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I. ABSTRACT  

 

The effect of global perinatal asphyxia (PA) on myelination, oligodendrocytes 

(OLs), neuroinflammation and cell viability was evaluated in telencephalon and 

hippocampus of rats at postnatal day (P)1, 7 and 14, covering a period 

characterised by a spur of neuronal networking, finding a sustained injury that may 

have profound adverse effects on brain development. The study evaluated the 

effect of neonatal treatment with mesenchymal stem cells (MSCs). 

PA was induced by immersing foetus-containing uterine horns into a water 

bath at 37°C for 21 min. Asphyxia-exposed (AS) and sibling caesarean-

delivered (CS) foetuses were resuscitated and nurtured by surrogate dams. 

Two hours after delivery, AS and CS neonates were injected with either 5 μl 

of vehicle (10% rat plasma) or 5x104 rat adipose tissue-derived MSCs into the 

left lateral ventricle. Animals were euthanized at P1, 7 or 14, dissecting 

samples from telencephalon and hippocampus to be assayed for (i) 

myelination (myelin-basic protein, MBP) and Olig-1/Olig-2 transcriptional 

factors (by immunofluorescence, IF, and RT-qPCR); (ii) Glial number (OLs, 

MBP-DAPI/mm3; astrocytes, GFAP-DAPI/mm3; microglia, Iba-1-DAPI/mm3, 

by IF); (iii) neuroinflammation, including proinflammatory cytokines (IL-1β, IL-

6, TNF-α and Cox-2, by RT-qPCR and ELISA), and (iv) delayed cell death (by 

TUNEL assay). 

It was found that PA produced at P7: (i) a decrease of MBP immunoreactivity in 

telencephalon (external capsule, corpus callosum, cingulum), but not in fimbriae 

of hippocampus; (ii) an increase of Olig-1 transcriptional factor mRNA levels in 

telencephalon; (iii) an increase of IL-6 mRNA, but not of protein levels in 

telencephalon; (iv) an increase of cell death, including OLs-specific cell death in 

telencephalon. (v) MSCs treatment prevented the effect of PA on myelination, 

OLs number and cell death. 

The present study demonstrates that PA induces regional and 

developmental-dependent changes on myelination and OLs maturation, but 

not on astroglia and microglia. Thus, OLs are the most vulnerable glial cells to 
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hypoxia-reoxygenation insults at early neonatal stages, evaluated in 

vulnerable areas. Early neonatal MSCs treatment significantly improves 

survival of mature OLs and myelination in telencephalic white matter. The 

outcome occurred in association with decreased apoptosis. Future studies 

are required to elucidate the precise pharmacological mechanism. 
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II. INTRODUCTION 

 

Perinatal asphyxia: clinical relevance 

 

Perinatal asphyxia (PA), a prototype of obstetric complication, is the result of 

impaired gas exchange during labour or delivery, a major cause of death (20-

50%), neuropsychiatric dysfunctions and learning disorders (25-60% of the 

survivors), in the short and long-term of the affected new-borns (Miller et al., 

2005), increasing not only the costs associated with the acute treatment, but 

also comorbidities along the life of the individuals. In fact, the affected neonates 

can show multisystem dysfunctions or alterations, only to be detected along 

development, affecting motor and cognitive functions, progressing to 

neurological and/or psychiatric disorders, such as mental retardation, epilepsy, 

hearing loss, visual impairment, hyperactivity, memory deficits, or even 

schizophrenia and neurodegenerative disorders (Mercuri and Barnett, 2003; 

Schmidt-Kastner et al., 2006; Cannon et al., 2008; Galeano et al., 2011). 

 

Approximately 20 per 1000 term births with biochemical and clinical evidence of 

PA will require significant resuscitation (see Aherne et al., 2016), but this 

incidence increases several times in low-income countries (see Lawn et al., 

2005), probably associated to poor antenatal care, unskilled attendance during 

birth and lack of emergency obstetrical care for complications (see Lawn et al., 

2010).  

 

Despite progress in public health programs aimed at the care of maternal and 

child health, in Chile perinatal mortality increased from 8.3/1000 live births in 

2002 to 12.6 /1000 live births in 2010, projecting an increase by 25% of this 

indicator to 2020, according to reports from the Department of Health Statistics 

and Information (see Donoso, 2011). In 2006, a study indicated an incidence of 

PA of 4-6 per 1000 term births in Chile (Latorre et al., 2006), but this could be 

underestimated due to limitations of infrastructure and human resources (see 
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Novoa et al., 2012).  

 

Although there are advances in the intensive care and diagnosis of PA, there is no 

progress in neuroprotection and neuronal rescue of newborns suffering of 

moderate to severe encephalopathies (González et al., 2005). At present, there is 

no consensus on any therapeutic strategy for preventing the long-term effects 

resulting from severe PA. Only hypothermia has shown relevant effects but limited 

by a narrow therapeutic window (see Drury et al., 2014). Thus, PA is still an 

important paediatric issue with few therapeutic alternatives for preventing neuronal 

damage. 

 

Pathophysiological features of Perinatal Asphyxia: focus on the Central 

Nervous System  

 

Diminished oxygen and carbon dioxide gas exchange is the hallmark of PA. PA 

implies two events, hypoxia and re-oxygenation (see Fig. 1). Because oxygen and 

glucose are the principal driving forces for energy production in brain, during the 

immediate period of hypoxia, when oxygen availability is temporarily interrupted, 

there is a switch to anaerobic glycolysis, for neurons a poor metabolic alternative, 

because of a high metabolic rate and a low store of glucose in the brain (see 

Robertson et al., 2009). Glycolysis results in (i) un-sufficient rate of adenosine 

triphosphate (ATP) formation (Seidl et al., 2000); (ii) lactate accumulation (Chen et 

al., 1997); (iii) decreased pH (Lubec et al., 2000) and (iv) overproduction of 

reactive oxygen species (ROS) (Kumar et al., 2008).  

 

The depletion in ATP reduces transcellular transport (e.g. Na+/K+-ATPase and 

Na+/Ca2+ exchanger) and leads to intracellular accumulation of sodium, water and 

calcium (see Douglas-Escobar et al., 2015), leading to cell swelling and primary 

cell death by necrosis (see Davidson et al., 2015; Northington et al., 2001a, b). 

However, many neurons initially recover, at least partially from the first insult during 

a so called “latent phase", only to develop progressive dysfunction and die many 
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hours, or even days later (see Davidson et al., 2015). A reduction of reuptake of 

excitatory amino acids (EAA) by astrocyte, such as glutamate, because of failure of 

EAA transporters (e.g. EAAT-1 and EAAT-2), facilitates the intracellular Ca2+ entry 

via NMDA receptor-mediated channel activation, perpetuating injury by a process 

termed excitotoxicity (see Douglas-Escobar et al., 2015). 

 

Re-oxygenation is a requirement for survival and restoration of functioning, but it 

implies a secondary energy failure, a long-term phase characterized by glutamate-

dependent excitotoxicity, mitochondrial dysfunction, accumulation of free radicals 

and neuroinflammation (see Blomgren and Hagberg, 2006; see Liu and 

McCullough, 2013; see Leaw et al., 2017), triggering secondary or delayed cell 

death by apoptosis (Northington et al., 2001a, b).  Delayed cell death is the most 

important end point for any therapeutic strategy (Northington et al., 2001a, b; see 

Herrera-Marschitz et al., 2011, 2014, 2018), providing a window of opportunities for 

neuroprotection (see Sävman, 2008). 

 

After the bulk of cell death observed during the secondary phase, there is a tertiary 

phase of repair and reorganization. During this period, cell repairing is stimulated, 

implying neurogenesis, gliogenesis and sprouting of surviving neuronal circuits 

(see Morales et al., 2011). At the same time, there is evidence that in some 

regions, for example in white matter of the neocortex, physiological apoptosis may 

be upregulated, which impairs new cell production and survival, leading to ongoing 

cell loss over many months (Marin-Padilla et al., 1997, Ness et al., 2001). The 

precise mechanisms for this prolonged injury are not fully understood, but might 

reflect persistent inflammation and epigenetic changes (Fleiss and Gressens, 

2012). 

 

Perinatal Asphyxia induces neuroinflammation  

 

Global PA activates several signalling pathways in neuronal and glial cells 

promoting activation of transcription factors associated with neuroinflammation, 
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including NF-κB (Clemens et al., 1998; Lubec et al., 2002; Herrmann et al., 2005; 

Neira-Peña et al., 2015), releasing a complex array of pro (i.e., TNF-α, IL-1β, IL-6) 

and anti-inflammatory (i.e., IL-10) cytokines (see Streit et al., 2004).  

 

 

 

 

Figure 1. Pathophysiological features of PA. Mechanisms of evolving neural 

injury in the primary phase, latent phase, secondary phase, and tertiary phase that 

contribute to long-term brain damage and disability. 
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One major hallmark of neuroinflammation is the activation of microglia. Microglia, 

are resident parenchymal cells of the brain, derived from the same myeloid lineage 

as macrophages and dendritic cells (Greaves and Gordon, 2002), representing 

around 10% of the total glia cell of CNS (see Soulet and Rivest, 2008). Depending 

on their activation status and the pathological context, microglia can exert 

neurotoxic or neuroprotective functions such as sensing pathogens, phagocytic 

clearance of debris/dead cells, synaptic pruning, neurogenesis and 

migration/survival neuronal precursors (Hanisch and Kettenmann, 2007). However, 

over-activation of microglia can induce de novo synthesis and secretion of pro-

inflammatory cytokines (Wang et al., 2015), contributing to a detrimental 

environment, causing secondary damage, and exacerbation of neuronal and glial 

death (Harry and Kraft, 2008). 

 

Astrocytes, the main glial cell type found in the CNS, comprise nearly 35% of the 

total CNS cell population and play a critical role in homeostatic functions such as 

uptake of neurotransmitters, regulation of pH and ion concentrations, and 

metabolic support of neurons (Logica et al., 2016). Like microglia, PA activates 

astrocytes, which can be evidenced by specific morphological changes including 

increasing the thickness and length of primary processes (i.e. astrocytosis) (Sun 

and Jakobs, 2012). This activation promotes the release of pro-inflammatory 

cytokines, chemokines and ROS which in turn, promote neuronal and glial death 

(see Sochocka et al., 2017). 

 

Hence, inflammatory markers can be useful for predicting the clinical outcome of 

PA. There are studies showing the role of proinflammatory cytokines in the adverse 

neurological outcomes of PA, both short (Bona et al., 1999, Kadhim et al., 2001, 

Foster-Baber et al., 2001) and long-term (Foster-Baber et al., 2001) after delivery. 

Specifically, TNF-α, IL-1β and IL-6 expression are increased 24 h after a brain 

insult, activating microglial and astroglial cells, producing in turn more cytokines 

and chemokines, amplifying the immune response, and brain damage (Bona et al., 

1999; Kadhim et al., 2001; Neira-Peña et al., 2015). 
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Regional vulnerability 

 

There are clinical and experimental evidences showing a regional vulnerability to 

the harmful effects induced by PA. The duration of the perinatal insult, a key factor 

for the severity of the clinical outcome (see Volpe, 1995), as well as the 

developmental stage of the affected regions determine the pattern of brain damage 

(Swarte et al., 2009; see Herrera-Marschitz et al., 2011, 2014). Brain development 

is a dynamic process, and the continuous progress in anatomical and physiological 

maturation of the CNS accounts for the differential effect of brain injury on 

premature or full-term neonates.  

 

Several developing brain regions are susceptible to hypoxic damage, including the 

periventricular white matter, being the most vulnerable region in preterm infant 

(Inder et al., 1999; Craig et al., 2003). Therefore, oligodendrocytes (OLs) of the 

cerebral white matter are very susceptible to hypoxic damage in preterm infants 

(Volpe, 2001). This pattern of brain damage is the main cause of the long‐term 

neurological sequelae known as periventricular leukomalacia (PVL), a 

leukodystrophy associated with PA (see Ahearne et al., 2016).  

 

On the other hand, grey matter is a main target in the brain of on term infants (see 

Jensen, 2005). Thus, death or degeneration of neurons under hypoxic conditions 

occurs most frequently in the brain of on term infants (Ress and Inder, 2005).  

Several studies using global PA models in rat, showed the vulnerability of 

neurocircuitries of the basal ganglia (Chen et al., 1995, 1997; Bustamante et al., 

2003; Klawitter et al., 2005, 2006, 2007; Perez-Lobos et al., 2017; Lespay-

Rebolledo et al., 2018, 2019) and hippocampus (Morales et al., 2005, 2008, 2010 

Lespay-Rebolledo et al., 2018, 2019).  

 

The regional vulnerability to the effects of PA can be associated to metabolic 

imbalance shown by different regions during the re-oxygenation period, including 

differences in mitochondrial function, activation of intrinsic apoptotic or 
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antiapoptotic pathways, activation of oxidative stress and/or to recurrent postnatal 

insults (see Rocha-Ferreira and Hristova, 2016). 

 

Cell vulnerability 

 

In the CNS of mammals, neuronal and glial growth and differentiation are 

predominantly postnatal events (Altman et al.,1967), and therefore vulnerable to 

metabolic insults (see Fig. 2). 

