addition to the steroidogenic endocrine glands, progesterone is also synthesized by neurons and glial cells within the brain. To refer to their site of synthesis, steroids formed in the nervous system have been named "neurosteroids" [START_REF] Baulieu | Neurosteroids: beginning of the story[END_REF]. In addition to their de novo synthesis from cholesterol, progesterone and its metabolites can be synthesized within the nervous system from circulating precursors: progesterone can be formed from circulating pregnenolone, 5α-DHP can be derived from circulating progesterone, and allopregnanolone from circulating progesterone or 5α-DHP. A variety of enzymes are expressed in the fetal brain, in particular the aromatase that converts androgens to estrogens [START_REF] Stoffel-Wagner | Neurosteroid metabolism in the human brain[END_REF][START_REF] Pezzi | Profiling transcript levels for steroidogenic enzymes in fetal tissues[END_REF][START_REF] Arevalo | The neuroprotective actions of oestradiol and oestrogen receptors[END_REF]. This implies that the synthesis of progesterone, allopregnanolone, estradiol and other steroids with protective and trophic actions not exclusively relies on the placenta. This has to be taken into account when discussing consequences of changes in circulating hormones, as for example the case of preterm birth, when the feto-placental unit is disrupted.

NATURAL PROGESTERONE AND SYNTHETIC PROGESTINS

Progesterone designates the hormone produced within the body, qualifying as natural or bioidentical. The term progestin is used here to refer to the synthetic compounds whereas "progestogen" (or progestagen) refers to steroids that possess progestational activity. The ovaries are the main source of circulating progesterone. Its levels are low during the follicular phase of the menstrual cycle (1-3 nM) and are markedly increased during the luteal phase (20-40 nM) [START_REF] Havlikova | Serum profiles of free and conjugated neuroactive pregnanolone isomers in nonpregnant women of fertile age[END_REF]. The luteo-placental shift occurs between 7 and 9 weeks of pregnancy and progesterone levels reach highest levels (200-400 nM) by the end of gestation [START_REF] Parizek | Neuroactive pregnanolone isomers during pregnancy[END_REF].

There are two major differences between progesterone and progestins. The first concerns their metabolism. Thus, progesterone is converted to a variety of reduced metabolites, in particular to allopregnanolone, which is a potent positive modulator of GABAA receptors and plays an important role in the developing brain. In contrast, little is known concerning the metabolism of the synthetic progestins, which are most likely not converted to neuroactive metabolites in the brain [START_REF] Schumacher | Revisiting the roles of progesterone and allopregnanolone in the nervous system: resurgence of the progesterone receptors[END_REF]. This is for example the case of the 19-norprogestatif Nestorone (segesterone acetate), which is not converted to a GABAA receptor-active metabolite and exerts is neuroprotective and promyelinating effects only via intracellular progesterone receptors (PR) [START_REF] Kumar | Nestorone as a novel progestin for nonoral contraception: structure-activity relationships and brain metabolism studies[END_REF].

A second difference concerns the targets of progesterone and progestins. Natural progesterone not only acts directly on the classical intracellular PR, but on a a variety of targets, including membrane receptors, to which progestins do not necessarily bind [START_REF] Thomas | Steroid and G protein binding characteristics of the seatrout and human progestin membrane receptor alpha subtypes and their evolutionary origins[END_REF][START_REF] Guennoun | Progesterone and allopregnanolone in the central nervous system: response to injury and implication for neuroprotection[END_REF]. In contrast, synthetic progestins have been designed to target PR. However, they belong to different classes with very different pharmacological profiles and modes of action, some of them interacting with multiple steroid receptor signaling pathways [START_REF] Schumacher | Progesterone and progestins: neuroprotection and myelin repair[END_REF][START_REF] Stanczyk | Progestogens used in postmenopausal hormone therapy: differences in their pharmacological properties, intracellular actions, and clinical effects[END_REF].

