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Premature birth represents about 11% of pregnancies overall and is increasing worldwide. The prevalence of brain damage and neurodevelopmental disorders (NDDs) related to prematurity is high and increasing. Etiological factors of perinatal brain injury in preterm children mainly involve exposure to systemic infection/inflammation, hypoxia/ischemia or hyperoxia, placental pathologies, foetal growth restriction or infections, maternal hypotension, hypoxemia, preeclampsia, diabetes, as well as multiple birth, stress, air pollution or drug abuse. Several animal models have been developped to better understand the perinatal etiological factors and mechanisms underlying the emergence of NDDs. Among rat models of prenatal brain injury, mild intrauterine hypoperfusion (MIUH) at embryonic day 17 (E17), transient systemic hypoxia-ischemia (TSHI) at E18, reduced uterine perfusion pressure (RUPP) from E14 and permanent stenosis of uterine arteries at E17 using ameroid constrictors (AC) are gathered here as prenatal systemic hypoxia-ischemia (PSHI). Briefly, these models of PSHI induce intrauterine growth restriction, low birth weight, cardiovascular disease, metabolic syndrome, neuroinflammation, diffuse brain damage including white and gray matter injuries, astrogliosis, hyperexcitability related to homeostatic imbalance of intracellular chloride concentration, musculoskeletal pathologies, sensorimotor disturbances, impaired behavior and cognition, and deficits in executive functions related to maladaptive plasticity and network disorganization in the central nervous system (CNS). These preclinical models point out several mechanisms of action and are promising for developing new strategies of prevention, remediation and rehabilitation of the NDDs related to prematurity.

Introduction

In the last decades, neurological disorders occured in 25-30% of infants born preterm (< 37 weeks of gestation), while prematurity, low birth weight and intrauterine growth restriction (IUGR) have been increasing [START_REF] Kurinczuk | Epidemiology of neonatal encephalopathy and hypoxic-ischaemic encephalopathy[END_REF][START_REF] Pierrat | Neurodevelopmental outcome at 2 years for preterm children born at 22 to 34 weeks' gestation in France in 2011: EPIPAGE-2 cohort study[END_REF][START_REF] Fleiss | Cortical Gray Matter Injury in Encephalopathy of Prematurity: Link to Neurodevelopmental Disorders[END_REF]. The prevalence of the most common physical disorder in children, cerebral palsy (CP) was 5-8% of preterm children and higher in children born extremely preterm (< 28 weeks, [START_REF] Anderson | Neuropsychological outcomes of children born very preterm[END_REF]. CP involves a group of disorders of movement, posture and motor functions including spasticity, as well as deficits in perception, cognition and learning, and comorbidities [START_REF] Graham | Cerebral palsy[END_REF]. More than 40% of children born preterm exhibit deficits in communication, sensorimotor and social skills, learning and problem solving [START_REF] Pierrat | Neurodevelopmental outcome at 2 years for preterm children born at 22 to 34 weeks' gestation in France in 2011: EPIPAGE-2 cohort study[END_REF] and up to 50% in very preterms (< 32 weeks) [START_REF] Anderson | Neuropsychological outcomes of children born very preterm[END_REF]. About 30% of preterm children were diagnosed with cognitive impairments including executive functions, 11% with attention deficit hyperactivity disorder (ADHD), 7-8% with autism spectrum disorder (ASD) and 10% with emotional disorders including anxiety [START_REF] Heeren | Cognitive functioning at the age of 10 years among children born extremely preterm: a latent profile approach[END_REF]Hirschberger et al., 2018).

In addition, preterm birth occurs in 10.6% pregnancies in overall, ranging from 8.7% in Europe to 13.4% in North Africa, and is increasing worldwide [START_REF] Vogel | The global epidemiology of preterm birth[END_REF][START_REF] Passera | Therapeutic potential of stem cells for preterm infant brain damage: Can we move from the heterogeneity of preclinical and clinical studies to established therapeutics?[END_REF].

Encephalopathy of prematurity (EP) is a constellation of brain damage in preterm children that include loss of oligodendrocytes, diffuse white matter injury (WMI), axonal damage, premature subplate and neuronal loss, disorganized cortical maturation and gyrification [START_REF] Volpe | Brain injury in premature infants: a complex amalgam of destructive and developmental disturbances[END_REF][START_REF] Quezada | Development Of The Cerebral Cortex And The Effect Of The Intrauterine Environment[END_REF][START_REF] Fleiss | Cortical Gray Matter Injury in Encephalopathy of Prematurity: Link to Neurodevelopmental Disorders[END_REF]. Postmortem brain tissues of preterm infants with WMI show reduced expression of ubiquitous chloride cotransporters NKCC1 and KCC2 [START_REF] Robinson | Loss of cation-chloride cotransporter expression in preterm infants with white matter lesions: implications for the pathogenesis of epilepsy[END_REF] that govern chloride homeostasis and cell excitability, thus perturbing the early switch of GABAergic synapses from excitatory to inhibitory, thereby disrupting cortical circuit formation and predisposing to epilepsy (Jantzie and Robinson, 2015;[START_REF] Ben-Ari | NKCC1 Chloride Importer Antagonists Attenuate Many Neurological and Psychiatric Disorders[END_REF].