 

 

 

 

 

 

Figure 2. Timeline of microglia invasion, gliogenesis and several 

developmental processes in the developing rodent brain. Rectangles indicate 

the estimated periods during/from which microglia invasion, astrogenesis and OLs-

genesis are particularly active in the brain. Triangles indicate the onset and peaks of 

the indicated developmental processes. Abbreviations: E, embryonic; P, postnatal; 

PCD, programmed cell death (Reemst et al., 2016). 
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Neuropathological studies indicate that many critical neuronal systems show 

increased vulnerability to HI injury in the immature brain (Koehler et al., 2018). The 

vulnerability of immature neurons relates particularly to enhanced density and 

function of excitatory amino acid (EEA) receptors and decreased buffering capacity 

to attack by ROS and reactive nitrogen (RNS) species (Volpe, 2008). For example, 

dopamine neurons of substantia nigra have been reported to be selectively 

sensitive to hypoxic conditions and oxidative stress, dying by apoptotic caspase-

dependent and independent mechanisms (Morales et al., 2008; Edwards and 

Mehmet, 2008, Perez-Lobos et al., 2017).  

 

Although the pathophysiology of neuronal death following PA has been extensively 

studied, there is less attention on glial cells, specifically on OLs.  

 

Oligodendroglial lineage  

 

In the CNS, mature OLs are the cells forming myelin, consisting of oligodendroglial 

plasma membrane loops tightly woven concentrically around the axons (see Miron 

et al., 2011), allowing the fast saltatory conduction of action potential. In addition to 

insulation, OLs play a role in growth, stability and axonal maintenance (Wilkins et 

al., 2003; see Simons and Nave, 2015) by secreting various trophic factors (Dai et 

al., 2003), participating in the establishment and consolidation of neuronal 

networks, suggesting that these cells play important roles during brain 

development, before myelination is established (Doretto et al., 2011). Thus, 

oligodendroglial injury and myelination deficiency disrupt CNS development, 

interfering with axonal function, neuronal survival and neurocircuitry consolidation, 

leading to motor, sensory and cognitive deficits, depending upon the affected 

systems (Guardia et al., 2010). 

 

Based on the expression of stage-specific surface antigens and morphology, OLs 

have been classified as: (i) OLs precursor cells (OPC); (ii) pre-OLs; (iii) immature 



23 

 

OLs, and (iv) mature myelinating OLs (Szuchet et al., 2011; see Barateiro and 

Fernandes, 2014) (see Fig. 3).  

 

 

 

 

Figure 3. Progression steps of oligodendroglial lineage toward mature OLs. 

Four principal stages are identifiable according to their increasingly complex 

morphology (the figure represents in vitro morphology), and their ability to 

proliferate, migrate, differentiate and myelinate. Each stage is uniquely defined by 

the expression pattern of well-defined marker genes or antibodies. A2B5, O4 and 

O1 refer to rodent monoclonal antibodies. Olig2 and Sox10 are genes that are 

highly enriched in premyelinating OLs. Olig2 is also expressed at later stage in the 

OL lineage. NG2 indicates chondroitin sulfate proteoglycan; PDGFR-α, platelet-

derived growth factor; CNPase, 2′,3′-cyclic nucleotide 3′-phosphodiesterase; MAG, 

myelin associated glycoprotein; GalC, galactocerebroside C; MOG, myelin 

oligodendrocyte glycoprotein; PLP, proteolipid protein; MBP, myelin basic protein. 

(Adapted from Barateiro et al., 2014). 
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The end point of the oligodendroglial linage is the formation of myelin, implying 

differentiation and maturation, starting with neural stem cells originating from 

subventricular zone (SVZ), leading to OPCs, which preserve their ability to migrate, 

proliferate and differentiate into a multipolar, mitotically active pre-OLs, progressing 

to their final stage, i.e. myelinating OLs (see van Tilborg et al., 2018), and once 

their processes contact axons they start to produce large amounts of myelin and 

myelin associated proteins (see Emery, 2010). 

 

OPCs migrate to both grey and white matter areas, undergoing rapid differentiation 

into mature OLs. At the second postnatal day (P), rodents express pre-OLs, while 

proper myelination starts only at the first week (Dean et al., 2011).  

During maturation, OLs lose their ability to migrate and proliferate (see Barateiro 

and Fernandes, 2014), changing their morphology, increasing the complexity and 

the number of processes that wrap around axons and form membrane sheaths of 

myelin, typical of mature OLs (de Castro and Bribián, 2005).  

 

Myelination  

 

Each step in the oligodendroglial lineage development is precisely regulated by 

intrinsic and extrinsic factors, ensuring a correct myelination at the right location 

and at the right time (Kessaris et al., 2006), implying proper formation of myelin 

sheaths, consisting of lipids, in particular, cholesterol and galactolipids 

galactosylceramide and sulfatide (see Baumann and Pham-Dinh, 2001; see Baron 

and Hoekstra, 2010), and of several proteins, including proteolipid protein (PLP) 

and myelin basic proteins (MBP; Boggs, 2006).  

 

MBP, one of the main protein components of myelin, constitutes over 30% of the 

total protein content of the CNS (see Boggs, 2006). MBP is the only structural 

protein found, so far, to be essential for formation of myelin, presumably because 

of its role for myelin membrane compaction (see Ozgen et al., 2016), and for 
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maintaining the correct structure of myelin, interacting with the lipids of the 

membrane (Inouye et al., 1991).  

 

Regulation of myelination is a multifactorial process. Intrinsic and extrinsic cues 

such as, secreted and contact-mediated factors, protein kinases and phosphatase 

signalling, extracellular matrix and cytoskeletal reorganization molecules, and 

transcription factors, control myelination at epigenetic, transcriptional and 

translational level (Bercury and Macklin, 2015).  

 

Basic helix–loop–helix transcription factors Olig-1 and Olig-2 are co-ordinately 

expressed along development (see Meijer et al., 2012) and are involved in the 

modulation of OLs function under physiological and pathological conditions (see 

Ligon et al., 2006). Specifically, Olig-1 factor is involved in repair of demyelinated 

lesions, stimulating OLs maturation, while Olig-2 directs the process toward OLs 

differentiation (Labombarda et el., 2009). Any interruption of their normal biological 

programmes would result in aberrant myelination (see Singh et al., 2018). 

 

Although myelination is primarily driven by different lineages of OLs, other 

glial cells contribute also to myelination of the developing brain under homeostatic 

conditions. 

 

Role of astrocytes in myelination 

 

Astrocytes play a pivotal role for myelination of the developing CNS, although it is 

relatively less explored how is that performed. Several studies suggest that 

astrocytes provide an adequate environment for oligodendroglial lineage 

differentiation (Zhang et al., 2016). Astrocytes support OLs function, since they are 

the main producers of platelet-derived growth factor (PDGF) and basic fibroblast 

growth factor (FGF2), both potent mitogens for OPCs and inhibitors of premature 

OLs differentiation, consequently regulating the timing of myelination (McKinnon et 

al., 2005). In vivo and in vitro studies suggest that other soluble factors secreted by 
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astrocytes, such as leukaemia inhibitory factor-like protein (LIF), brain derived 

neurotrophic factor (BDNF), gamma-secretase, ciliary neurotrophic factors (CNTF), 

insulin like growth factor-1 (IGF-1), neurotrophin-3 (NT3) and osteopontin have 

been implicated for enhancing axonal myelination in developing brain. 

 

Like OLs, astrocytes also synthesize and secrete lipids that contribute to formation 

of myelin, by modulating cholesterol and fatty acid metabolism via sterol regulatory 

element binding proteins (SREBPs) and SREBP cleavage-activating protein 

(SCAP) (Camargo et al., 2017). These authors reported that when lipid synthesis 

was inactivated in either OLs or astrocytes, myelin synthesis was reduced, and 

when inactivated in both cell types, myelin synthesis was almost absent. Therefore, 

extracellular lipids provided by astrocytes contribute to myelination by OLs during 

normal brain development. 

 

Physical cell-contact between astrocytes and OLs, by laminin/α6β1 integrin 

interaction-dependent mechanism (Corley et al., 2001), can facilitate survival and 

maturation of OLs (Orthmann-Murphy et al., 2007). Astrocytes and OLs also 

establish heterotypic gap junction coupling. Tress et al. (2012) reported that 

elimination of these gap junctions in mice resulted in death of OLs and delayed 

myelination, revealing a role for connexins and glial physical connection for myelin 

maintenance (Tress et al., 2012). 

 

Astrocyte proximity to OLs, in a contact-independent manner, induces profound 

changes in the levels of several myelin-related genes (Iacobas and Iacobas, 2010). 

Nash et al. (2011) reported that activated astrocytes increased myelination, while 

quiescent astrocytes reduced myelinated fibres. This can be attributed to astrocyte 

morphological changes affecting the physical contact between astrocytes and OLs. 
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Role of microglia in myelination 

 

The role of microglia on myelination of developing CNS is even less explored 

than that of astrocytes. Several reports show that under both non-activated and 

activated status, microglia may promote survival, differentiation and maturation of 

OPC (Miron et al., 2013). For example, non-activated microglia produce soluble 

factors that induce activation of the PDGF-α-receptor signalling pathway (Nicholas 

et al., 2001). The same authors reported that insulin-like growth factor-2 (IGF-2)- 

receptor signalling pathway promoted oligodendroglial survival, present in 

conditioned media of both non-activated and interferon gamma (IFNγ)-exposed 

microglia (Nicholas et al., 2001). 

 

Also, In vitro studies have shown that microglia can stimulate the synthesis of 

sulfatide, MBP and PLP in OLs, suggesting a stimulatory role for microglia during 

myelinogenesis (Hamilton and Rome, 1994; Pang et al., 2013). 

 

Perinatal asphyxia, oligodendrocyte and myelination deficits 

 

OPCs and OLs are highly susceptible to metabolic insults (see Fig. 4), because of 

their neurochemical features (e.g. low antioxidant glutathione, high intracellular iron 

stores, high production of hydrogen peroxide (H2O2), expression of AMPA (α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors lacking GluR2 

subunits), complex differentiation programs, as well as high metabolic rate and 

ATP requirement for the synthesis of large amounts of myelin (see McTigue and 

Tripathi, 2008; see Benarroch, 2009; see Bradl and Lassmann, 2010). Renewal of 

OLs and myelin continues throughout adult life (Dimou et al, 2008; Young et al, 

2013), and myelination in adult CNS maintains its plasticity to respond to brain 

injury (Nait Oumesmar et al., 2008).  
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Figure 4. Proposed mechanisms of OLs vulnerability. Reversal of the excitatory 

amino acid transporters (EAAT) may lead to glutamate release from both OLs and 

axons under energy failure conditions. OLs are susceptible to injury triggered by 

excessive activation of calcium (Ca2+)-permeable AMPA, kainate, and NMDA 

glutamate receptors.  Furthermore, the over-activation of adenosine triphosphate 

(ATP)–activated P2x7 receptors produces accumulation of cytosolic Ca2+, inducing 

oxidative stress and apoptosis. (Adapted from Benarroch et al., 2009). 
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There is evidence indicating that OLs vulnerability depends upon their maturity 

stage. Pre-oligodendrocytes (preOLs) are particularly susceptible to metabolic 

insults occurring at birth (see Back and Volpe. 1997; Back et al., 2002a), affecting 

cerebral myelination at later ages (Ness et al., 2001). It has been reported that 

postnatal ischemia induces premature oligodendrogenesis and OPC migration to 

the site of damage, interfering, however, with OLs maturation (Bonestroo et al., 

2015), decreasing myelin production (Back et al., 2002a, b; Bonestroo et al., 2015; 

Ziemka-Nalecz et al., 2018).  Postnatal ischemia decreased the number of mature 

OLs, and myelination, impairing white matter integrity in the infarct area (Skoff et 

al. 2001; Bonestroo et al., 2015). In agreement, Kohlhauser et al. (2000) reported a 

long-term effect on myelination following PA, observing a patchy myelin 

aggregation in hippocampal fimbriae and cerebellum at adulthood. The mechanism 

by which PA affects white matter generation has not yet been established. 

 

The maximal vulnerability to PVL occurs at a period before the onset of active 

myelination (see Back and Volpe.1997), which in humans is around 

postconceptional week 28–32 (Back et al., 2001), equivalent to P2-5 in rats (Craig 

et al., 2003), when myelination starts, reaching a peak at the second and third 

postnatal weeks, continuing along adulthood, albeit at a lower rate (Doretto et al., 

2011). How the myelination process is performed by mature OLs is not yet fully 

understood (see Miron et al., 2011). A perinatal metabolic insult would result in 

white matter damage, implying hypomyelination, while a postnatal insult would lead 

to demyelination (see Vannucci et al., 1999), by failure of OPC to generate a new 

preOLs pool, or secondary to neuroaxonal degeneration (Dean et al., 2011). 

Therefore, we have attempted to elucidate here how that occurs during a 

developmental window equivalent to that of a preterm human baby, when preOLs 

phenotype predominates, the highest-risk period for white matter injury (Craig et 

al., 2003).  