EFFECTS OF NATURAL PROGESTERONE AND SYNTHETIC PROGESTINS ON THE DEVELOPING BRAIN

$ Despite of the common use of progesterone and synthetic progestins in pregnant women, little is known about their role in early brain development. Studies in rodents have shown that PR are present in numerous regions of the developing brain. Of note, PR expression is transient in brain regions such as the cerebral cortex and cerebellum, pointing to a role of the receptor in neural and cognitive development [START_REF] Quadros | Distribution of progesterone receptor immunoreactivity in the fetal and neonatal rat forebrain[END_REF][START_REF] Quadros | Distribution of progesterone receptor immunoreactivity in the midbrain and hindbrain of postnatal rats[END_REF]. Thus, PR activation promotes the differentiation of developing cerebellar Purkinje neurons [START_REF] Sakamoto | Effects of progesterone synthesized de novo in the developing Purkinje cell on its dendritic growth and synaptogenesis[END_REF].

Synthetic progestins designed to target PR are expected to exert their developmental actions via PR signaling. On the other hand, the developmental effects of natural progesterone are not solely mediated by PR, as its metabolite allopregnanolone is a positive modulator of GABAA receptors. Main effects of progesterone on neural development may indeed involve GABAA receptors, which play a crucial role in the formation of neuronal connections and the maturation of neuronal networks [START_REF] Belelli | Endogenous neurosteroids influence synaptic GABA(A) receptors during postnatal development[END_REF]. Whereas GABAA receptor activation usually inhibits neuronal excitability in the adult brain, it results in neuronal depolarization during early development as a result of relatively high intracellular Cl -concentrations [START_REF] Ben-Ari | Excitatory actions of gaba during development: the nature of the nurture[END_REF]. The depolarizing nature of the early GABAergic signals plays a pivotal role in the neurodevelopmental actions of allopregnanolone [START_REF] Grobin | Perinatal allopregnanolone influences prefrontal cortex structure, connectivity and behavior in adult rats[END_REF].

PROGESTERONE TREATMENT AT THE BEGINNING OF PREGNANCY

Many fetuses are exposed to hormonal contraceptives well into the first trimester. Moreover, progesterone and progestins are nowadays frequently prescribed during early pregnancy for luteal phase dysfunction in conjunction with ovulation stimulating drugs. Early pregnancyrelated intake of progestins has been associated with increased risk in the deviation of normal genitalia masculinization or the development of neurocognitive disorders [START_REF] Wagner | The many faces of progesterone: a role in adult and developing male brain[END_REF][START_REF] Gore | Implications of prenatal steroid perturbations for neurodevelopment, behavior, and autism[END_REF]. However, these studies show great variability regarding types of progestogens, their timing, dosing and durations, making it difficult to draw conclusions. Synthetic progestins which interfere with the signaling of multiple steroid receptors, and in particular progestins with androgenic properties, may have side-effects that do not directly relate to PR signaling.

Whether progesterone treatment during early pregnancy affects neural development remains to be investigated. At these very early stages of embryonic development, neural progenitor cells are born, proliferate, migrate and differentiate into neurons and glial cells. The formation of synaptic connections starts during the second trimester [START_REF] Schepanski | Prenatal immune and endocrine modulators of offspring's brain development and cognitive functions later in life[END_REF]. Although systematic experimental studies concerning possible effects of steroids on neural cells at very early stages of brain development are missing, their actions on embryonic neural stem cells or neural progenitor cells isolated from neurogenic regions of the adult rat brain have been reported.

Thus, sex steroids have been shown to stimulate the proliferation and to influence the differentiation of embryonic neural stem cells [START_REF] Bramble | Sex steroid hormone modulation of neural stem cells: a critical review[END_REF]. During their commitment to dopaminergic neurons, PR expression is upregulated in embryonic neural stem cells [START_REF] Díaz | Changes in the content of estrogen alpha and progesterone receptors during differentiation of mouse embryonic stem cells to dopamine neurons[END_REF]. Progesterone also promotes their differentiation into other types of neurons [START_REF] Diaz | Progesterone increases dopamine neurone number in differentiating mouse embryonic stem cells[END_REF][START_REF] López-González | Progesterone and 17β-estradiol increase differentiation of mouse embryonic stem cells to motor neurons[END_REF]. Of note, the progesterone biosynthetic pathway was found to be upregulated in a human embryonic neuronal progenitor cell line during their differentiation into post-mitotic neurons [START_REF] Pistritto | Differentiation-dependent progesterone synthesis and metabolism in NT2-N human neurons[END_REF].