Etiological factors related to perinatal brain injury in infants born preterm mainly include exposure to systemic infection/inflammation, hypoxia/ischemia or hyperoxia, placental pathologies, foetal growth restriction or infections, maternal hypotension, hypoxemia, preeclampsia, diabetes, as well as multiple birth, stress, air pollution or drug abuse [START_REF] Hagberg | The role of inflammation in perinatal brain injury[END_REF][START_REF] Fleiss | Cortical Gray Matter Injury in Encephalopathy of Prematurity: Link to Neurodevelopmental Disorders[END_REF][START_REF] Hahad | Ambient Air Pollution Increases the Risk of Cerebrovascular and Neuropsychiatric Disorders through Induction of Inflammation and Oxidative Stress[END_REF][START_REF] Ophelders | Preterm Brain Injury, Antenatal Triggers, and Therapeutics: Timing Is Key[END_REF]. To better understand the mechanisms underlying the emergence of NDDs and to improve strategies for their prevention or early remediation animal models are crucial for preclinical investigation. However, the development of the central nervous system (CNS) differs across species. For example, the rodent CNS at birth is immature in comparison to the human CNS at birth, the latter is approximately equivalent to that of rodents at the postnatal day 10 (P10) or even later depending on the cell type or brain structure or function (see (Jantzie and Robinson, 2015;[START_REF] Hamdy | Animal models for neonatal brain injury induced by hypoxic ischemic conditions in rodents[END_REF]for reviews). Neonatal and postnatal models of both hypoxia-ischemia (HI) including the well-known Rice-Vannucci model and inflammation replicate only postnatal insults without the maternal-placental-fetal components. Brain injury related to prematurity is much less studied and characterized in larger animals such as rabbits, piglets, sheeps or non human primates than in rodents (Jantzie and Robinson, 2015). In fact, this chapter deals with prenatal studies in rodents that recapitulate or explain the emergence of the encephalopathy of prematurity and neurodevelopmental disorders (NDDs), disabilities associated with brain functions.

Animal Models of PSHI

To produce IUGR and HI in rat pups, we performed a stenosis of uterine arteries by first using ligation at embryonic day 17 (E17) [START_REF] Olivier | Prenatal ischemia and white matter damage in rats[END_REF]Delcour et al., 2012a) and then metal-coated coils wrapped around intrauterine arteries at E17 [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]. In the latter, the blood flow perfusion in the placenta and fetus was reduced about 15% to 20% a few hours after stenosis and then returned to pre-stenosis levels at E20 (Fig. 1) [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF][START_REF] Coq | Mild Intrauterine Hypoperfusion Leads to Lumbar and Cortical Hyperexcitability, Spasticity, and Muscle Dysfunctions in Rats: Implications for Prematurity[END_REF][START_REF] Tsuji | A Rat Model of Mild Intrauterine Hypoperfusion with Microcoil Stenosis[END_REF]. Pups were delivered by spontaneous labor at E21-22 and those with weight < 5.5 g were considered growth retarded and part of the mild intrauterine hypoperfusion (MIUH) group [START_REF] Olivier | Prenatal ischemia and white matter damage in rats[END_REF]Delcour et al., 2012a;[START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF].

Comparable procedures to reduce intrauterine blood flow in pregnant rats involve transient systemic HI (TSHI: clamping uterine arteries for 60 min at E18) as a model of placental insufficiency [START_REF] Robinson | Developmental changes induced by graded prenatal systemic hypoxic-ischemic insults in rats[END_REF][START_REF] Jantzie | Erythropoietin signaling promotes oligodendrocyte development following prenatal systemic hypoxic-ischemic brain injury[END_REF], reduced uterine perfusion pressure (RUPP: permanent stenosis of uterine arteries from E14) as a model of preeclampsia [START_REF] Granger | Reduced uterine perfusion pressure (RUPP) model for studying cardiovascular-renal dysfunction in response to placental ischemia[END_REF][START_REF] Clayton | Postpartum increases in cerebral edema and inflammation in response to placental ischemia during pregnancy[END_REF][START_REF] Coats | Soluble guanylate cyclase stimulation in late gestation does not mitigate asymmetric intrauterine growth restriction or cardiovascular risk induced by placental ischemia in the rat[END_REF] or permanent stenosis of uterine arteries at E17 using ameroid constrictors (AC) as a model of hypertensive disease of pregnancy [START_REF] Kitase | Establishment of a Novel Fetal Growth Restriction Model and Development of a Stem-Cell Therapy Using Umbilical Cord-Derived Mesenchymal Stromal Cells[END_REF]. We thus postulate that all these procedures correspond to a prenatal systemic HI (PSHI) that could help to better understand the underlying mechanisms of the early emergence of EP [START_REF] Jantzie | Erythropoietin Modulates Cerebral and Serum Degradation Products from Excess Calpain Activation following Prenatal Hypoxia-Ischemia[END_REF].