 

Several reports indicate that neuroinflammation can increase proliferation of OPCs, 

producing long-lasting defects on oligodendroglial maturation and myelination, 
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probably by disruption of OLs transcription factors (see Volpe et al., 2011; Favrais 

et al., 2011). Specifically, interferon gamma (IFN-γ) (Horiuchi et al., 2006) and IL-6 

(Valerio et al., 2002) induce premature maturation of the OPC and aberrant 

myelination, thereby also contributing to demyelination. In addition, released 

proinflammatory cytokines (TNF-α, IL-1β, IL-6) from activated microglia and/or 

astrocytes following brain injury are also detrimental to the survival of OLs in vivo 

(Favrais et al., 2011, Bonestroo et al., 2015) and in vitro (Baerwald and Popko. 

1998; Molina-Holgado et al., 2001; Genc et al., 2006). For example, TNF-α can 

initiate apoptosis in mature OLs by action on TNF-1 receptors (Cammer, 2000; 

Deguchi et al., 1996; Jurewicz et al., 2005; Horiuchi et al., 2006). Inflammatory 

mediators may also damage OLs indirectly, via stimulation of free radical 

production by microglia and possibly also by astrocytes (see Bradl and Lassmann. 

2010). 

 

Therapeutic strategy: Mesenchymal stem cells (MSCs) 

 

PA is an important paediatric issue with few therapeutic alternatives. Only 

hypothermia has shown relevant effects but limited by a narrow therapeutic window 

(see Drury et al., 2014), still waiting for consensus on clinical protocols (see 

Ahearne et al., 2016). Recently, the use of MSCs was proposed as a promising 

therapeutic strategy to manage complex diseases (Ezquer et al., 2016), like 

hypoxic-ischemic encephalopathy (HIE), specifically PVL (see Janowska et al., 

2018).  

 

MSCs are defined as undifferentiated cells, capable of self-renewing, retaining 

differentiation potency into multi-lineages (see Saeedi et al., 2019). MSCs can be 

harvested from a wide range of tissue, including among other bone marrow, 

adipose tissues, deciduous teeth, synovium, periosteum, placenta and umbilical 

cord (de Girolamo et al., 2013). Adipose tissue stem cells are considered as a type 

of MSCs for stromal vascular fractions (SVF), which are isolated from fat tissue 

enzymatically (Chu et al., 2019). It has been demonstrated that all cells isolated 
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from adipose tissue, bone marrow and umbilical cord blood exhibit a similar 

fibroblastoid morphology, as fibroblast colony-forming (CFU-F) units, preserving 

multi-potential differentiation capability and expression of a typical set of surface 

proteins (Kern et al., 2006). However, adipose tissue is a source of a larger 

availability of MSCs (millions and billions of cells), allowing collection and 

harvesting by minimally invasive procedures, compared to those required for other 

sources. Therefore, adipose tissue-derived MSCs are candidates for novel cellular 

therapies (Chu et al., 2019).  

 

In order to unify the definition of the basic characteristics of these cells, the 

International Society for Cellular Therapy (ISCT; see Dominici et al., 2006) 

declared that MSCs would show: (1) plastic-adherence under standard culture 

conditions (a minimal essential medium plus 20% fetal bovine serum); (2) specific 

surface antigen expression, and (3) capacity to differentiate into osteoblasts, 

adipocytes and/or chondroblasts in vitro (see Table 1). Furthermore, MSCs are 

hardly immunogenic due to the lack of the major histocompatibility complex (MHC) 

class II expression and costimulatory proteins (e.g. CD80, CD86 and CD40) 

(Deans et al., 2000). 
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Table 1. Summary of criteria to identify MSCs (Adapted from Dominici et al., 

2006). 

 

MSCs can selectively migrate toward the site of injury, a process known as 

homing. It is driven by the expression of specific membrane receptors on MSCs, 

while ligands are produced by the damaged tissue, facilitating trafficking, adhesion, 

and infiltration of MSCs to the injured site. Saeedi et al.(2019) described the 

homing process, pointing out the following sequentially steps: (i) MSCs 

chemoattraction toward inflammation sites by chemotaxis, involving chemokines 

and cytokines accumulated in the injured area (for example: TNF-α, IL-1, IL-6, 

EGF, IGF, VEGF and PDGF); (ii) MSCs adhesion to the injured cells, involving 

adhesion molecules, such as selectins and integrins; (iii) MSCs infiltration of 

inflamed tissue, helped by some enzymes, such as MMPs (matrix 

metalloproteinase) and TIMPs (tissue inhibitors of matrix metalloproteinase). 

Finally, (iv) MSCs can sense the microenvironment, changing their pattern of 

secretion, according to the special requirements of the damaged tissue (Ezquer et 

al., 2016).  

 

 

 

 

 

1.- Adherence to plastic in standard culture conditions 

2.- Phenotype Positive (≥ 95%) 

CD105 

CD73 

CD90 

Negative (≤ 2%) 

CD45 

CD34 

CD14 or CD11b 

CD79α or CD19 

HLA-DR 

3.- In vitro differentiation Osteoblasts, adipocytes and chondroblasts 

(demonstrated by staining of in vitro cell culture) 
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Mesenchymal stem cells mechanisms of therapy 

 

Since MSCs display both anti-inflammatory and trophic properties, they have been 

proposed as therapeutic tools for a number of neuropathological conditions, 

including those affecting white matter (see Vaes et al., 2019).  

 

MSCs can modify their secretome in situ, releasing neurotrophic factors in a 

paracrine fashion (see Fig. 5), promoting endogenous repair and regeneration (van 

Velthoven et al., 2010a, b; see Drago et al., 2013), via anti-oxidant activity, 

proliferation of differentiated cells or activation of resident stem cells (see Saeedi et 

al., 2019).  

 

MSCs can also modulate adaptive and innate immune responses, which has been 

therapeutically exploited by several immune disorder models (Constantin et al., 

2009; Zappia et al., 2005). Immunomodulation is attributed to several cytokines 

and regulatory factors (see Fig.5), probably acting by inhibiting proliferation and 

function of immune cells (see Saeedi et al., 2019). In a pro-inflammatory 

microenvironment, MSCs are stimulated by cytokines, such as TNF-α and INF-γ 

(Sullivan et al. 2014), leading to the secretion of anti-inflammatory cytokines 

(Zhang et al., 2013).  

 

MSCs can induce several anti-apoptotic mechanisms, up-regulating DNA repair, 

and down-regulating mitochondrial death pathways, increasing antioxidant activity 

and altering the expression of anti- and pro-apoptotic proteins (see Saeedi et al., 

2019).  Several mediators are secreted by MSCs (see Fig. 5), including stromal 

cell-derived factor 1 (SDF-1), insulin like growth factor 1 (IGF-1), hypoxia inducible 

factor (HIF), vascular endothelial growth factor (VEGF) and Nuclear factor erythroid 

2-related factor 2 (Nrf2), which can down regulate pro-apoptotic proteins 

(Mohammadzadeh et al., 2012).  
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MSCs have also been associated to angiogenesis and neurogenesis by secretion 

of neuroprotective, angiogenic and vasculogenic factors (see Fig. 5) (Sun et al., 

2015; van Velthoven et al., 2010a; Wei et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Summary of proposed molecules supporting the therapeutic effects 

attributed to MSCs. EGF, epidermal growth factor; FGF, fibroblast growth factor; 

PDGF, platelet-derived growth factor; IGF, insulin like growth factor; SDF-1, 

stromal cell-derived factor 1; TGF, transforming growth factor; TNF-α, tumour 

necrosis factor α; IFNγ, interferon-γ; IL, interleukins; PGE2, prostaglandin E2; IDO, 

indoleamine 2,3-dioxygenase; NO, nitric oxide; VEGF, vascular endothelial growth 

factor; HGF, hepatocyte growth factor; GM-CSF, granulocyte-macrophage colony-

stimulating factor; PIGF, placental-derived growth factor; Ang, Angiopoietin; MCP, 

monocyte chemoattractant protein. 
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Mesenchymal stem cells in neonatal pathologies: focus on white matter  

 

MSCs have been proposed as a tool for treating neonatal CNS diseases, since 

they can secrete neurotrophic factors or differentiate into neuronal or glial cells 

(see Janowska et al., 2018). van Velthoven et al. (2011), suggesting that MSCs 

secretome promotes multiple gene expression, involving growth factors and 

cytokines, pivotal for cerebral cell survival, proliferation and differentiation in 

response to a hypoxic milieu. 

 

Donega et al. (2014) showed that following HI injury in mouse at P9, MSCs 

decreased lesion size, improved the functional outcome and reduced scar 

formation, by stimulating endogenous neurogenesis and lesion repair by secretion 

of neurotrophic factors. The administration MSCs resulted in nerve fibre 

remyelination and axonal regeneration, diminished loss of white and grey matter, 

improved sensorimotor function and improved long‐term neurological recovery 

(Donega et al.,  2013; Donega et al., 2015; Liu et al., 2010; Moran et al., 2017). 

van Velthoven et al. (2010a, b) and Wei et al. (2015) showed that administration of 

hypoxia-preconditioned MSCs promoted angiogenesis, boosted neurogenesis, 

oligodendrogenesis, enhancing myelination and reduced white matter loss.  

 

Multiple studies reported reduction of postnatal ischemia-induced cerebral 

inflammation by MSCs treatment. In a pro-inflammatory microenvironment, MSCs 

are stimulated by cytokines, such as TNF-α and INF-γ (Sullivan et al., 2014), 

leading to secretion of anti-inflammatory cytokines (e.g. IL-10, IL-13) (Zhang et al., 

2013). It has been shown that MSCs treatment decreases the expression of pro-

inflammatory molecules, such as IL-1β and IL-6 (Sun et al., 2015; Wei et al., 2015; 

seen Orihuela et al., 2016;), and the number of activated astrocytes and microglial 

cells, suggesting immunomodulation (Sheikh et al., 2011; Donega et al., 2014; Wei 

et al., 2015). Also, MSC treatment, given within the first 10 days after injury, 

prevents apoptosis (Bonestroo et al., 2015; Donega et al., 2013). 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516966/#CD013202-bbs2-0025
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516966/#CD013202-bbs2-0026
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516966/#CD013202-bbs2-0065
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516966/#CD013202-bbs2-0073
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516966/#CD013202-bbs2-0010
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6516966/#CD013202-bbs2-0025


36 

 

In the present study, we investigated whether there is a sustained myelin deficit 

and OLs injury induced by PA up to P14, a critical postnatal period characterised 

by a spur of neuronal networking (Voorn et al., 1988; see Vitalis et al., 2005; see 

Herrera-Marschitz et al., 2011, 2014), evaluating the effect of neonatal MSCs 

treatment.  

 

 

 

 

 

Figure 6. Research proposal. PA induces regionally differential changes on 

myelination, oligodendroglial lineage and viability of mature OLs. 

Neuroinflammation is one of the mechanisms inducing damage in the 

oligodendroglial linage. The study evaluated whether these effects can be 

prevented by intracerebral MSCs treatment. 
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II. HYPOTHESIS: 

 

PA induce regionally a differential change on myelination, mature OLs, cell death 

and neuroinflammation that is prevented by intracerebroventricular (icv) 

administration of MSCs. 

 

IV. GENERAL OBJECTIVE: 

 

(1) To determine the short and long-term effects of PA on myelination, OLs 

maturity, neuroinflammation and cell death, monitored in telencephalic and 

hippocampal white matter of rats. 

 

(2) To evaluate the effect of MSCs treatment on changes induced by PA. 

 
 

V. SPECIFIC OBJECTIVES: 

 

1. To determine the effect of PA on myelination, mature OLs and oligodendroglial 

death by immunofluorescence (IF), reverse transcription polymerase chain 

reaction (RT-PCR) and TUNEL in telencephalon and hippocampus of rat 

neonates at postnatal day (P)1, P7 and P14. 

 

2. To determine the effect of PA on neuroinflammation, focusing on microgliosis, 

astrogliosis, and expression of pro-inflammatory cytokines by IF, RT-PCR and 

ELISA in telencephalon and hippocampus of rat neonates at P1, P7 and P14. 

 
3. To isolate and characterise MSCs treatment according to: 

 
3.1  Their adipogenic, osteogenic and chondrogenic potential by Oil Red O, 

Alizarin Red and Safranin O staining respectively.  

3.2  Immuno-phenotypification of MSCs according to their putative murine 

MSCs markers and hematopoietic cell lineages markers by flow cytometry 
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4. To determine the short and long-term effects of MSCs treatment on functional 

parameters (by Apgar, open field assays), myelination, mature OLs and cell 

death (by IF) in telencephalon of rat neonates at P7.  
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VI. MATERIALS AND METHODS  

 

1.Animals 

 

Wistar rats from the animal station of the Molecular & Clinical Pharmacology 

Programme, ICBM, Faculty of Medicine, University of Chile, Santiago, Chile, were 

used along the experiments. The animals were kept at a temperature- and 

humidity-controlled environment with a 12/12 h light/dark cycle, with access to 

water and food ad libitum when not used in the experiments, monitoring 

permanently the well-being of the animals by qualified personnel. 

 

2.Ethic Statement 

 

All procedures were conducted in accordance with the animal care and use 

protocols established by a Local Ethics Committee for experimentation with 

laboratory animals at the Medical Faculty, University of Chile (Protocol CBA#0943 

FMUCH) and by an ad-hoc commission of the Chilean Council for Science and 

Technology Research (CONICYT), endorsing the principles of laboratory animal 

care (NIH; N° 86-23; revised 1985). Animals were permanently monitored (on 24 h 

basis) regarding wellbeing, following the ARRIVE guidelines for reporting animal 

studies (www.nc3rs.org.uk/ARRIVE). 