Allopregnanolone upregulates intracellular calcium concentrations in rat embryonic hippocampal neurons by mechanisms involving GABAA receptors and L-type calcium channels [START_REF] Wang | Allopregnanolone-induced rise in intracellular calcium in embryonic hippocampal neurons parallels their proliferative potential[END_REF]. In mice, progesterone protect neurogenesis in the embryonic brain against inflammation-induced alterations [START_REF] Tronnes | Effects of lipopolysaccharide and progesterone exposures on embryonic cerebral cortex development in mice[END_REF]. Progesterone and a series of contraceptive progestins (Nestorone, norgestimate, norethynodrel, norethindrone, levonorgestrel) stimulated rat adult neural progenitor cell proliferation [START_REF] Liu | Clinically relevant progestins regulate neurogenic and neuroprotective responses in vitro and in vivo[END_REF]. In contrast, medroxyprogesterone acetate (MPA) had an inhibitory effect. Although experimental studies remain limited, results of the available ones, mainly conducted in vitro, strongly suggest that exposure to steroid hormones including progesterone, may influence very early stages of neural development.

VULNERABILITY OF THE FETAL BRAIN DURING THE THIRD TRIMESTER

The last trimester of gestation, when the fetus is exposed to highest levels of progesterone, corresponds to a particularly important stage of human brain development. During this brain growth spurt period, the volume of the brain triples, intense synaptogenesis takes place and axons start to be surrounded and isolated by myelin sheaths. This neurodevelopmental stage also corresponds to a period of great vulnerability. Indeed, preterm infants born before the 30 th week of pregnancy are at high risk of brain damage, commonly caused by ischemic insult or ascending intrauterine infection. Typical lesions include intraventricular hemorrhages and periventricular leukomalacia (PVL), leading to cerebral palsy and motor skill dysfunction [START_REF] Berger | Neuroprotection in preterm infants[END_REF].

Intraventricular hemorrhage is caused by fluctuations of the cerebral blood flow in the vascular bed of the germinal matrix, where the developing vascular system is prominent. In this area, blood vessels are thin-walled and particularly fragile between 24 th and 32 nd weeks of gestation. They easily break, causing periventricular hemorrhagic infarction. Moreover, vascular cells are metabolically very activity and rely on sufficient oxygenation. From the 32 nd week onwards, there is a significant development of the cerebral vasculature and the germinal matrix is no longer apparent. PVL corresponds to the principal form of brain injury in the premature infant and the predominant pathologic finding underlying cerebral palsy. It mainly involves axons and immature oligodendrocytes in proximity of the lateral cerebral ventricles, with irreversible damage to the periventricular white matter. In the preterm brain, between 23 and 32 weeks of gestation, the white matter is particularly vulnerable to ischemic-hypoxic conditions [START_REF] Alix | The pathophysiology of ischemic injury to developing white matter[END_REF][START_REF] Raybaud | The premature brain: developmental and lesional anatomy[END_REF].

During this developmental period, the subcortical white matter is predominantly populated by immature premyelinating oligodendrocytes, which are much more vulnerable than mature oligodendrocytes [START_REF] Billiards | Myelin abnormalities without oligodendrocyte loss in periventricular leukomalacia[END_REF]. Injury results in an arrest of pre-oligodendrocyte maturation, leading to myelination failure, chronic white matter damage and persistent neurological problems [START_REF] Back | Selective vulnerability of late oligodendrocyte progenitors to hypoxia-ischemia[END_REF].