Main results after prenatal systemic hypoxia-ischemia

-Body growth restriction, placental insufficiency and metabolic syndrome MIUH at E17 and RUPP at E14 resulted in hypotrophic pups at birth [START_REF] Olivier | Prenatal ischemia and white matter damage in rats[END_REF][START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF][START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF][START_REF] Coats | Soluble guanylate cyclase stimulation in late gestation does not mitigate asymmetric intrauterine growth restriction or cardiovascular risk induced by placental ischemia in the rat[END_REF][START_REF] Rains | Oxidative Stress and Neurodevelopmental Outcomes in Rat Offspring with Intrauterine Growth Restriction Induced by Reduced Uterine Perfusion[END_REF]; whereas, TSHI at E18 did not [START_REF] Mazur | Postnatal erythropoietin treatment mitigates neural cell loss after systemic prenatal hypoxic-ischemic injury: laboratory investigation[END_REF][START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF]. LBW persisted in 1 and 2 months-old MIUH rats according to sex [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF][START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF] but MIUH rats catched up BW at P90-110 [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF](Delcour et al., , 2012a)). After MIUH at E19, adult LBW females weighted more (i.e., higher body fat) than age-matched control females; whereas, the blood pressure in adult LBW males was higher than in control males, suggestive of greater risk for developing metabolic syndrome in MIUH females while the risk for cardiovascular complications is higher in MIUH males [START_REF] Ogawa | Intrauterine Mild Hypoperfusion Model Rats Have a Risk of Developing Metabolic Syndrome[END_REF]. RUPP at E14 did not alter placental protein expression (i.e. nutrient transport) but impaired the placental development that lead to fetal oxidative stress and energetic imbalance [START_REF] Coats | Soluble guanylate cyclase stimulation in late gestation does not mitigate asymmetric intrauterine growth restriction or cardiovascular risk induced by placental ischemia in the rat[END_REF][START_REF] Da Silva | Prenatal hypoxia predisposes vascular functional and structural changes associated with oxidative stress damage and depressive behavior in adult offspring male rats[END_REF], as shown by increased pro-oxidation markers and lipid peroxidation, and reduced anti-oxidative markers in plasma [START_REF] Rains | Oxidative Stress and Neurodevelopmental Outcomes in Rat Offspring with Intrauterine Growth Restriction Induced by Reduced Uterine Perfusion[END_REF] and in the aorta and mesenteric arteries [START_REF] Da Silva | Prenatal hypoxia predisposes vascular functional and structural changes associated with oxidative stress damage and depressive behavior in adult offspring male rats[END_REF] of young and adult offspring. Increased water content, brain edema and impaired myogenic tone in the middle cerebral arteries have been reported after RUPP [START_REF] Ryan | Placental ischemia impairs middle cerebral artery myogenic responses in the pregnant rat[END_REF]. In addition, RUPP has also been shown to reduce the surface area of uterine-placental junctions and to increase uterine artery resistance, indicative of reduced placental perfusion and development at E20 [START_REF] Coats | Soluble guanylate cyclase stimulation in late gestation does not mitigate asymmetric intrauterine growth restriction or cardiovascular risk induced by placental ischemia in the rat[END_REF]. Thus, several studies using RUPP at E14 or PSHI demonstrated the development of metabolic syndrome in adult IUGR rats, corresponding to endothelial dysfunctions, and increased rates of cardiovascular diseases and mortality that has been observed in adults born preterm [START_REF] Da Silva | Prenatal hypoxia predisposes vascular functional and structural changes associated with oxidative stress damage and depressive behavior in adult offspring male rats[END_REF]. The hypoperfused placenta releases proinflammatory and anti-angiogenic factors that cause vascular dysfunction, high blood pressure, maternal organ damage and systemic inflammation [START_REF] Lamarca | Placental Ischemia and Resultant Phenotype in Animal Models of Preeclampsia[END_REF].