 

3. Global PA model 

 

Pregnant Wistar rats within the last day of gestation (G22) were euthanized and 

hysterectomised. Two or three pups per dam were removed immediately and used 

as non-asphyxiated caesarean-delivered controls (CS). The remaining foetuses-

containing uterine horns were immersed into a water bath at 37°C for 21 min 

(asphyxia-exposed rats, AS). Following asphyxia, the uterine horns were incised, 

and the pups removed, stimulated to breathe and evaluated with an Apgar scale 

for rats after an approximately 40 min observation period on a warming pad, 

http://www.nc3rs.org.uk/ARRIVE


40 

 

according to Dell’Anna et al. (1997), and nurtured by a surrogate dam (see Fig. 7). 

The physiological parameters were also monitored up to P14, comparing the same 

CS and AS cohorts.        

 

 

 

 

 

Figure 7. Model of global PA. Pregnant Wistar rats at gestation day 22 (G22) 

were euthanized and hysterectomised. Two or three pups were removed 

immediately, corresponding to caesarean-delivered controls (CS), and remaining 

foetuses were immersed into a water bath at 37°C for 21 min (AS) inducing severe 

asphyxia. Following asphyxia, pups were removed from the uterine horns, 

stimulated to breathe and after 40 min evaluated by an Apgar scale adapted for 

rats, thereafter, the neonates were given to surrogate dams, pending further 

experimental procedures (Bielke et al. 1991; Andersson et al. 1992; Herrera-

Marschitz et al.1993). 
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4.Open field testing  
 
 

Locomotor activity (P1 to P14) was evaluated by an open field test. Exploratory 

behaviour was examined in a square arena with a dimension of 21 × 29 cm, with a 

continuous wall of 15 cm high, lightened by one incandescent light bulb, placed in 

a noise-free room. The top of the arena is open to the ambient and the square 

arena has a white coloured background. A camera placed 10 cm over the arena 

and connected to a CPU was used to record the rat performance. Each animal was 

placed in the centre of the arena free to explore for 2 min, during which the 

behaviour of rats was continuously observed. The data processing algorithms were 

developed using an automated video-tracking Matlab routine (Mathworks, Inc, 

USA).   

 

The following parameters were monitored: (i) total travelled distance (cm); (ii) total 

moving time (%; with respect to the total monitoring time); and (iii) total time spent 

in the central zone of the open-field (s). 

 

5.Isolation and ex vivo expansion of rat adipose tissue-derived Mesenchymal 

stem cells  

 

Wistar female rats (220-250 g) were anesthetised and euthanized. For isolation of 

MSCs, dorsal subcutaneous fat was dissected, washed with phosphate-buffered 

saline (PBS) and cut into small pieces. Tissue was digested with 1 mg/mL 

collagenase type II (Gibco, Grand Island, NY, USA) in PBS, incubated under 

agitation at 37°C for 90 min. At the end of digestion, 10% foetal bovine serum 

(FBS; Gibco, Auckland, New Zealand) was added to neutralize collagenases. The 

mixture was centrifuged at 400 g for 10 minutes to remove floating adipocytes. 

Pellets were re-suspended in alpha-minimum essential medium (α-MEM; Gibco), 

supplemented with 10% FBS and 0.16 mg/mL gentamicin (referred to as α-10 

medium), plated at a density of 7.000 cells/cm2. Cells were cultured at 37°C in a 

5% CO2 atmosphere. When foci reached 80% confluence, cells were detached 
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with 0.25% trypsin (Sigma-Aldrich, St. Louis, MO, USA), centrifuged and sub-

cultured at 7 x 103 cells/cm2. The cells were frozen at -80 °C in a cryopreservation 

medium, pending further experiments. 

 

6.Characterization of Mesenchymal stem cells 

 

After 2 subcultures, adherent cells were characterized according to their 

adipogenic, osteogenic and chondrogenic potential. The cells were incubated with 

standard adipogenic (1 μM dexamethasone and 10 μM rosiglitazone for 14 days), 

osteogenic (0.1 μM dexamethasone, 50 μg/ml L-Ascorbate 2-phosphate and 10 

mM b-glycerol phosphate for 21 days) and chondrogenic differentiation media (0.1 

μM dexamethasone, 0.1 μg/ml L-Ascorbate 2-phosphate, 0.5 UI/mL insulin and 10 

ng/ml transforming growth factor beta-3 for 10 days), as previously described 

(Ezquer et al., 2015, 2016). To evaluate the adipogenic potential, cultures were 

stained with 60% Oil Red O for 1 hour (Sigma-Aldrich).  

 

To evaluate the osteogenic potential, cultures were fixed with 70% ethanol for 30 

minutes and stained with 40 mM Alizarin Red (Sigma-Aldrich) for 10 min. To 

evaluate the chondrogenic potential, cultures were fixed with 70% ethanol for 10 

minutes and stained with 0.1% Safranin O (Sigma-Aldrich) for 5 minutes. Once 

washed, cells were observed and photographed by light microscope (ECLIPSE 

TS100. Nikon, Japan). Immunophenotyping was performed by flow cytometric 

analysis after immunostaining with monoclonal antibodies against the putative 

murine MSCs markers CD-29 (FITC-conjugated) and CD-90 (PE-conjugated), or 

characterised for markers of hematopoietic cell lineages, CD-45 (APC-conjugated) 

and CD-11b (APC-conjugated). All antibodies were purchased from BD 

Biosciences (San Diego, CA, USA). 
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7.Administration of Mesenchymal stem cells 

 

Two hours after PA, neonates were randomly assigned to three experimental 

conditions (including CS and AS animals for each condition): (i) a basal condition; 

(ii) a single intracerebroventricular (icv) administration of vehicle (5 µl of 10% rat 

plasma in saline); or (iii) a single icv administration of MSCs (5 µl of 5 x 104 cells) 

(see Fig. 8). The icv treatment was performed under cryoanaesthesia with a 

cannula implanted 1 mm lateral to Bregma, 2 mm deep under the scalp, injecting 

slowly with a 50-μl Hamilton syringe and a properly prepared injection cannula (0.6 

mm of diameter, with a sharped tip less than 0.2 mm of diameter), connected with 

a dialysis tubing, kept manually in place for 2 min after the injection was performed. 

The neonates were continuously observed until given to a surrogate dam. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. A schematic diagram of the experimental design. The effect of PA on 

CNS myelination and neuroinflammation was evaluated in vivo, focusing on (A) 

telencephalon (external capsule, ec; corpus callosum, cc; cingulum, cg), and (B) 
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fimbriae of hippocampus (fb) at P1, P7 and P14 in AS and CS rat neonates. At P7, 

the effect of PA on glial cells and viability was also evaluated. Rat adipose tissue-

derived MSCs were intracerebroventricular (icv) administered 2 hours after the 

insult. 

 

8.Tissue sampling for immunofluorescence (IF) 

 

Sampling and preparation of brain tissue for IF was performed according to 

Morales et al. (2008). Briefly, rats at P1, P7 and P14 were anesthetised and 

perfused intracardially with 0.1M PBS (pH 7.4), followed by a formalin solution (4% 

paraformaldehyde in 0.1M PBS, pH 7.4). The brain was removed from the skull, 

post-fixed in the same fixative solution overnight at 4°C and immersed in 10% 

sucrose containing 0.1 M PBS for 2 days and subsequently in 30% sucrose at 4°C 

for 2 days. Coronal sections (20 μm thick) of the telencephalon (between Bregma 

1.20 and 0.60 mm at P1; at 0.60 and 0.20 mm at P7;  -0.40 mm and -0.20 mm at 

P14) and hippocampi (between Bregma -0.40 and -1.00 mm at P1; -1.40 and -2.00 

mm at P7;  -1.60 and -2.40 mm at P14; https://www.ial-developmental-

neurobiology.com/en/publications/collection-of-atlases-of-the-rat-brain-in-

stereotaxic-coordinates) were obtained using a cryostat (Thermo Scientific Microm 

HM 525) (see Fig. 8)  and processed for IF against myelinated fibers and mature 

OLs (MBP), astrocytes (GFAP) and microglial (Iba-1) phenotypes. 

 

9.Antibodies 

 

Primary antibodies (see Table 2): (i) anti-MBP (as marker for myelinated fibres 

and mature OLs phenotype, incubated in blocking solution containing 1% bovine 

serum albumin (BSA), 5% normal goat serum (NGS) and 0.3% Triton X 100); (ii) 

anti-glial fibrillary acidic protein (GFAP, as a marker for astrocyte, incubated in 

blocking solution containing 10% NGS and 0.3% Triton X 100); and (iii) anti-

ionized calcium binding adaptor molecule 1 (Iba-1, as a microglial marker, 

incubated in blocking solution containing 1% BSA, 10% NGS and 0.3% Triton X 

https://www.ial-developmental-neurobiology.com/en/publications/collection-of-atlases-of-the-rat-brain-in-stereotaxic-coordinates
https://www.ial-developmental-neurobiology.com/en/publications/collection-of-atlases-of-the-rat-brain-in-stereotaxic-coordinates
https://www.ial-developmental-neurobiology.com/en/publications/collection-of-atlases-of-the-rat-brain-in-stereotaxic-coordinates


45 

 

100).  

 

Secondary antibodies (see Table 2): (i) anti-chicken-Alexa594 (incubated in 

blocking solution containing 1% NGS); (ii) anti-mouse-Alexa488 (incubated in 

blocking solution containing 0.3% Triton X100); and (iii) anti-rabbit-Alexa488 

(incubated in blocking solution containing 1% NGS). 

IF: Coronal sections were rinsed with 0.1M PBS and treated with blocking 

solutions for 1 h, incubated with primary antibodies against glial cell phenotype 

(MBP, GFAP or Iba-1) in blocking solution overnight at 4°C in darkness. After 

repeated rinsing with 0.1M PBS, samples were incubated with the 

corresponding secondary antibodies and counterstained with 4,6 diamino-2-

phenylindol (DAPI, Invitrogen 0.02 M; 0.0125 mg/ml; for nuclear labelling) for 2 

h. After rinsed, the samples were mounted with Fluoromount and examined by 

confocal microscopy (Olympus-fv10i, Center Valley, PA, USA). 

 

Table 2. Primary and secondary antibodies. The information includes 

manufacturers (including catalogue number), host, class (monoclonal or 

polyclonal), type (primary or secondary), and standardized dilution. 

 

Antibod

y 

Manufac-

turers 

Host Class Type Dilutions 

anti-MBP  
 

Aves Labs; 
#MBP  

Chicken Monoclonal Primary 1 : 750 

anti-GFAP  
 

Sigma 
Aldrich; 
#3893  

Mouse Monoclonal Primary 1 : 500 

anti-Iba-1  
 

Wako #019-
19741  

Rabbit Monoclonal Primary 1 : 500 

anti-
chicken-
Alexa594  

Invitrogen; 
#A-11042  

Goat Polyclonal Secondary 1 : 400 

anti-mouse-
Alexa594  

Invitrogen; 
#A-11001  

Goat Polyclonal Secondary 1 : 500 

anti-rabbit-
Alexa488  

Invitrogen; 
#A-11034  

Goat Polyclonal Secondary 1 : 500 
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10.TUNEL assay 

 

Preparation of brain tissue for TUNEL assay was performed according to Perez-

Lobos et al. (2017). Formalin-fixed coronal sections were stained with the ApoTag 

Peroxidase In Situ Apoptosis Detection Kit (Millipore, # 90418) according to 

manufacturer's instructions. Coronal sections were rinsed three time with 0.1M 

PBS, permeabilized with a solution containing 50% ethanol and 50% acetic acid for 

5 min at 20°C and treated with 3% H2O2 in methanol for 10 min for endogenous 

peroxidase quenching. Then, the sections were washed with a commercial solution 

provided by the manufacturer of the TUNEL assay, to be incubated with TdT 

Enzyme at 37°C during 80 min. The reaction was stopped with Stop Wash Buffer 

and incubated with a Ready-to-Use-anti-digoxigenin HRP-conjugated antibody. 

After rinsing, the samples were incubated with 488 conjugated tyramide (1:100 

diluted in 0.1M PBS), as substrate for HRP enzyme, at room temperature for 10 

min and then rinsed with 0.1M PBS. 

 

11.Image processing and stereological analysis 

 

The following parameters were monitored: (i) myelination, for which a fixed 

intensity threshold for each area was defined, calculating the ratio of positive 

stained pixels for MBP, over the total pixel number, as previously described 

(Monin et al., 2015); (ii) number of MBP positive cells/mm3, counterstaining for 

DAPI (nuclear staining) in all cases; (iii) number of GFAP-DAPI positive 

cells/mm3; (iv) number of Iba-1-DAPI positive cells/mm3; (v) TUNEL positive 

cell/mm3, for quantification of apoptotic-like DNA fragmentation; and (vi) TUNEL-

MBP-DAPI positive cells/mm3. 