The permanent damage to the developing periventricular white matter might seem surprising and raises interesting fundamental questions, as myelin normally has the capacity to regenerate via a process involving the proliferation and maturation of oligodendrocyte progenitor cells (OPC), which are largely distributed throughout the brain, even in adults [START_REF] Crawford | Oligodendrocyte progenitors: adult stem cells of the central nervous system?[END_REF].

The great vulnerability immature oligodendrocytes and growing axons may both contribute to developmental white matter pathology [START_REF] Alix | Central axons preparing to myelinate are highly sensitivity to ischemic injury[END_REF].

The process of axon myelination starts relatively late in human embryonic development, around the 32 nd week of gestation, when the period of great white matter vulnerability comes to an end. At this stage, mature myelinating oligodendrocytes display greater resistance to cell death from hypoxia, oxidative stress or excitotoxicity, explaining why the sensitivity to damage of preterm white matter is highest before this age [START_REF] Back | Pathophysiology of glia in perinatal white matter injury[END_REF].

FETAL CEREBROPROTECTION: ANIMAL MODELS

The choice of animal models and the appreciation of their respective advantages and limitations are crucial for obtaining experimental results of translational significance for human pregnancy. Mammalian species are characterized by a transient period of rapid brain growth, which has been qualified as "brain growth spurt". It also often corresponds to a period of enhanced vulnerability. In prenatal and perinatal brain developers, including humans, sheep and guinea pigs, the rapid brain growth takes place before birth, whereas in rats and mice, the most commonly used laboratory animals, the brain rapidly matures after birth [START_REF] Dobbing | Comparative aspects of the brain growth spurt[END_REF].

In sheep, the average period of gestation is 147 days. This species offers an excellent model to answer questions about fetal health and informations derived from studies of sheep pregnancy have been successfully translated to human perinatal care [START_REF] Morrison | Improving pregnancy outcomes in humans through studies in sheep[END_REF]. The prenatal timing of brain development makes the sheep valuable for studies of brain development. Moreover, there are similarities between stages of brain development in sheep and humans. The process of myelination is more advanced at birth in sheep than humans, and the sheep fetus at about 95 days gestation is at a structural and functional stage of brain development similar to that of the 24-to 28-week-old human fetus [START_REF] Back | The instrumented fetal sheep as a model of cerebral white matter injury in the premature infant[END_REF]. It is interesting to mention here that the guinea pig, with its relatively long period of gestation, may become a valuable translational animal model to study the effects of preterm birth on brain development [START_REF] Hirst | Birth and neonatal transition in the guinea pig: experimental approaches to prevent preterm birth and protect the premature fetus[END_REF][START_REF] Shaw | Long-term effects of preterm birth on behavior and neurosteroid sensitivity in the guinea pig[END_REF].

Rats and mice are the most commonly used species in the laboratory because of practical reasons. Dams have large litters that are easy to care for. They are born after a short gestation (rat: 22 days; mice: 19 days). Mice are for the moment the most amenable to genetic manipulations. In these species, rapid brain development and myelination occur after birth. It is estimated that the rat and mouse brains at postnatal days 1-10 equate the third trimester in humans [START_REF] Clancy | Extrapolating brain development from experimental species to humans[END_REF]. A database-driven website has been created allowing to compare the timing of more than 100 neurodevelopmental events between 10 mammalian species, including humans, rhesus monkeys, guinea pigs, rats and mice [START_REF] Clancy | Web-based method for translating neurodevelopment from laboratory species to humans[END_REF].

FETAL CEREBROPROTECTION BY PROGESTERONE: ANIMAL STUDIES

Work in sheep has demonstrated that elevated levels of progesterone and allopregnanolone towards the end of pregnancy play an important role in cerebroprotection. In response to acute hypoxic stress caused by umbilical cord occlusion during 10 minutes at 135 days of gestation, brain levels of allopregnanolone and expression of the 5α-reductase are markedly and transiently upregulated [START_REF] Hirst | Stress in pregnancy activates neurosteroid production in the fetal brain[END_REF]. This increase in brain allopregnanolone corresponds to a neuroprotective response against hypoxia-induced cell death. Indeed, administration of the 5α-reductase inhibitor finasteride reduced the brain allopregnanolone content and increased neural cell death [START_REF] Yawno | Inhibition of neurosteroid synthesis increases asphyxia-induced brain injury in the late gestation fetal sheep[END_REF].