-Neuroinflammation and hyperexcitability

Recent studies based on IUGR in both humans and rats show systematic perinatal neuroinflammation that encompasses several cascades and steps including systemic inflammation along with the production of circulating pro-inflammatory cytokines leading to the activation and infiltration of microglia in the brain, thereby inducing neuroinflammation cascades that results in NDDs, described briefly here and elsewhere [START_REF] Hagberg | The role of inflammation in perinatal brain injury[END_REF]Jantzie and Robinson, 2015;[START_REF] Wixey | Review: Neuroinflammation in intrauterine growth restriction[END_REF][START_REF] Fleiss | Microglia-Mediated Neurodegeneration in Perinatal Brain Injuries[END_REF]. PSHI including MIUH at E17 led to caspase 3 activation in the corpus callosum, cerebral cortex including S1 and hippocampus but no increase in ED1 or CD11b positive cells in these areas [START_REF] Robinson | Developmental changes induced by graded prenatal systemic hypoxic-ischemic insults in rats[END_REF]Delcour et al., 2012a;[START_REF] Jia | Activation of PGC-1α and Mitochondrial Biogenesis Protects Against Prenatal Hypoxic-ischemic Brain Injury[END_REF]. Rats submitted to prenatal AC showed increased expression of markers for microglia M1 and M2 phenotypes in the cerebral cortex [START_REF] Kitase | Establishment of a Novel Fetal Growth Restriction Model and Development of a Stem-Cell Therapy Using Umbilical Cord-Derived Mesenchymal Stromal Cells[END_REF]. RUPP has been shown to induce brain-blood barrier permeability during pregnancy and in offspring, and increased expression of pro-inflammatory cytokines and microglial markers in the cerebral cortex and hippocampus of 2 month-old offspring [START_REF] Lamarca | Placental Ischemia and Resultant Phenotype in Animal Models of Preeclampsia[END_REF][START_REF] Clayton | Postpartum increases in cerebral edema and inflammation in response to placental ischemia during pregnancy[END_REF]. One of the striking consequence of early neuroinflammation is the excess enzymatic activity of calpains in the plasma, subplate, cerebral cortex and hippocampus from P2 to P12 while calpastatin expression, which contributes to regulate calpain activity, was reduced after TSHI at E18 (Jantzie et al., 2014b(Jantzie et al., , 2015a)). Excess calpain activity cleaves the oligomeric or active form of KCC2 to inactive, monomeric form. KCC2 is a ubiquitous K-Cl cotransporter and the main chloride extrusion system of the CNS, and thus regulates chloride homeostasis and neuronal excitability. Thus, reduced KCC2 function increases the intracellular concentration of chloride, thereby maintaining or reversing (in pathological conditions) the effect of GABA from hyperpolarization to depolarization, leading to hyperexcitability [START_REF] Blaesse | Oligomerization of KCC2 correlates with development of inhibitory neurotransmission[END_REF][START_REF] Gackière | Contribution of the Potassium-Chloride Cotransporter KCC2 to the Strength of Inhibition in the Neonatal Rodent Spinal Cord In Vitro[END_REF][START_REF] Brocard | Cleavage of Na+ channels by calpain increases persistent Na+ current and promotes spasticity after spinal cord injury[END_REF].

MIUH at E17 reduces the expression levels of active KCC2 in the lumbar spinal cord at P8 and in adulthood, leading to spinal hyperexcitability [START_REF] Coq | Mild Intrauterine Hypoperfusion Leads to Lumbar and Cortical Hyperexcitability, Spasticity, and Muscle Dysfunctions in Rats: Implications for Prematurity[END_REF]. Hyperexcitability has been also evidenced in the sensorimotor cortex, thereby resulting in sensorimotor loop disorganization and motor disturbances including hyperreflexia and spasticity after MIUH [START_REF] Coq | Mild Intrauterine Hypoperfusion Leads to Lumbar and Cortical Hyperexcitability, Spasticity, and Muscle Dysfunctions in Rats: Implications for Prematurity[END_REF][START_REF] Coq | From cerebral palsy to developmental coordination disorder: Development of preclinical rat models corresponding to recent epidemiological changes[END_REF], and in the hippocampus and layer IV cortex leading subsequently to behavioral and memory deficits after TSHI (Jantzie et al., 2014a(Jantzie et al., , 2015a(Jantzie et al., , 2015b[START_REF] Jantzie | Erythropoietin Modulates Cerebral and Serum Degradation Products from Excess Calpain Activation following Prenatal Hypoxia-Ischemia[END_REF][START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF][START_REF] Robinson | Neonatal administration of erythropoietin attenuates cognitive deficits in adult rats following placental insufficiency[END_REF]. Postmortem cerebral samples from infants born preterm with WMI showed reduced expression of KCC2 [START_REF] Robinson | Loss of cation-chloride cotransporter expression in preterm infants with white matter lesions: implications for the pathogenesis of epilepsy[END_REF]. Thus, early neuroinflammation leads to neuronal and oligodendrocyte precusor death, gliosis, epigenetic dysfunction, altered synaptogenesis and other neural dysfunctions and brain disorders [START_REF] Fleiss | Microglia-Mediated Neurodegeneration in Perinatal Brain Injuries[END_REF].

-White matter injury (WMI) MIUH at E17 led to myelination deficits in the corpus callosum and cingulum of rats from birth to P21 [START_REF] Olivier | Prenatal ischemia and white matter damage in rats[END_REF][START_REF] Olivier | Moderate growth restriction: deleterious and protective effects on white matter damage[END_REF] and hypomyelination/axonal markers began to reduce in fetal brains at E20 [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]. TSHI at E18 led to postnatal reductions of the expression of MBP, production and survival of progenitors and precursors of oligodendrocytes and immature oligodendrocytes as well as reduced oligodendrocyte process extensions [START_REF] Jantzie | Erythropoietin signaling promotes oligodendrocyte development following prenatal systemic hypoxic-ischemic brain injury[END_REF](Jantzie et al., , 2015a)).