 

Microphotographs were taken from highly myelinated areas of telencephalon 

and hippocampus, including both hemispheres, focusing on: (i) external capsule 

(10 fields); (ii) corpus callosum (5 fields); (iii) cingulated gyrus (2 fields); and (iv) 

fimbriae of hippocampus (see Fig. 8), with an Olympus confocal FV10i 
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microscope using 60x objective lens (NA1.30). The area inspected for each 

stack was 0.04 mm2. The thickness (Z-axis) was measured for each case. The 

number of positive stained cells for each marker; expressed as cells/mm3 in 

samples from CS and AS, was counted using ImageJ software, confirmed by 

proper DAPI labelling. MBP, GFAP and Iba-1 positive cells were counted 

manually when immunoreactivity overlapped at three levels through a section 

(Z-step 1 µm). An investigator blinded to the treatment made the respective 

quantifications for all parameters. 

 

12.RT-qPCR and Enzyme-Linked Assay (ELISA) 

 

Tissue sampling  

The animals were euthanized at P1, P7 or P14 by decapitation. The brain was 

quickly removed for dissecting out telencephalon and hippocampus. Dissection 

was performed on ice, using a newborn rat brain slicer (Zivic Instruments 

Pittsburgh, PA 15237 USA). The samples were stored at -80°C pending further 

experiments.  

 

Homogenization of tissue, extraction, and quantification of RNA for RT-qPCR 

Telencephalon samples at P1, 7 and 14 were homogenized with a Cordless Pellet 

Pestle homogenizer (Kimble Chase). Total RNA was purified using TRIzol reagent 

(Invitrogen, USA). The concentration and purity of total RNA was determined for 

optical density 260/280 absorption ratios. RNA integrity was evaluated by 

denaturing gel electrophoresis. One microgram of total RNA was used to perform 

reverse transcription with MMLV reverse transcriptase (Invitrogen) and oligo dT 

primers. RT-qPCR reactions were performed to amplify: (i) Oligodendrocyte 

transcription factors Olig-1 and Olig-2; (ii) myelin basic proteins MBP, and (iii) the 

inflammatory cytokines IL-1β, IL-6, TNF-α and COX-2, using a Light-Cycler 1.5 

thermocycler (Roche, Indianapolis, IN). RT-qPCR was performed using 2X Brilliant 

III SYBR® Green QPCR Master Mix (Agilent Technologies, USA) in a MX3000 

system (Stratagene, La Jolla, CA, USA). Primer sequences used for amplification 
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are indicated in table 3. β-Actin was chosen as housekeeping gene based on the 

similarity of mRNA expression across all sample templates. Relative quantification 

was performed by the ΔΔCT method. 

 

Table 3. Specific primers for RT-qPCR amplification.  

 

Genes Primer Forwards Primer Reverse Amplicon 

size 

MBP AGTCGCAGAGGACCCAA
GAT  

GACAGGCCTCTCCCCT
TTC  
 

103 bp 

Olig-1 GCCCAGGCCACGAGTAC
AAA  

TCCACTCCGAAACCCAA
CGA  

121 bp 

Olig-2 GAAATGGAATAATCCCGA
ACTACT  

CCCCTCCCAAATAACTC
AAAC  

232 bp 

Cox-2 GTTTGGAACAGTCGCTCG

TCATC 

TGTATGCTACCATCTGG
CTTCGG 

94 bp 

TNF-α AAATGGGCTCCCTCTCAT

CAGTTC 

TCTGCTTGGTGGTTTGC
TACGAC 

111 bp 

IL-1β CACCTCTCAAGCAGAGCA

CAG 

GGGTTCCATGGTGAAG

TCAAC 

79 bp 

IL-6 TCCTACCCCAACTTCCAA

TGCTC 

TTGGATGGTCTTGGTCC
TTAGCC 

79 bp 

β-actin AAGTCCCTCACCCTCCCA

AAAG 

AAGCAATGCTGTCACCT

TCCC 

97 bp 

 

 

Homogenization of tissue and protein quantification for ELISA 

Telencephalon obtained at P7 was lysed and homogenized with a Cordless Pellet 

Pestle homogenizer (Kimble Chase) in RIPA lysis buffer (Thermo, Waltham, MA), 

supplemented with protease inhibitors (Thermo, Waltham, MA). The lysates were 

incubated under agitation at 4°C for 20 min, centrifuged at 8,000 g, 4°C, for 5 min. 

The supernatant was transferred to fresh Eppendorf tubes, and stored at -80°C, 

pending further experiments. 
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Total protein concentration was determined by a commercially available Microplate 

Bicinchoninic acid (BCA) protein assay kit-reducing agent compatible from Pierce 

(Thermo Fisher Scientific). Absorbance was measured at 562 nm in a Multi-Mode 

Microplate Reader (Synergy HT Biotek Instruments, Inc., Winooski, VT, USA).  

Quantification of IL-6 protein levels was performed by a Rat IL-6 ELISA kit 

(BMS625; Invitrogen) following manufacturer’s instructions. Briefly, 50 μL of 

standard, control or sample was added into microplates coated with a monoclonal 

antibody against IL-6 and incubated with a biotin-conjugated anti-rat IL-6 antibody 

for 2 h at room temperature in shaker at 400 rpm. Plates were washed and 

incubated with 100 μL of Streptavidin conjugated with horseradish peroxidase 

(HRP) for 1 h at room temperature in shaker at 400 rpm. The plates were rinsed 

and incubated with 100 μL of the substrate solution, containing hydrogen peroxide 

(H2O2) and tetramethylbenzidine as chromogen for 30 min at room temperature. 

The reaction was stopped and optical density was determined using a Multi-Mode 

Microplate Reader (Biotek® Instruments, Inc) set at 450 nm. The concentration of 

protein levels was calculated by interpolation from a standard curve for IL-6 (from 8 

standard dilutions: 31.3–4,000 pg/mL), using a five-parameter curve fit model 

(MyAssay software).  

 

13.Statistics  

 

Data analysis was performed with a XLSTAT software, version 2019. 16.0.11601 

(ADDINSOFT SARL, Paris, France). Parametric comparisons were performed by t-

test or two-way ANOVA followed by Benjamini-Hochberg correction as a post hoc 

test for multiple comparisons. All results are expressed as means ± standard error 

of the means (SEM). For statistically significant differences, the probability of error 

was set up to less than 5%. 
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VII. RESULTS 

 

Perinatal Asphyxia: Apgar Scale and postnatal evaluation 

 

Apgar scale. Table 4 shows the outcome of the insult. The physiological status was 

evaluated by an Apgar scale applied 40 min after delivery (the time of the uterine 

excision), comparing AS versus CS rat pups. The following parameters were also 

monitored at P1, P7 and P14 after delivery: (i) survival (yes/no, in % for the 

corresponding litter); (ii) body weight (g); (iii) presence of gasping (yes/no; in % for 

the corresponding litter); (iv) respiratory frequency (events/min); (v) skin colour 

(pink, P to blue, B); (vi) spontaneous movements (0–4; 0 = no movements; 4 = 

coordinated movements of forward and hind legs, as well as head and neck), and 

(vii) vocalisation (yes/no; in % for the corresponding litter). The rate of survival 

shown by AS neonates was ~60%, while it was 100% for CS neonates. Surviving 

pups showed decreased respiratory frequency (by ~50%, supported by forced 

gasping), decreased vocalization (by ~50%), blue (cyanotic) skin, rigidity and 

akinesia, indicating a severe insult.  

 

Postnatal evaluation (see Table 4). The animals were observed up to P14, 

monitoring reception by the surrogate dam.  When received by surrogate dams, no 

significant differences were observed on survival rate among AS and CS neonates. 

However, there were some signs of a sustained physiological deficit, mainly 

affecting respiratory parameters. AS neonates showed a decreased respiratory 

frequency along P1 (by~20%), P7 (by ~20%) and P14 (by ~14%). 
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Table 4. Apgar Scale and postnatal evaluation. Data is expressed as means ± 

SEM, whenever the parameters were monitored by continuous scales, or by % of 

the corresponding litter in cases of qualitative no continuous scales (n, number of 

pups; m, number of dams). The effect perinatal asphyxia (PA) (b) was evaluated 

on (i) survival (F(1, 45)= 7.701, P < 0.0001); (ii) body weight (F(6,322)= 119.283, P 

< 0.0001); (iii) gasping  (yes/no; in % for the corresponding litter) (F(4, 60) =4.746, 

P< 0.002); (iv) respiratory frequency (events/min) (F(4,178) = 107.689, P < 

0.0001); (v) colour of skin (% pink-blue P-B, blue-pink B-P, or blue B, colour skin 

(F(4, 45) =23.828, P < 0.0001); (vi) spontaneous movements  (0–4; 0 = no 

movements; 4 = coordinated movements of forward and hind legs, as well as head 

and neck)  (F(4, 138)= 98.523, P < 0.0001); (vii) vocalisation % (yes/no; in % for 

the corresponding litter) (F(4,70)= 10.440, P < 0.0001). (Benjamini-Hochberg as a 

post hoc test). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 (Bold). 
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Table 4. Apgar Scale and postnatal evaluation. 

 

  

A. CS (n=75; m = 20) 40 min P1 P7 P14 

Survival (%) 100 100 100 100 

Body weight (g) 6.07±0.08 6.60±0.09 14.86±0.93 
 

23.05±3.36 
 

Gasping (%) 1.053±1.05 0 0 0 

Respiratory 
frequency 
(events/min) 

74.29±1.36 81.33±3.77  
 

94.67±4.92  
 

100±5.59  
 

Skin colour (P%) 
 

98±1 
 

100 
 

100 
 

100 
 

Spontaneous 
Movements 
(4–0) 

3.74±0.07 4 4 4 

Vocalisations (%) 
 

98±1 100 100 100 

B. AS (n= 72; m= 20)     

Survival (%) 63±6 
(by ~40%)b**** 

100 
 

100 
 

100 
 

Body weight (g) 7.38 ± 0.64 7.73±0.91 13.90 ± 0.63 
 

16.54 ± 2.49 
 

Gasping (%) 36.76±10.51 
(> 35x)b**  

0 0 0 

Respiratory 
frequency 
(events/min) 

32.53±2.00 
(by ~55%)b****  

59.00±1.92  
 (by ~20%)b**** 

75.20±6.47  
 (by ~20%)b**** 

86.00±2.00   
 (by ~14%)b**** 

Skin colour (P%) 
 

0 
 

100 
 

100 
 

100 
 

Spontaneous 
Movements (4–0) 

0.50±0.10  
(by ~90%)b**** 

4 
 

4 
 

4 
 

Vocalisations (%) 44.72±10.55 
(by ~55%)b**** 

100 
 

100 
 

100 
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Motor impairment observed in AS-exposed versus CS rats  

 

The following parameters were monitored: (i) total travelled distance (cm); (ii) total 

moving time (%; with respect to the total monitoring time), both at P1-P14; and (iii) 

total time spent in the central zone of the open-field (s) at P14, for each 

experimental condition. 

 

Figure 9 shows the exploratory behaviour examined in a square arena (open field) 

at P1 to P14. At P1 and P7, the trunks of all rats remained in contact with the floor 

of the field during resting, as shown in Geisler et al. (1993). At P7 the pups 

remained in a prone position along the observation period, except after an 

accidental turn on the back. At P14, the neonates walked with a slow and 

tremulous pattern. At P7 and P14, total travelled distance (cm) was increased in  

both CS and AS conditions in all experimental group, compared to that 

corresponding to observed at P1, without any differences between CS and AS 

animals. There was a decrease in total travelled distance (cm) and in moving time 

in AS at only P1, compared to that observed in CS group (see Fig. 9A-9B). Figure 

9C shows that there were no significant differences between CS and AS groups at 

P14 respect to the time spent in the centre of the arena.  
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Figure 9. Motor behaviour monitored at P1 to P14: Effect of PA. The following 

parameters were monitored after delivery: (A) total travelled distance (cm); (B) total 

moving time (%; with respect to the total monitored time), both at P1 to P14; and 

(C) total time spend in the centrum of the arena, obtained from neonates after their 

eyes opened at P14. Data are as means ± S.E.M (from N=5 independent 

experiments). Unbalanced two-way ANOVA was used for testing the effect of PA 

and P on total travelled distance (F(3,38) = 9.377, P < 0.0001); and total moving time 

(F(4,37) = 4.395, P= 0.005). Benjamini-Hochberg was used as a post hoc test. 

Student's t –test was used for comparing the effect of PA on total time spent in the 

centrum of the arena at P14 (t= -0.749 df= 8, p= 0.476). *P < 0.05, **P < 0.01, ***P 

< 0.001 and ****P < 0.0001 (italics) vs. CS group. 
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Effect of neonatal development and PA on myelination in telencephalon 

(external capsule, corpus callosum, cingulum) and fimbriae of hippocampus 

at P1, P7 and P14.  

 

Figure 10 shows representative microphotographs obtained by confocal 

microscopy showing DAPI (nuclei, blue) and MBP fluorescence (labelling OLs 

and myelination, red) in external capsule (A), corpus callosum (B), cingulum (C) 

and fimbriae of hippocampus (D) of control (CS) and asphyxia-exposed (AS) 

neonates at P1, P7 and P14. A similar amount of DAPI positive nuclei was 

observed under all experimental conditions. No MBP was seen at P1, but MBP 

labelling was significantly increased at P7 (as OLs or myelin fibres), and at P14 

(mainly as compact packages of myelin), both in CS and AS neonates. The 

myelination progression was, however, different in the analysed regions. 