A remarkable protective effect of allopregnanolone during brain development has been demonstrated in a mouse model of Niemann-Pick type C (NP-C) disease. This fatal childhood neurodegenerative disease is caused by mutations in the genes encoding either NPC1 or NPC2 proteins, which are involved in the intracellular transport of cholesterol and its release from the late endosomes. The NP-C mouse recapitulates cholesterol and sphingolipid storage problems, neurological deficits, Purkinje cell loss, demyelination and early death typical of the most severe form of human NP-C [START_REF] Griffin | Niemann-Pick type C disease involves disrupted neurosteroidogenesis and responds to allopregnanolone[END_REF]. Activities of enzymes involved in allopregnanolone synthesis are significantly reduced in the brain of NP-C mice. Remarkably, replacement therapy with allopregnanolone slowed down the process of neurodegeneration [START_REF] Griffin | Niemann-Pick type C disease involves disrupted neurosteroidogenesis and responds to allopregnanolone[END_REF].

THE ROLE OF PROGESTERONE IN MYELINATION AND MYELIN REPAIR

The lipid-rich and insulating myelin sheaths, which surround axons in the vertebrate nervous system, are required for the rapid saltatory conduction of nerve impulses [START_REF] Baumann | Biology of oligodendrocyte and myelin in the mammalian central nervous system[END_REF]. In addition to its role in rapid nerve conduction, myelin also provides trophic support to axons and is essential for their functional integrity and the survival of neurons [START_REF] Nave | Axon-glial signaling and the glial support of axon function[END_REF].

In rodents, the process of brain myelination begins around postnatal day 5, when oligodendrocyte progenitor cells (OPC) start differentiating into mature oligodendrocytes, the myelin forming glial cells of the central nervous system [START_REF] Ghanem | Longlasting masculinizing effects of postnatal androgens on myelin governed by the brain androgen receptor[END_REF]. Of note, even in the adult brain, lost myelin can be replaced after injury or during demyelinating diseases as part of a natural healing process that has been named "remyelination" [START_REF] Franklin | Regenerating CNS myelin -from mechanisms to experimental medicines[END_REF]. As already mentioned, the regeneration of myelin involves the proliferation and differentiation of OPC, which remain present and are ubiquitous in the adult brain and spinal cord [START_REF] Crawford | Oligodendrocyte progenitors: adult stem cells of the central nervous system?[END_REF]. In patients with multiple sclerosis, myelin can regenerate during the early relapsing/remitting stages [START_REF] Franklin | Why does remyelination fail in multiple sclerosis?[END_REF]. In the light of the great regenerative capacity of myelin, which is preserved during adulthood, it is unexpected that damage to the periventricular white matter during a sensitive period only lasting a few weeks, between 24 th and 32 nd weeks of gestation, has such persistent neurological sequelae.

Progesterone promotes both developmental myelination and the regeneration of myelin in the adult brain [START_REF] Schumacher | Progesterone synthesis in the nervous system: implications for myelination and myelin repair[END_REF]. However, the first demonstration of a role of progesterone and of PR signaling in myelin formation was made in the peripheral nervous system, where axons are myelinated by Schwann cells [START_REF] Koenig | Progesterone synthesis and myelin formation by Schwann cells[END_REF]. Subsequently, a role of progesterone in oligodendrocyte maturation and developmental myelination has been demonstrated in organotypic slice cultures prepared from the cerebellum of postnatal day 7 rats or mice [START_REF] Ghoumari | Progesterone and its metabolites increase myelin basic protein expression in organotypic slice cultures of rat cerebellum[END_REF][START_REF] Ghoumari | Progesterone increases oligodendroglial cell proliferation in rat cerebellar slice cultures[END_REF]. These organotypic cultures offer an integrated system, which closely reproduces developmental events, and they provide a unique model for studying the myelination of axons. The promyelinating effect of progesterone involved PR, as it could be mimicked by the very selective PR agonist promegestone (R5020) and as it was not observed in cerebellar slices prepared from PR knockout mice [START_REF] Ghoumari | Progesterone and its metabolites increase myelin basic protein expression in organotypic slice cultures of rat cerebellum[END_REF].