Hypomyelination and axonal degeneration persisted in the internal and external capsules, corpus callosum genu, and pontocerebellar tract, within the primary somatosensory (S1) cortex and in white matter zones below the cingulate and S1 cortices of adult MIUH rats (Fig. 2). No hypomyelination nor axonal degeneration was detected in white matter zones below the primary motor cortex (M1) or in the corticospinal tract. Degenerating axons were also detected in the hippocampal CA3 region, lateral and medial entorhinal cortices and fornix but not in the prefrontal cortex. Diffusion tensor imaging showed white matter injury and impaired axonal integrity (i.e. neurofilament expression, reduced fractional anisotropy and increased radial, axial and mean diffusivity) in the corpus callosum, internal capsule and corona radiata in adult TSHI rats [START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF]. Interestingly, the severity of hypomyelination in MIUH adult rats was correlated with the gradient of growth restriction at birth [START_REF] Olivier | Prenatal ischemia and white matter damage in rats[END_REF][START_REF] Olivier | Moderate growth restriction: deleterious and protective effects on white matter damage[END_REF]Delcour et al., 2012a).

-Gray matter damage and astrogliosis

The thickness of the cerebral cortex was reduced in MIUH rats (Delcour et al., 2012a;[START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]. MIUH at E17 decreased the neuronal density in the S1 cortex, particularly inhibitory interneurons, and decreased the height of cortical gray matter in adult rats. In contrast, the M1 cortex showed no structural changes (Fig. 2 (Delcour et al., 2012a). MIUH decreased the neuronal density in the lateral and medial entorhinal cortices but not in the CA1, dentate gyrus of the hippocampus, cingulate and prefrontal cortices, in which the density of inhibitory interneurons was surprisingly increased (Delcour et al., 2012a(Delcour et al., , 2012b)). Prenatal AC also induced reduced neuronal densities in both the cerebral cortex and hippocampus [START_REF] Kitase | Establishment of a Novel Fetal Growth Restriction Model and Development of a Stem-Cell Therapy Using Umbilical Cord-Derived Mesenchymal Stromal Cells[END_REF]. However, adult TSHI rats showed no changes of the diffusion MRI parameters in the sensory cortex including the barrel cortex, but diffusion abnormalities were present in the hippocampus, striatum and thalamus of TSHI rats [START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF]. In addition, prenatal TSHI induced to premature loss of the subplate and cortical plate, leading to abnormalities in cortical differentiation and gyrification (Jantzie et al., 2015a). It is worth to note that MIUH at E17.5 appeared to reduce early neuronal proliferation and to increase neuronal apoptosis of fetal neurons and autophagy from E18 to P28 in the hippocampus concomitant to alterations of Wnt, Akt and PTEN signaling pathways [START_REF] Yin Shaowei | Effects of mild intrauterine hypoperfusion in the second trimester on memory and learning function in rat offspring[END_REF][START_REF] Yin | MIUH Inhibits the Hippocampal Neuron Growth in Fetal Rat by Affecting the PTEN Pathway[END_REF]. MIUH at E17 induced mRNA changes, indicative of incomplete axonal outgrowth and astrocyte dysfunction but little to no impairment of immature neurons and pre-oligodendrocytes in MIUH fetuses at E20 [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF].

Adult MIUH rats showed no obvious tissue damage, such as cystic and necrotic lesions or inflammatory cell infiltration [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]. MIUH at E17 produced massive astrogliosis in the cingulate and S1 cortices and white matter below, the dentate gyrus, fornix, lateral and medial entorhinal cortices, and CA1 and CA3 of the hippocampus, but not in the M1 and prefrontal cortices [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF](Delcour et al., , 2012a(Delcour et al., , 2012b) ) as well as an enlargement of the lateral ventricles of adult MIUH rats [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF].

-Musculoskeletal pathologies and sensorimotor disabilities

While MIUH is systemic, we investigated the adult anatomy of lower limbs. Adult MIUH rats exhibited fewer myofibres overall, hypertrophy of the myofibres in the gastrocnemius and a greater variation in size of myofibers in the gastrocnemius (Fig. 2), rectus femoris and tibialis anterior [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF]. They also exhibited changes in soleus muscle contractile properties toward a lower twitch tension and the persistence of neonatal myosin heavy chain isoform, showing abnormal maturation of muscle properties and phenotype [START_REF] Coq | Mild Intrauterine Hypoperfusion Leads to Lumbar and Cortical Hyperexcitability, Spasticity, and Muscle Dysfunctions in Rats: Implications for Prematurity[END_REF]. More satellite cells in the gastrocnemius after MIUH suggested a prior injury to that muscle and now a repair or regeneration process because the myofiber number was reduced [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF]. We detected mild knee and ankle joint chondromalacia after MIUH that could result from an imbalance in muscle forces across joints [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF]. Such mild changes in joints and muscles and minor gait abnormalities have been reported in patients with CP [START_REF] Pierce | Co-contraction during passive movements of the knee joint in children with cerebral palsy[END_REF] and suggest the possible presence of spasticity.