 

At P7, both OLs and myelin fibres were evident in external capsule, while at 

P14, OLs could not be seen any longer as independent structures, because of 

the dense amount of MBP positive fibres, both in CS and AS animals. In corpus 

callosum, OLs with long and branched processes were evident at P7, while at 

P14, as for external capsule, MBP positive fibres dominated over individual OLs. 

In cingulum, some OLs and myelin fibres could be seen, but MBP fibres also 

dominated at P14. In fimbriae of hippocampus few OLs could be seen at P7, but 

again MBP fibres dominated at P14.  
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Figure 10.  Effect of neonatal development and perinatal asphyxia (PA) on 

myelination at P1, P7 and P14, measured in external capsule (A); corpus 

callosum (B); cingulum (C) and fimbriae of hippocampus (D) of rat 

neonates. Representative microphotographs obtained by confocal microscopy 

showing myelin basic protein (MBP; red) and DAPI (blue; nuclei)-positive cells in 

external capsule (A); corpus callosum (B); cingulum (C); and fimbriae of 

hippocampus (D) from control (CS) and asphyxia-exposed (AS) rat neonates. 

Microphotographs show MBP, indicating both myelinated fibres and mature 

oligodendrocytes. Scale bar: 20 μm. At P1, no MBP immunoreactivity was 

observed in any of the analysed regions and the experimental conditions. The 

density of MBP increased significantly along development. At P7, the density of 

MBP fibres (white head arrows) was low, letting visualize individual mature 

oligodendrocyte (OLs) (white arrows). In corpus callosum and fimbriae of 

hippocampus some individual OLs can also be seen, showing long and 

branched processes. In AS, there was a decrease in the density of MBP in 

external capsule, corpus callosum and cingulum compared to that in CS. No 

differences could be seen in fimbriae of hippocampus at P7. At P14 a dense 

network of MBP fibres can be seen in all regions, but no independent OLs soma 

can be distinguished.  

 

Figure 11 shows the simultaneous quantification of the effect of PA on the 

number of DAPI (cells/mm3) and MBP positive pixels/total pixels in white matter 

of telencephalon (external capsule, corpus callosum, cingulum), and fimbriae of 

hippocampus from CS and AS rat neonates at P1, P7 and P14. No significant 

differences in DAPI positive cells/mm3 were observed among the different 

experimental conditions (Fig. 11A), quantifying around 30-40 x 104 cells/mm3 for 

each condition along development.  
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No MBP immunostaining could be quantified in any of the studied regions at P1, 

sampled from CS and AS-exposed rats, but yes at P7. MBP positive pixels 

were, however, decreased in external capsule (by ~50%), corpus callosum (by 

~60%) and cingulum (by ~70%) of AS, compared to that of CS animals. No 

differences were observed in fimbriae of hippocampus. At P14, the MBP 

immunostaining was remarkable increased, compared to that observed at P7, in 

CS animals by >2 X (external capsule >2 X; corpus callosum >10 X; cingulum 

>6 X, and fimbriae of hippocampus >25 X), reflecting a spur of myelination. In 

AS, that spur was even more remarkable, increased by >5 X (external capsule 

>5 X; corpus callosum >30 X; cingulum >20 X, and fimbriae of hippocampus 

>30X; Fig. 11B, see supplementary table 1). 
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Figure 11. Effect of neonatal development and perinatal asphyxia (PA) on 

myelination (MBP; pixels/total pixels) in telencephalon (external capsule, 

corpus callosum, cingulum and fimbriae of hippocampus) at P1, P7 and 

P14. Coronal sections of telencephalon were treated for immunohistochemistry 

against myelin basic protein (MBP), counterstained with DAPI. 

Microphotographs (two-five samples per brain region) were taken from external 

capsule, corpus callosum, cingulum and fimbriae of hippocampus, in the field of 

a confocal-inverted Olympus-fv10i microscope at 60x. The mean percentage of 

MBP immunopositive pixels over the total pixel number was estimated using 

ImageJ software. Data are shown as means ± S.E.M from at least N=5 

independent experiments. Unbalanced two-way ANOVA indicated a significant 

effect of postnatal days (neonatal development) on MBP (pixels/total pixels), 

increased in both CS (>2 X, external capsule; >10 X, corpus callosum; >6 X, 

cingulum, and >25 X in fimbriae of hippocampus) and AS (>5 X, external 

capsule; >30 X, corpus callosum; >20 X, cingulum, and >30 X in fimbriae of 

hippocampus) animals. At P7, MBP levels were decreased in external capsule, 

corpus callosum and cingulum of AS versus CS animals in external capsule (F(4, 

25)= 230.066, P < 0.0001); corpus callosum (F(4, 25)= 3669.906, P < 0.0001); 

cingulum (F(4, 25)= 2037.145, P < 0.0001), but not in fimbriae of hippocampus 

(F(4, 25)= 0.045, P = 0.833). Benjamini-Hochberg was used as a post hoc test. *P 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Bold). No statistically significant 

differences were observed in DAPI per mm3 in any of the evaluated regions. 
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Effect of neonatal development and Perinatal Asphyxia on MBP and 

Oligodendrocyte transcription factors (Olig-1 and Olig-2) mRNA levels 

evaluated in telencephalon by RT-qPCR at P1, P7 and P14 (Fig. 12). 

 

Gene transcripts were amplified by RT-qPCR, quantified by the ΔΔCT method, 

using β-actin as housekeeping gene, normalizing mRNA levels of each target 

genes to that observed in CS neonates at P1. Figure 12 shows fold/changes in 

mRNA levels, monitored in telencephalon of CS (A) and AS (B) rat neonates at P1, 

P7, and P14. 

 

MBP, Olig-1 and Olig-2 mRNA levels (see supplementary table 2A). 

 

As already shown by immunocytochemistry, the MBP mRNA levels increased 

along development in CS neonates, by 20 X at P7, and by >1000 X at P14. A 

similar increase was observed in AS neonates. Olig-1 and Olig-2 mRNA levels 

increased in telencephalon at P14 in CS, but only Olig-1 mRNA levels increased in 

AS neonates along development. Olig-1 mRNA levels were already increased at 

P7 in AS, compared to that in CS (>1.4 X; Fig. 12B-C). 
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Figure 12. Effect of neonatal development and PA on MBP and 

Oligodendrocyte Transcription Factor (Olig-1, Olig-2) mRNA expression in 

telencephalon at P1, P7 and P14, from control (CS) and asphyxia-exposed 

(AS) rats. Effect of PA on MBP, Olig-1 and Olig-2 mRNA (a.u.) expression was 

determined by quantitative RT-PCR analysis. Target genes were normalized by the 

housekeeping (β-actin) and expressed as fold/change for each experimental group, 

compared to that evaluated at CS-P1. Data are shown as means ± S.E.M., for 

independent experiments (N=5). Unbalanced two-way ANOVA indicated a 

significant effect of PA and postnatal day on MBP (F(4, 23)= 16.626, P < 0.0001); 

Olig-1 (F(4, 25)= 11.992, P <0.0001); and Olig-2 (F(4, 26)= 5.573, P < 0.01) mRNA 

expression. Benjamini-Hochberg was used as a post hoc test. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001 (italics). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 

 

Effect of neonatal development and PA on pro-inflammatory cytokines (Cox-

2, TNF-, IL-, IL-6) mRNA levels evaluated in telencephalon and 

hippocampus by RT-qPCR at P1, P7 and P14 (Fig. 13). 

 

Gene transcripts were amplified by RT-qPCR, quantified by the ΔΔCT method, 

using β-actin as housekeeping gene, normalizing the mRNA levels of each target 

genes to that observed in CS neonates at P1. Figure 13 shows fold/changes in 

mRNA levels, monitored in telencephalon and hippocampus of CS (A) and AS (B) 

rat neonates at P1, P7, and P14. 

 

Pro-inflammatory cytokines (Cox-2, TNF-, IL-, IL-6) mRNA levels (see 

supplementary Table 2). 

 

Telencephalon:  

In CS animals, IL-1 β (>2 X) and IL-6 (>1.8 X) mRNA levels increased at P14, 

while no significant differences were observed in TNF-α mRNA levels. Cox-2 levels 

increased along development, both in CS and AS animals, at P7 (>5 X) and P14 

(20 X). In AS neonates, IL-6 and TNF-α mRNA levels increased along 

development, with a maximum observed at P14 (>1.8 X and >18 X, respectively), 

but not significant differences were observed in IL-1 β  mRNA levels (see Fig. 

13A). No differences were observed among CS and AS animals in IL-6 protein 

levels (F(2, 23)= 0.194, P= 0.825; see supplementary Fig. 1). 

 

Hippocampus:  

Only Cox-2 mRNA levels increased along development, both in CS and AS 

neonates, a maximum observed at P14. Furthermore, IL-1β mRNA levels 

increased at P14 in AS, compared to CS (>2 X; see supplementary table 2B). No 

differences were observed in Cox-2, TNF-α and IL-6 mRNA levels among AS 

compared to CS animals in any of the experimental conditions (see Fig. 13B). 
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Figure 13. Effect of  neonatal development and PA on pro-inflammatory 

cytokines (Cox-2 TNF-α, IL-1β, IL-6) mRNA expression in (A) telencephalon 

and (B) hippocampus at P1, P7 and P14, from control (CS) and asphyxia-

exposed (AS) rats. Effect of PA on pro-inflammatory cytokines mRNA expression 

(a.u.) was determined by quantitative RT-qPCR analysis. Target genes were 

normalized by the housekeeping (β-actin) and expressed as fold/change for each 

experimental group, compared to that evaluated at CS-P1. Data are shown as 

means ± S.E.M., for independent experiments (N=5). In telencephalon, unbalanced 

two-way ANOVA indicated a significant effect of PA and postnatal day on COX-2 

(F(4, 24)= 11.118, P <0.0001); TNF-α (F(4, 22)= 2.335, P= 0.087); IL-1β (F(4, 24)= 

11.539, P < 0.0001); and IL-6 (F(4, 23)= 8.459, P < 0.0001) mRNA expression. In 

hippocampus, unbalanced two-way ANOVA was used for testing the effect of PA 

and postnatal days on COX-2 (F(3, 28)= 41.832, P <0.0001); TNF-α (F(3, 27)= 1.211, 

P= 0.327); IL-1β (F(4, 24)= 6.408, P= 0.001); and IL-6 (F(3, 28)= 0.894, P= 0.458) 

mRNA expression.  Benjamini-Hochberg was used as a post hoc test. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001 (italics). 
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Effect of Perinatal Asphyxia on glial cells measured in telencephalon and 

hippocampus at P7, focusing on mature oligodendrocyte (MBP), astrocytes 

(GFAP) and microglia (Iba-1) (Fig. 14 and Fig. 15).  

 

The issue of mature OLs, astrocytes and microglia, was further investigated in an 

independent cohort of experiments analysed at P7, the time when individual OLs 

could be observed, both in CS and AS neonates, but significantly decreased in AS 

animals.  

 

Figure 14 shows microphotographs of OLs (MBP-positive), astroglia (GFAP-

positive), and microglia (Iba-1-positive) in external capsule (Fig. 14A), corpus 

callosum (Fig. 14B), cingulum (Fig. 14C) and fimbriae of hippocampus (Fig. 14D) 

of CS and AS rat neonates at P7. In adjacent microphotographs, OLs (red), 

astroglia (red) and microglia (green) intermingled with DAPI (blue) signalling.  
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A. EXTERNAL CAPSULE 

 

B. CORPUS CALLOSUM 
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C. CINGULUM 

D. FIMBRIAE OF HIPPOCAMPUS 
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Figure 14. Effect of PA on glial cells at P7, measured in external capsule (A); 

corpus callosum (B); cingulum (C) and fimbriae of hippocampus (D) of rat 

neonates. Representative microphotographs obtained by confocal microscopy 

showing myelin basic protein (MBP; red), glial fibrillary acidic protein (GFAP; red), 

ionized calcium binding adaptor molecule 1 (Iba-1; green) and DAPI (blue; nuclei)-

positive cells in external capsule (A); corpus callosum (B); cingulum (C); and 

fimbriae of hippocampus (D), from CS and PA-exposed (AS) rat neonates. White 

arrows show mature oligodendrocyte (OLs), astrocyte and microglia phenotype. 

Scale bar: 20 μm. The number of MBP-DAPI+ cells/mm3 decreased after PA in 

external capsule, corpus callosum and cingulum, but not in fimbriae of 

hippocampus.  
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Figure 15 shows the quantification of DAPI, MBP-DAPI, GFAP-DAPI and Iba-1-

DAPI cells/mm3. The number of DAPI positive nuclei (cells/mm3) found at P7 was 

similar to that shown above at different cohorts of CS and AS neonates (c.f. 

supplementary Table 1 versus supplementary Table 3). OLs, astrocytes and 

microglia represent approximately 15% of the total number of DAPI cells in CS and 

AS group. The number of MBP-DAPI cells/mm3 observed in AS at P7 was, 

however, decreased by approximately 50% compared to that observed in CS 

neonates. No significant differences were observed in GFAP-DAPI cells/mm3 or 

Iba-1-DAPI cells/mm3 between CS and AS neonates, apart of that in cingulum, 

where the number of Iba-1-DAPI cells/mm3 increased >1.5 X in AS, compared to 

that observed in CS animals (see supplementary table 3).  
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Figure 15. Effect of PA on glial cells at P7, from control (CS) and asphyxia-

exposed (AS) rats. Coronal sections of telencephalon and fimbriae of 

hippocampus were treated for IF against myelin basic protein (MBP), glial fibrillary 

acidic protein (GFAP), ionized calcium binding adaptor molecule 1 (Iba-1) and 

counterstained with DAPI. Microphotographs (two-five samples per brain region) 

were taken from external capsule, corpus callosum, cingulum and fimbriae of 

hippocampus, in the field of a confocal-inverted Olympus-fv10i microscope with a 

60x. Mean number of glial cells per mm3 was estimated using ImageJ software. 