Progesterone was then shown to also stimulate the proliferation and differentiation of OPC via a PR-dependent mechanism. In fact, its mitogenic effect could be inhibited by the PR antagonist mifepristone and could not be mimicked by allopregnanolone, which activates GABAA receptors, but does not bind to PR [START_REF] Ghoumari | Progesterone increases oligodendroglial cell proliferation in rat cerebellar slice cultures[END_REF]. However, at a very early maturational stage, OPC transiently synthesize progesterone and its metabolite allopregnanolone, the latter being involved in a complex autocrine loop controlling early OPC proliferation [START_REF] Gago | Progesterone and the oligodendroglial lineage: stage-dependent biosynthesis and metabolism[END_REF][START_REF] Gago | Control of cell survival and proliferation of postnatal PSA-NCAM(+) progenitors[END_REF][START_REF] Gago | 3alpha,5alpha-Tetrahydroprogesterone (allopregnanolone) and gamma-aminobutyric acid: autocrine/paracrine interactions in the control of neonatal PSA-NCAM+ progenitor proliferation[END_REF].

Effects of progesterone on the remyelination of axons during brain development have been tested after the demyelination of cerebellar slice cultures prepared from P10 rodent pups with lysophosphatidylcholine (LPC), which has myelinolytic actions but spares axons when well dosed. Four days after LPC-induced demyelination, myelin immunostaining appeared sparse when slices were cultured in medium devoid of progesterone or progestins. However, in brain slices cultured for 4 days in the presence of progesterone, there was a marked increase in the number of remyelinated axons [START_REF] Hussain | Progesterone and nestorone facilitate axon remyelination: a role for progesterone receptors[END_REF]. The synthetic 19-norprogesterone derivative Nestorone, which selectively targets PR, also efficiently promoted the remyelination of axons and stimulated the proliferation, migration and differentiation of OPC. The remyelinating action of Nestorone required the presence of PR, as it was not observed after invalidation of the PR in mice [START_REF] Hussain | Progesterone and nestorone facilitate axon remyelination: a role for progesterone receptors[END_REF].

In the adult brain, therapy with progesterone or Nestorone also promoted the repair of severe chronic demyelinating lesions, induced by feeding the oligodendrocyte toxin cuprizone to female mice. Progesterone and Nestorone both increased the density of OPC and mature oligodendrocytes in the cuprizone demyelinated corpus callosum and stimulated the formation of new myelin sheaths. As for myelination and remyelination during brain development, the pro-remyelinating effect of progesterone in adults was PR-dependent, as it was absent in PR knockout mice [START_REF] El-Etr | Progesterone and nestorone promote myelin regeneration in chronic demyelinating lesions of corpus callosum and cerebral cortex[END_REF]. Interestingly, progesterone and Nestorone also decreased neuroinflammation, in particular astrocyte and microglial cell activation.