Negative geotaxis appeared to be impaired as the pivoting time in pups submitted to either MIUH or AC was longer than in age-matched controls [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF][START_REF] Kitase | Establishment of a Novel Fetal Growth Restriction Model and Development of a Stem-Cell Therapy Using Umbilical Cord-Derived Mesenchymal Stromal Cells[END_REF], showing delayed or impaired multisensory integration. Despite apparent normal posture and gait during automatic locomotion on treadmill, MIUH rats exhibited reduced length, amplitude and velocities of the foot during the stride phase when they were juvenile (P30) and young adults (P65). Only adult MIUH rats showed a significant overextension of the knee and ankle that was compensated by an overflexion of the hip (Fig. 2; [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF]. TSHI at E18 also disturbed treadmill locomotion in young adult rats, such as reduced durations of propel phase and swing, reduced stride length, increased stepping frequency and signs of ataxia for hind limbs, as well as reduced surface area of the hind paw (i.e., footprint), indicative of digitigrade locomotion or toe-walking. The forelimb was less affected than hind limb during locomotion [START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF]. Rats submitted to AC spent less time on the rotarod, compared to shams [START_REF] Kitase | Establishment of a Novel Fetal Growth Restriction Model and Development of a Stem-Cell Therapy Using Umbilical Cord-Derived Mesenchymal Stromal Cells[END_REF]. MIUH rats exhibited muscle weakness with their hind limbs but not with their forelimbs when tested with a raction meter [START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]. Grip strength and perturbations of motor coordination have also been reported after RUPP at E14 [START_REF] Rains | Oxidative Stress and Neurodevelopmental Outcomes in Rat Offspring with Intrauterine Growth Restriction Induced by Reduced Uterine Perfusion[END_REF]. Acrobatic locomotion involving the M1 cortex has not yet been investigated to our knowledge.

We postulate that postural and locomotor disturbances may be related to hyperreflexia observed in early and adult MIUH rats [START_REF] Coq | Mild Intrauterine Hypoperfusion Leads to Lumbar and Cortical Hyperexcitability, Spasticity, and Muscle Dysfunctions in Rats: Implications for Prematurity[END_REF], leading to muscle dyssynergies and cocontractions. In addition, juvenile MIUH rats exhibited lower variations in many kinematic measures than agematched controls, whereas with maturation, young-adult MIUH rats showed higher variations, suggestive of maturation deficits of posture and locomotion after MIUH [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF].

Increased variations of locomotor paramaters has also been reported after TSHI [START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF].

-Impaired behavior, cognition and executive functions MIUH at E17 induced spontaneous locomotor hyperactivity in P15 pups and adult rats in openfield tests [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF](Delcour et al., , 2012b;;[START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]. Other authors using either RUPP or TSHI also showed hyperactivity in openfield as well as disinhibition since rats spent more time or ambulated more in the center of the openfield [START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF][START_REF] Da Silva | Prenatal hypoxia predisposes vascular functional and structural changes associated with oxidative stress damage and depressive behavior in adult offspring male rats[END_REF]. MIUH at E17 induced deficits in short-term and long-term memory in object recognition memory tasks including novel object recognition, and disturbances in encoding spatial configurations and object features in adult rats (Fig. 2). Comparable results were found in novel object recognition with TSHI and RUPP rats [START_REF] Rains | Oxidative Stress and Neurodevelopmental Outcomes in Rat Offspring with Intrauterine Growth Restriction Induced by Reduced Uterine Perfusion[END_REF][START_REF] Robinson | Neonatal administration of erythropoietin attenuates cognitive deficits in adult rats following placental insufficiency[END_REF]. Although MIUH rats exhibited no significant deficits in spatial learning, spatial working memory and reversal behavior in the Morris water maze tests (Delcour et al., 2012b), other studies based on TSHI at E18 showed mild but significant deficits in watermaze tests [START_REF] Jia | Activation of PGC-1α and Mitochondrial Biogenesis Protects Against Prenatal Hypoxic-ischemic Brain Injury[END_REF]. Of interest, the more the MIUH rats were growth-retarded at birth, the more they exhibited hyperactivity, degraded performances in memory tasks, astrogliosis in the fornix and decreased neuronal density in the entorhinal cortex (Delcour et al., 2012b).