Data are shown as means ± S.E.M from N=5 independent experiments. Student's 

t-test indicated a significant effect of PA on MBP-DAPI cells/mm3 in external 

capsule (t= 3.472 df= 8, p= 0.008), corpus callosum (t= 4.143 df= 8, p= 0.003), 

cingulum (t= 2.947 df= 8, p= 0.019), but not in fimbriae of hippocampus (t= 1.462 

df= 8, p= 0.174). No significant differences were observed in the AS group, 

compared to that in CS on GFAP-DAPI cells/mm3 in the external capsule (t= 0.564 

df= 8, p= 0.588), corpus callosum (t= 0.669 df=8, p= 0.523), cingulum (t= 1.696 df= 

8, p= 0.128), and fimbriae of hippocampus t= 1.003 df= 8, p= 0.345). Significant 

differences were observed in the AS group compared to the CS on Iba-1-DAPI 

cells/mm3 in the in the cingulum (t= 2.329 df= 8, p= 0.048), but not in external 

capsule (t= 0.793 df= 8, p=0.451), corpus callosum (t= 1.118 df= 8, p= 0.296), and 

fimbriae of hippocampus (t= 0.042 df= 8, p= 0.968).*p < 0.05, **p < 0.01, ***p< 

0.001, ****p < 0.0001. 
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Characterization of MSCs according to their adipogenic, osteogenic and 

chondrogenic potential by Oil Red O, Alizarin Red and Safranin O staining 

respectively (see Fig. 16). 

 

MSCs were isolated and expanded under standard culture conditions. After 

passage 3, plastic-adherent cells showed fibroblast like (elongated spindle) 

morphology with large cytoplasm and nuclei (Fig. 16A). MSCs were characterized 

according to their adipogenic, osteogenic and chondrogenic potential. Fatty 

vacuole deposits were visualized by Oil Red O staining after 14 days of 

differentiation (Fig. 16B). Calcium deposits were visualized by Alizarin Red staining 

after 21 days of differentiation (Fig. 16C). Proteoglycans were visualized by 

Safranin-O staining in the extracellular matrix, surrounding the chondrocytes after 

10 days of differentiation (Fig. 16D). 

 

Immuno-phenotypification of MSCs according to their putative murine MSCs 

markers and hematopoietic cell lineages markers by flow cytometry (see Fig. 

16). 

 

Flow cytometry analysis showed that MSCs expanded in α-10 medium, exhibited 

high levels (≥ 95%) of cell adhesion molecules (putative murine MSCs markers, 

CD-29 and CD-90), but no expression (≤ 2%), or markers of hematopoietic cell 

lineages (CD-45 and CD-11b) (Figure Fig. 16E). 
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Figure 16. Rat adipose-derived MSCs display mesenchymal stem cell 

characteristics. (A) Representative microphotographs of plastic-adherent cells 

isolated from rat adipose tissue differentiated into (B) adipogenic, (C) osteogenic 

and (D) chondrogenic lineages. (E) Immuno-phenotypification of adherent cells 

according to the expression of putative murine MSCs markers (CD29 and CD90), 

and the non-expression of markers characteristics of other cell types (CD45 and 

CD11b). Black histograms represent cells labelled with specific antibodies; grey 

histograms represent cells stained with isotype control antibodies. FITC: 

fluorescein isothiocyanate, PE: phycoerythrin, APC: allophycocyanin. 
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Effect of Perinatal Asphyxia on apoptotic-like DAPI (TUNEL-DAPI/mm3) and 

oligodendrocyte-specific cell death (TUNEL-DAPI-MBP/mm3) at P7 (Fig. 17 

and Table 5A-C).  

 

Superior panels of figure 17 show microphotographs for the co-localization of 

TUNEL and DAPI in external capsule, corpus callosum and cingulum of CS and AS 

neonates at P7. DAPI and TUNEL co-localization increased in AS, as compared to 

CS in all analysed regions, which was particularly notable in external capsule.  
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C. CINGULUM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Effect of MSCs treatment on cell death induced by perinatal 

asphyxia (PA), measured at P7 in external capsule (A); corpus callosum (B), 

and cingulum (C) of CS (a) and AS (b) rat neonates. Representative 

microphotographs obtained by confocal microscopy showing TUNEL (green), and 

DAPI+ (nuclei, blue) merge of positive cells in (A) external capsule; (B) corpus 

callosum, and (C) cingulum from vehicle- and MSCs-treated CS and AS neonates. 

Scale bar: 20 μm. (A-C).  The number of TUNEL-DAPI cell/mm3 is increased when 

comparing vehicle-treated AS versus CS neonates, but the number of TUNEL-

DAPI cell/mm3 is decreased in MSCs- versus vehicle-treated AS rat neonates in all 

evaluated regions. 
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As shown in Table 5A, TUNEL-DAPI/mm3 co-localization could be estimated to 

approximately 2% of DAPI/mm3 in vehicle-treated CS neonates, and that 

proportion was duplicated in vehicle-treated AS neonates (Table 5C), indicating an 

increased apoptotic-like cell death following PA.  

 

The TUNEL- MBP-DAPI /mm3 suggests OLs-specific cell death, which at P7 was 

15%, 6%, and 20% of the total MBP-DAPI /mm3 in external capsule, corpus 

callosum and cingulum of vehicle-treated AS rat neonates, respectively. In vehicle-

treated CS neonates, TUNEL- MBP-DAPI /mm3 OLs-specific cell death was 1.1% 

in external capsule, and 12% in cingulum. No OLs-specific cell death could be 

estimated in corpus callosum of CS animals (c.f. Table 5 and 6). The rate of OLs-

specific cell death increased in external capsule and corpus callosum of AS 

compared to that in CS animals evaluated at P7. In cingulum, the rate of OLs-

specific cell death was similar in vehicle-treated CS and AS neonates.  
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Table 5. Effect of PA on apoptotic-like (TUNEL-DAPI/mm3) and OLs-specific 

(TUNEL-MBP-DAPI/mm3) cell death at P7, from control (CS) and asphyxia-

exposed (AS) rats: Prevention by MSCs treatment. Coronal sections of 

telencephalon were treated for immunohistochemistry against TUNEL, myelin 

basic protein (MBP), counterstained with DAPI. Microphotographs (two-five 

samples per brain region) were taken from external capsule, corpus callosum and 

cingulum, in the field of a confocal-inverted Olympus-fv10i microscope at 60x. 

Means of DAPI positive cells per mm3, alone and colocalizing with TUNEL/mm3, 

and MBP-TUNEL/mm3 were estimated using ImageJ software. Data are shown as 

means ± S.E.M from N=5 independent experiments. Unbalanced two-way ANOVA 

indicated a significant effect of PA on TUNEL-DAPI/mm3, decreasing significantly 

in external capsule (F(2, 17)= 10.430, P=0.001); corpus callosum (F(2, 17)= 6.690, 

P=0.007); and cingulum (F(2, 16)= 6.495, P= 0.009) of MSCs- compared to vehicle-

treated AS rat neonates. No statistically significant difference were observed in 

DAPI per mm3 in any of the evaluated regions (external capsule F(2, 17)= 2.477, 

P=0.114); corpus callosum (F(2, 17)= 3.279, P=0.662); and cingulum (F(2, 17)= 1.257, 

P=0.310). Benjamini-Hochberg was used as a post hoc test. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001 (italics). 
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*nd: not detectable 

 

 

 

 

 

 

  

 

 

Experimental groups P7 

    

A. CS vehicle (n= 5) DAPI+/mm3 TUNEL-
DAPI+/mm3 

TUNEL-MBP-
DAPI/mm3 

External capsule 382789±29017 8145±3543 152±92.74 

Corpus callosum 196023±12124 5239±1007 Nd 

Cingulum 346834±7511 7310±2231 1138±915.80 

B. CS MSCs (n= 5)    

External capsule 378613±16522 9198±2064 277 ±191.20 

Corpus callosum 203899±7019 3975±476 Nd 

Cingulum 379610±4365 4402±1541 Nd 

C. AS vehicle (n= 5)    

External capsule 341872±12628 22837±3732 
(> 2.5x)a*** 

1034±132.20 
(>6.5x)a**** 

Corpus callosum 241023±21694 9276±1942 
(>1.7x)a* 

261±124.30 
 

Cingulum 332495±28634 14333±2035 
(>1.9x)a* 

786±423.90 

D. AS MSCs (n= 5)    

External capsule 404578±21398 8145±3543 
(by 
~60%)b** 

143±89.23 
(by 85%)b**** 

Corpus callosum 220892±8903 4523±642 
(by 
~50%)b* 

Nd 
 

Cingulum 324002±44070 7147±1790 
(by 
~50%)b** 

Nd 
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Effect of MSCs treatment on total cell death, number of OLs and myelination 

at P7 (Fig. 18; Table 5B,D; Table 6B,D).  

 

MSCs treatment or the corresponding vehicle was administered two hours after 

delivery (icv). Brain samples were taken and analysed at P7, focusing on external 

capsule, corpus callosum and cingulum. The fimbriae of hippocampus were not 

evaluated, since no differences in myelination and mature OLs number between 

AS and CS were observed (c.f. Fig. 10 and 14). 

 

Number of total (TUNEL-DAPI/mm3) and OLs-specific (TUNEL- MBP-

DAPI/mm3) cell death. 

 

The number of DAPI positive nuclei (cells/mm3) found at P7 was similar to that 

shown above for different cohorts of CS and AS neonates under all experimental 

conditions, despite the icv administration of vehicle or MSCs treatment. No 

differences were observed in the total number of DAPI (TUNEL-DAPI) or OLs-

specific (TUNEL-MBP-DAPI) cell death, between vehicle- and MSCs-treated CS 

neonates, except in cingulum where no oligodendroglial death was detected in the 

MSCs-treated CS group (c.f. Table 5A versus Table 5C). MSCs treatment 

prevented the observed increase in total DAPI (TUNEL-DAPI/mm3) and OLs-

specific (TUNEL-MBP-DAPI /mm3) cell death observed in AS neonates at P7 (c.f. 

Table 5C versus Table 5D).  
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Number of mature oligodendrocytes (MBP-DAPI/mm3) and myelination (MBP 

positive pixels/total pixels)  

 

No differences were observed in the number of OLs and myelination between 

vehicle and MSCs-treated CS neonates (c.f. Table 6A versus Table 6B). MBP-

DAPI/mm3 were decreased in external capsule (by ~50%) and cingulum (by 

>50%), while MBP positive pixels were decreased in external capsule (by ~30%) 

and cingulum (by ~40%), but these changes were not seen in corpus callosum 

from vehicle-treated AS, compared to that from vehicles-treated CS animals at P7 

(c.f. Table 6A versus Table 6C).  

 

MSCs treatment prevented the decrease observed in OLs number (MBP-

DAPI/mm3) in AS rat neonates (c.f. Table 6C versus Table 6D). MSCs treatment 

also prevented the decrease in myelination (MBP positive pixels/total pixels) 

observed in AS neonates (c.f. Table 6C versus Table 6D).  
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B. CINGULUM 
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Figure 17. Effect of MSCs treatment on myelination and mature 

oligodendrocyte (OLs) injury induced by perinatal asphyxia (PA), measured 

at P7 in external capsule (A), and cingulum (B) of CS (a) and AS (b) rat 

neonates. Representative microphotographs obtained by confocal microscopy 

showing myelin basic protein (MBP; red) and DAPI (blue; nuclei)-positive cells in 

(A) external capsule; and (B) cingulum from control (CS) and asphyxia-exposed 

(AS) rat neonates, including vehicle and MSCs treatment groups. 