Progesterone has been shown to protect against demyelination or to promote myelin regeneration in a variety of animal models of toxin-or lesion-induced demyelination [START_REF] Schumacher | Progesterone synthesis in the nervous system: implications for myelination and myelin repair[END_REF][START_REF] Koenig | Progesterone synthesis and myelin formation by Schwann cells[END_REF][START_REF] Ghoumari | Progesterone and its metabolites increase myelin basic protein expression in organotypic slice cultures of rat cerebellum[END_REF][START_REF] Ghoumari | Progesterone increases oligodendroglial cell proliferation in rat cerebellar slice cultures[END_REF][START_REF] Gago | Progesterone and the oligodendroglial lineage: stage-dependent biosynthesis and metabolism[END_REF][START_REF] Gago | Control of cell survival and proliferation of postnatal PSA-NCAM(+) progenitors[END_REF][START_REF] Gago | 3alpha,5alpha-Tetrahydroprogesterone (allopregnanolone) and gamma-aminobutyric acid: autocrine/paracrine interactions in the control of neonatal PSA-NCAM+ progenitor proliferation[END_REF][START_REF] Hussain | Progesterone and nestorone facilitate axon remyelination: a role for progesterone receptors[END_REF][START_REF] El-Etr | Progesterone and nestorone promote myelin regeneration in chronic demyelinating lesions of corpus callosum and cerebral cortex[END_REF][START_REF] Kipp | Multiple sclerosis: neuroprotective alliance of estrogen-progesterone and gender[END_REF][START_REF] Labombarda | Effects of progesterone on oligodendrocyte progenitors, oligodendrocyte transcription factors, and myelin proteins following spinal cord injury[END_REF].

Importantly, progesterone also exerts remyelinating, neuroprotective, and anti-inflammatory actions and improves neurological outcomes in mice after the induction of experimental autoimmune encephalomyelitis (EAE), a preclinical experimental model of multiple sclerosis [START_REF] Garay | Effects of progesterone in the spinal cord of a mouse model of multiple sclerosis[END_REF][START_REF] Yates | Progesterone treatment reduces disease severity and increases IL-10 in experimental autoimmune encephalomyelitis[END_REF].

One recent study deserves particular attention, as it shows that modifications in the synthesis of progesterone and allopregnanolone within the brain plays a role in demyelinating diseases such as MS. Thus, three micro-RNAs that specifically inhibit the expression of enzymes involved in the synthesis of these two neurosteroids, were induced in the brains of multiple sclerosis patients [START_REF] Noorbakhsh | Impaired neurosteroid synthesis in multiple sclerosis[END_REF]. Analysis of the neurosteroidogenic pathways inhibited by the micro-RNAs revealed suppression of enzyme transcripts and proteins as well as reduced levels of allopregnanolone in white matter. Importantly, diminished expression of neurosteroidogenic enzymes and brain allopregnanolone was also observed in mice with EAE, and allopregnanolone therapy limited neuroinflammation, myelin damage, axonal injury and improved neurological outcomes [START_REF] Noorbakhsh | Impaired neurosteroid synthesis in multiple sclerosis[END_REF].

MAINTAINING STEROIDS IN EARLY PRETERM CHILDREN

Damage to the immature brain is one of the major concerns in preterm birth. It has been postulated that the abrupt removal of early preterm infants from a progesterone and estrogen rich environment, expected to protect the vulnerable developing brain, may contribute to neurodevelopmental disorders. Based on this concept, the effects of postnatal progesterone and estradiol replacement therapy have been examined in extremely low birth weight children. Infants with a gestational age of less than 29 weeks and a birth weight below 1000 gram received intravenously a lipid emulsion containing progesterone and estradiol for a maximum of 4 weeks to mimic intrauterine plasma levels of the hormones. A placebo group receiving the same emulsion without hormones. No negative side effects attributable to the hormone treatment were observed, and infants with progesterone and estradiol replacement showed trends toward improved bone mineral accretion and reduced incidence of chronic lung disease [START_REF] Trotter | Effects of postnatal estradiol and progesterone replacement in extremely preterm infants[END_REF]. However, cognitive and neurological outcomes at the age of 5 years showed only slight improvements [START_REF] Trotter | Neurodevelopmental follow-up at five years corrected age of extremely low birth weight infants after postnatal replacement of 17beta-estradiol and progesterone[END_REF]. One possibility is that brain abnormalities after preterm birth are compensated by regenerative processes during early childhood [START_REF] Volpe | Brain injury in premature infants: a complex amalgam of destructive and developmental disturbances[END_REF].