Regarding executive functions, TSHI at E18 induced increased immobility in forced swim test, indicative of depressive behavior [START_REF] Da Silva | Prenatal hypoxia predisposes vascular functional and structural changes associated with oxidative stress damage and depressive behavior in adult offspring male rats[END_REF] and impaired reversal learning during a visual discrimination task, indicative of more perseveration and poor cognitive flexibility [START_REF] Robinson | Neonatal administration of erythropoietin attenuates cognitive deficits in adult rats following placental insufficiency[END_REF]. Impaired reversal learning has also been reported in the watermaze task [START_REF] Jia | Activation of PGC-1α and Mitochondrial Biogenesis Protects Against Prenatal Hypoxic-ischemic Brain Injury[END_REF][START_REF] Yin Shaowei | Effects of mild intrauterine hypoperfusion in the second trimester on memory and learning function in rat offspring[END_REF]. In addition, the time spent sniffing, playing and grooming by TSHI rats from different litters at P30 was reduced, showing impaired social interactions [START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF]. Thus, rats that were submitted to PSHI exhibit hyperactivity, disinhibition, signs of depressive-like behavior, less cognitive flexibility and impaired social interactions, but attention and emotional reactions have not been investigated so far. Associated with hippocampal and prefrontal/cingular cortex damage, these NDDs are usually often encountered in children born preterm who display WMI, ADHD or CP ((Pascal et al., 2018), ref).

-Maladaptive CNS plasticity and network disorganization

The emergence of sensorimotor reflexes such as negative geotaxis after MIUH appears delayed or impaired. Early and enduring increased stretch reflex and the likely signs of spasticity and contractile dysfunction may be at the origin and persistence of the mild locomotor and coordination impairments found in adult PSHI rats. In addition, MIUH rats exhibited musculoskeletal pathologies.

Then, we postulate that hyperreflexia, musculoskeletal pathologies and motor deficits interplay to maintain each disorder and produce abnormal proprioceptive feedback or reafference to the immature spinal network, and finally to the S1 cortex, leading thereby to disorganized sensorimotor circuitry from development to adulthood (Fig. 3; (Delcour et al., 2012a;[START_REF] Coq | From cerebral palsy to developmental coordination disorder: Development of preclinical rat models corresponding to recent epidemiological changes[END_REF]. Indeed, MIUH at E17 degraded the S1 neuronal properties and the organization of cortical somatotopic maps, devoted to represent the hind limb skin surfaces. This degradation was mainly characterized by a reduction in cortical map size, and enlarged and multiple receptive fields, leading to a topographic disorganization and a patchy representation in S1 that correspond to degraded abilities in tactile discrimination [START_REF] Xerri | Perceptual context-dependent remodeling of the forepaw map in the SI cortex of rats trained on tactile discrimination[END_REF], as observed in preterm children [START_REF] Wingert | Tactile sensory abilities in cerebral palsy: deficits in roughness and object discrimination[END_REF]. This functional disorganization of S1 appears related to neuroanatomical changes observed in the S1 cortex such as lower densities of neuron, especially inhibitory interneurons, the WMI below the S1 cortex, massive astrogliosis and inflammation (i.e., diffuse brain damage). Abnormal lamination of the parietal cortex, presumably due to premature disruption of the cortical subplate, has been associated with gait disturbances in adult rats exposed to TSHI at E18 (Jantzie et al., 2015a). In addition to abnormal reafference and CNS hyperexcitability, the WMI below the S1 cortex may have also contributed to the disorganization of the S1 maps and sensorimotor circuitry through asychronous afferences, inappropriate spike timing-dependent plasticity and maladaptive plastictity, which we previously postulated [START_REF] Coq | Prenatal ischemia deteriorates white matter, brain organization, and function: implications for prematurity and cerebral palsy[END_REF][START_REF] Coq | From cerebral palsy to developmental coordination disorder: Development of preclinical rat models corresponding to recent epidemiological changes[END_REF]. Although the absence of motor cortex changes and normal white matter in the corticospinal tractus, the early lumbar hyperreflexia, altered multisensory integraton and disorganized sensorimotor circuitry may also produce maladapted motor commands, which in turn may have induced, maintained or even aggravated the muscle dyssynergies, locomotor disturbances and musculoskeletal histopathologies in the form of selfperpetuating cycles (Fig. 3).

Besides the early and enduring disorganization of the sensorimotor circuitery at multiple scales, PSHI appears to induce neuroinflammation, premature subplate and neuronal loss, WMI and axonal damage, astrogliosis, and disorganized lamination of the hippocampal complex and cingular/prefrontal cortex, as described above. Such a disorganization of the hippocampalprefrontral circuitery has been also evidenced to induce several deficits in behavior, cognition and executive functions (Fig. 3) and may include dysfunctions of many pathways and the cerebellum involved in the processing and integration of multisensory information, which has been shown to be altered after PSHI. Therefore, PSHI that includes several models of placental insufficiency and early HI leading to IUGR and perinatal neuroinflammation appears to recapitulate the variety of symptoms observed in children born preterm who develop NDDs. Such a preclinical model also contributes to better understand the underlying mechanisms and to develop novel and innovative strategies of prevention and early remediation of these NDDs.