However, an important gap of knowledge needs to be filled, as we do not precisely know to what extend the developing brain is deprived of protective neurosteroids in the very preterm infants. First, the brain itself is a significant source of neurosteroids, in particular of progesterone, allopregnanolone and estrogens, the production of which may even be upregulated in response to stress or injury [START_REF] Stoffel-Wagner | Neurosteroid metabolism in the human brain[END_REF][START_REF] Schonemann | Expression of P450c17 in the human fetal nervous system[END_REF]. No information is available concerning brain neurosteroid levels in preterm infants.

Second, there is a debate concerning the fate of the fetal zone in preterm infants, which could remain a source of the precursor steroid DHEAS. Preterm birth disrupts the feto-placental unit, resulting in a drop of progesterone and estradiol levels [START_REF] Trotter | Effects of postnatal estradiol and progesterone replacement in extremely preterm infants[END_REF]. However, two studies report that the adrenal fetal zone of preterm infants may continue producing high amounts of DHEAS until the time of termed birth [START_REF] Midgley | Activity of the adrenal fetal zone in preterm infants continues to term[END_REF][START_REF] Heckmann | Persistent high activity of the fetal adrenal cortex in preterm infants: is there a clinical significance?[END_REF]. In that case, involution of the adrenal fetal zone is related to gestational age rather than birth, and preterm infants may continue to benefit from the protective effects of fetal zone steroids, which could also provide the necessary substrate for estrogen production within the brain [START_REF] Hubner | Protective Effects of fetal zone steroids are comparable to estradiol in hyperoxia-induced cell death of immature glia[END_REF]. Conversely, according to another study, the fetal zone may rapidly regress after preterm birth and levels of DHEAS decline regardless of gestational age [START_REF] Ben-David | Parturition itself is the basis for fetal adrenal involution[END_REF]. Precise steroid profiling by mass spectrometric methods in preterm infants is thus urgently needed to clarify this question.

It is of interest to mention here one of the outcomes of the OPPTIMUM study, a multicenter, randomized and placebo-controlled clinical trial aimed to test the usefulness of vaginal progesterone prophylaxis (200 mg daily taken from 22-24 to 34 weeks of gestation) for the prevention of preterm birth [START_REF] Norman | Vaginal progesterone prophylaxis for preterm birth (the OPPTIMUM study): a multicentre, randomised, double-blind trial[END_REF]. Neonatal and childhood outcomes were also evaluated.

Vaginal progesterone was not associated with a reduced risk of preterm birth or neonatal adverse outcomes, and had no long-term benefit or harm on outcomes in children at 2 years of age. However, ultrasound examination of the neonatal brains revealed a significant reduction in injury by progesterone [START_REF] Norman | Vaginal progesterone prophylaxis for preterm birth (the OPPTIMUM study): a multicentre, randomised, double-blind trial[END_REF].

FIGURE LEGENDS

Figure 1: Synthesis and metabolism of progesterone. At the level of the inner mitochondrial membrane, cholesterol is converted to pregnenolone by cytochrome P450scc. Pregnenolone is then converted to progesterone by the 3β-hydroxysteroid dehydrogenases (3β-HSD). These enzymes are either located inside the mitochondria or within the cytoplasm. Progesterone is irreversibly converted to 5α-dihydroprogesterone by the 5α-reductases. In neural cells, both progesterone and 5α-dihydroprogesterone bind to the intracellular progesterone receptors (PR). In the nucleus, dimers of the ligand-bound PR interact with regulatory progesterone response elements (PRE) and regulate gene expression. 5α-dihydroprogesterone is metabolized to allopregnanolone by the 3α-hydroxysteroid dehydrogenase (3α-HSD).

Allopregnanolone has no affinity for PR, but is a positive modulator of GABAA receptors. 
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 2 Figure 2: Throughout human pregnancy, levels of progesterone increase and reach highest
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