Advantages/disadvantages

PSHI encompasses several models ranging from transient (i.e., MIUH and TSHI) to permanent (AC stenosis and RUPP) stenosis leading to graded IUGR from E14 to E18. In the overall, all these models share the same mechanisms underlying the emergence of NDDs, such as neuroinflammation, reduced expression of KCC2 leading to hyperexcitability from the spinal cord to the hippocampus and cerebral cortex, neuronal, WMI and astrogliosis.

Compared to other techniques of stenosis such as ligation, the use of microcoils in MIUH or clamps increased the survival of pups and reproducibility per dam. The use ameroid constrictors is much expensive than clamps or metal microcoils.

These models are esay-to-use and very promising for preclinical studies of innovative treatments such as anti-inflammatory drugs including mesenchymal stromal cells [START_REF] Tanaka | Dose-Dependent Effect of Intravenous Administration of Human Umbilical Cord-Derived Mesenchymal Stem Cells in Neonatal Stroke Mice[END_REF][START_REF] Kitase | Establishment of a Novel Fetal Growth Restriction Model and Development of a Stem-Cell Therapy Using Umbilical Cord-Derived Mesenchymal Stromal Cells[END_REF][START_REF] Mukai | Umbilical cord-derived mesenchymal stromal cells immunomodulate and restore actin dynamics and phagocytosis of LPS-activated microglia via PI3K/Akt/Rho GTPase pathway[END_REF] and other drugs including erythropoietin (Jantzie et al., 2015a;[START_REF] Robinson | Neonatal erythropoietin mitigates impaired gait, social interaction and diffusion tensor imaging abnormalities in a rat model of prenatal brain injury[END_REF] or melatonin [START_REF] Chen | Melatonin utility in neonates and children[END_REF][START_REF] Jantzie | Repetitive Neonatal Erythropoietin and Melatonin Combinatorial Treatment Provides Sustained Repair of Functional Deficits in a Rat Model of Cerebral Palsy[END_REF], as well as novel strategies of early rehabilitation based on dynamic and funny interactions such as HABIT-ILE and Care Toy System in children [START_REF] Sgandurra | A randomized clinical trial in preterm infants on the effects of a home-based early intervention with the "CareToy System" van Wouwe JP[END_REF][START_REF] Araneda | Functional, neuroplastic and biomechanical changes induced by early Hand-Arm Bimanual Intensive Therapy Including Lower Extremities (e-HABIT-ILE) in pre-school children with unilateral cerebral palsy: study protocol of a randomized control trial[END_REF].

Key facts ?

-These models induce IUGR, neuroinflammation, diffuse brain damage and the emergence of NDDs observed in children born preterm.

-The emergence of NDDs appears mainly due to maladaptive plasticity in relation to the interplay between periphery (altered sensorimotor functions and musculoskeletal pathologies) and CNS (diffuse brain damage). corticospinal tract; E17, embryonic day 17; KCC2, potassium-chloride cotransporter 2; PCT, pontocerebellar tractus; WMI, white matter injury. From [START_REF] Delcour | Mild musculoskeletal and locomotor alterations in adult rats with white matter injury following prenatal ischemia[END_REF][START_REF] Ohshima | Mild intrauterine hypoperfusion reproduces neurodevelopmental disorders observed in prematurity[END_REF]Coq et al., 2018. Figure 3. Putative mechanisms underlying the emergence of neurodevelopmental disorders observed after prenatal systemic hypoxia-ischemia (PSHI), which recapitulates mild intrauterine hypoperfusion (MIUH), transient systemic hypoxia-ischemia (TSHI), reduced uterine perfusion pressure (RUPP) and stenosis with ameroid constrictors (AC). See text. E17, embryonic day 17; KCC2, potassium-chloride cotransporter 2; MIUH, mild intrauterine hypoperfusion; M1, primary motor cortex; S1, primary somatosensory cortex; WMI, white matter injury.
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Figure 1 .

 1 Figure 1. Mild intrauterine hypoperfusion (MIUH) transiently reduces blood flow perfusion in placentas and fetuses. A. Schematic illustration of the uterine artery system with stenosis performed at embryonic day 17 (E17) using 4 metal microcoils wrapped around arteries. B. Representative images of changes in the uterine artery blood flow before and immediately after stenosis. Blue and purple zones indicates reduced perfusion at the opposite of yellow and red colours. C. Mean blood flow changes in each group immediately after stenosis (E17) and 3 days after (E20) in the fetuses and placentas. The blood flow reduced in both placentas (28%) and fetuses (16%) immediately after surgery and returned to control/sham pre-stenosis levels at E20. Sham, sham-surgery ; Cont, nosurgery control. B and C from Ohshima et al., 2016.

Figure 2 .

 2 Figure 2. Schematic illustration of the diversity of neurodevelopmental disorders observed in our rat model of prematurity/low birth weight based on mild intrauterine hypoperfusion (MIUH). CST,