Microphotographs show MBP, indicating myelinated fibres (white head arrows) and 

mature oligodendrocytes (OLs) (white arrows). Scale bar: 20 μm. The density of 

MBP and number of MBP-DAPI cell/mm3 is increased in MSCs- versus vehicle-

treated AS neonates in all evaluated regions. 
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Table 6. Effect of perinatal asphyxia (PA) on oligodendrocytes (MBP-

DAPI/mm3) and myelination (MBP positive pixels/total pixels) at P7, from 

control (CS) and asphyxia-exposed (AS) rats: Effect on neonatal MSCs 

treatment. Coronal sections of telencephalon were treated for 

immunohistochemistry against myelin basic protein (MBP), counterstained with 

DAPI. Microphotographs (two-five samples per brain region) were taken from 

external capsule, corpus callosum and cingulum, in the field of a confocal-inverted 

Olympus-fv10i microscope at 60x. Mean number of the glial cells per mm3 and 

percentage of MBP immunopositive pixels over the total pixel number was 

estimated using ImageJ software. Data are shown as means ± S.E.M from N=5 

independent experiments. Unbalanced two-way ANOVA indicated a significant 

effect of PA on MBP-DAPI/mm3 and myelination, increasing significantly in external 

capsule (F(2, 15)= 4.412, P=0.031; F(2, 16)= 2.813, P=0.034, respectively); and 

cingulum (F(2, 13)= 2.632, P= 0.039; F(2, 13)= 3.177, P=0.032, respectively) of 

MSCs- compared to vehicle-treated AS rat neonates, but not in corpus callosum 

(F(2, 15)= 0.738, P=0.450; F(2, 14)= 1.484, P=0.151, respectively); and. 

Benjamini-Hochberg was used as a post hoc test. *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001 (italics). 
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Experimental groups P7 

A. CS vehicle (n= 5) MBP-DAPI/mm3 MBP (pixels/ total 
pixels) 

External capsule 13833±1801 19.60±1.32 

Corpus callosum 6126±1345 2.66±0.44 

Cingulum 9172±2078 
 

9.27±1.61 

B. CS MSCs (n= 5)   

External capsule 13632±1783 16.36±3.05 

Corpus callosum 5972±2775 2.24±0.46 

Cingulum 6572±1585 8.91±1.49 

C. AS vehicle (n= 5)   

External capsule 6690±2173  
(by ~50%)a* 

13.08±0.81  
(by ~30%)a** 

Corpus callosum 3942± 1255 1.54±0.42 

Cingulum 3840±509.30  
(by ~55%)a* 

4.52±0.10  
(by 40%)a* 

D. AS MSCs (n= 5)   

External capsule 13628±2237 
(>2)b* 

17.53±1.70 
(>1.3)b* 

Corpus callosum 7835±2339 2.73±0.62 

Cingulum 6194±2145 
(>1.6)b* 

7.07±1.47 
(>1.5)b* 
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VII. DISCUSSION 

PA implies interruption of oxygen availability, leading to death if oxygenation is 

not promptly re-established, and to short- and long-lasting sequelae affecting 

the surviving infants when re-oxygenation is re-established. Periventricular 

leukomalacia (PVL) is a typical damage pattern associated to PA, and a major 

contributor to cerebral palsy, characterized by injury of white matter (see Back 

and Volpe.1997; Miller et al., 2005). The pathophysiology underlying PVL is not 

fully understood, hampering the ability to develop preventing treatments.  

 

The issue has been investigated with a rat model of global PA (Bjelke et 

al.,1991; Andersson et al.,1992; Herrera-Marschitz et al.,1993). The effect of the 

insult was characterised by an Apgar scale, measuring critical parameters for 

this experimental model, monitoring survival, respiratory function, periphery 

blood perfusion and behavioural parameters, including spontaneous movements 

and vocalization at 40 min up to P14 after birth. The percentage of survival 

(~60%) and recovery directly determine the severity of the insult. The recovery 

period can also prolong a hypoxic condition, as the surviving pups may show 

changing in cardiovascular function, as shown by Herrera-Marschitz et al. 

(2011), reporting a decreased of ATP levels and CDK activity, implying a 

metabolic distress and interruption of replication and differentiation of cells in 

heart; and low peripheral and/or central blood perfusion as shown by Lespay et 

al. (2018).  

 

In this report, the surviving pups showed a sustained decrease in respiratory 

rate frequency. In rat pups, lung development occurs postnatally during the first 

2 weeks, hence vulnerable to metabolic insult by hypoxia/reoxygenation. 

Studies in neonate rats have shown that hypoxia may compromise alveolar, 

airway, and pulmonary vascular development, predisposing to less efficient gas 

exchange, contributing to the pathogenesis of multiple pulmonary diseases 

(Truog et al., 2008 and Vogel el al., 2015). The issue is clinically relevant, 

because the impairment of gas exchange may lead to both cardiovascular and 
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respiratory defects. After asphyxia, the newborns undergo a period of apnoea or 

bradypnea, which is also associated with bradycardia (Polglase et al., 2016). 

Thus, the downstream consequences of asphyxia are detrimental to multiple 

organ systems (Lubec et al.,1997a,b; Herrera-Marschitz et al., 2011), and 

therefore, the contribution of cardiovascular and respiratory system deficits to 

the long-term consequences of PA needs to be further investigated. 

 

Postnatal development is reflected among others by the maturation of 

neurological reflexes and motor coordination, representing thus a hallmark for 

CNS development (Lubics et al., 2005). It has been reported that PA led to a 

marked delay in neurobehavioral development (Simola et al., 2008, Kiss et al., 

2009, Allende et al., 2012). Recent studies in our laboratory showed that PA 

induced remarkable developmental delay in the performance of righting and cliff 

aversion reflexes (Carril J. et al., SOFARCHI congress 2019). 

 

 In the present report, animals were monitored for evaluating motor coordination 

(coordinated movements of forward and hind legs), as well as head and neck, 

motor and exploratory behaviour at P1 up to P14. At P1, a decrease in total 

travelled distance and in the moving time was observed after PA. At P7 and P14 

no locomotor differences were observed, probably reflecting a high degree of 

plasticity shown by the neonatal rat brain (Jansen et al., 1997; Lubics et al., 

2005). Interestingly, the outcome of sensorimotor parameters 24 h after HI is 

correlated with long-term deficits in motor coordination (Ten et al., 2003). In 

agreement, previous studies of our laboratory showed that adult rats exposed to 

asphyxia at delivery displayed motor coordination deficits, possible related to a 

partial and/or mild reduction in dopaminergic tone induced by PA (Chen et al., 

1995, 1997; Kirik et al., 1998; Barneoud et al., 2000; Deumens et al., 2002; 

Bustamante et al. 2002). Nevertheless, no changes in gross motor activity, 

defined as locomotor activity and/or total motor activity, have been reported 

(Simola et al., 2008). However, there is no consensus respect to the effect of PA 

on locomotor behaviour evaluated in open field. It has been found that PA can 



94 

 

induce hypo- or hiper-motor activity, depending upon the time after the type of 

insult used for the observation (Antier et al., 1988, Balduini et al., 2001, Lubics 

et al., 2005). 

 

The effect of global PA on myelination and OLs maturation has been scarcely 

explored, although it is a highly clinically relevant issue. Thus, the present study 

reports on the effect of PA, focused on myelination, expression of 

oligodendrocyte transcription factors, neuroinflammation, glial cells and cell 

death in telencephalon and hippocampus of rats at P1, P7 and P14, prevented 

by neonatal MSCs treatment. While the aim of the study was to monitor the 

effects of PA occurring at P1 to P14, a critical postnatal period characterised by 

a spur of neuronal networking, we found that the most relevant changes 

occurred at P7.  

 

It was found that PA produced: (i) a decrease of MBP immunoreactivity at P7 in 

telencephalon (external capsule, corpus callosum, cingulum), but not in fimbriae 

of hippocampus; (ii) an increase of Olig-1 transcriptional factor mRNA levels at 

P7; (iii) an increase of IL-6 mRNA, but not of protein levels at P7; (iv) an 

increase of cell death, including OLs-specific cell death at P7. (v) MSCs 

treatment prevented the effect of PA on myelination, OLs number and cell 

death. 

 

In the present report, no MBP immunostaining was observed in any of the 

analysed regions at P1, under any of the experimental conditions. OLs and/or 

myelin fibres were only evident at P7, while at P14, the soma of OLs could not 

be seen as independent structures, because of the dense amount of MBP 

positive fibres, both in CS and AS animals. At P7 and P14, MBP 

immunoreactivity increased, both in CS and AS neonates, mainly in the external 

capsule, cingulum and corpus callosum, regions myelinated at earlier stages 

than the fimbriae of hippocampus, also investigated in the present report. This 

agrees with the idea that myelination progresses in an age and region- 
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dependent manner (Ziemka‐Nalecz et al., 2018). Indeed, myelination occurs in 

response to functional demands, such as suckling reflex, and other motor and 

sensory requirements related to early nursing and behavioural skills (Downes et 

al., 2014). It was found here that PA induced a decrease in myelination and OLs 

number, probably related to the long-term white matter dysfunction reported at 

adulthood by Kohlhauser et al. (2000). During development OLs play also an 

important role for the formation and sculpturing of neurocircuitries, exerting 

regulatory functions, guiding and stabilizing neuronal connections, regardless of 

the onset of myelination, preventing aberrant connections at adulthood (Mathis 

et al., 2003; Collin et al., 2007). It was previously reported the neonatal genetic 

ablation of OLs during the first postnatal week induced a severe structural and 

functional impairment of the cerebellar cortex, even after recovery of OLs and 

myelination (Doretto et al., 2011). Thus, long term changes in white matter 

observed following PA could imply interruption of an early OLs regulatory 

function, required for neurocircuitry and synapse formation.   

 

The end point of the oligodendroglial linage is the formation of myelin, implying 

differentiation and maturation, starting with neural stem cells originating from 

subventricular zone (SVZ), leading to OPCs, which preserve their ability to migrate, 

proliferate and differentiate to preOLs, progressing to their final stage, i.e. 

myelinating OLs (see van Tilborg et al., 2018). The maximal vulnerability to PVL 

occurs at a period before the onset of active myelination (see Back and 

Volpe.1997), which in humans is around postconceptional week 28–32 (Back et al., 

2001), equivalent to P2-5 in rats (Craig et al., 2003), when myelination starts, 

reaching a peak at the second and third postnatal weeks, continuing along 

adulthood, albeit at a lower rate (Doretto et al., 2011). The process of myelination 

is performed by mature OLs (see Miron et al., 2011), therefore a perinatal 

metabolic insult would result in white matter damage, implying hypomyelination, 

while a postnatal insult would lead to demyelination (see Vannucci et al., 1999), by 

failure of OPCs to generate a new preOLs pool, or secondary to neuroaxonal 

degeneration (Dean et al., 2011). Thus, we have focused here on a developmental 
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window equivalent to a preterm human baby, when preOLs phenotype 

predominates, the highest-risk period for white matter injury (Craig et al., 2003). 

 

Prematurity is a relevant issue. There are studies reporting that vulnerability to HI 

depends on the maturity of the oligodendroglial lineage. preOLs are a selectively 

vulnerable phenotype, due to low antioxidant defences, increased expression of 

calcium permeable glutamate receptors, impaired glutamate transport, and 

susceptibility to proinflammatory cytokines-induced cell death (see Back and 

Volpe. 1999; Back et al., 2002a, b; see Jensen et al., 2005; see Volpe et al., 

2008). In rat at P7, immature OLs predominate (Dean et al., 2011), showing a 

phenotype with greater resistance to cell death induced by hypoxia than preOLs 

(Back et al., 2002a), but similar to that shown by mature OLs. However, a 

metabolic insult at a delayed developing phase can still interrupt myelination, by 

acting on areas showing persistence of the preOLs phenotype, as that occurring in 

cerebral cortex (Dean et al., 2011).  

 

Clinical and experimental studies (Buser et al., 2012) have shown that the long-

term consequences of PA depend on the severity and duration of the insult, as well 

as on the developmental stage of the affected region, implying differences in 

antioxidant defences, local metabolic imbalance during the re-oxygenation period 

and rescue mechanisms (see Rocha-Ferreira and Hristova, 2016). Thus, the ability 

of OPC proliferation and differentiation to overcome metabolic deficits might 

explain the regional differences observed in myelination. We previously showed in 

vivo (Morales et al., 2008) and in vitro (Morales et al., 2007; Tapia-Bustos et al., 

2017) studies showing that PA increased BrDU positive cell proliferation in 

hippocampus and subventricular zone, but only approximately a 40% of BrDU 

positive cells were double-labelled with MAP-2, suggesting a predominance of 

gliogenesis, implying a newly generated population of OLs, able to complete the 

process of axonal myelination. A newly generated population of OLs may explain 

why no differences in myelination were observed between CS and AS animals in 

any of the analysed regions at P14. The possibility also exists, however, that an 
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excess of OPC are generated during ontogenesis, remaining in an undifferentiated 

stage, forming part of the CNS parenchyma along the lifespan, mobilised in 

response to pathological signals, contributing to restoration of axon myelination 

(Ziemka‐Nalecz et al., 2018). 

 

Regulation of the oligodendroglial lineage is a multifactorial process. Basic helix–

loop–helix transcription factors Olig-1 and Olig-2 play an essential role in 

oligodendroglia development (see Ligon et al., 2006). These transcription factors 

are co-ordinately expressed along development (see Meijer et al., 2012), playing a 

pivotal role in biological processes, including OLs proliferation, differentiation, 

maturation and myelination/remyelination (see Mei et al., 2013; Arnett et al., 2004). 

Persistent expression of Olig-2 throughout oligodendroglial development has been 

reported, suggesting that this factor is involved in OPCs specification and 

differentiation, repressing OLs maturation and myelination (Mei et al., 2013). 

Nevertheless, it was found here that Olig-1, but not Olig-2 mRNA increased in 

telencephalon at P7 in AS neonates. Olig-1 factor is an important marker of OPCs 

(Lu et al., 2002; see Ross et al., 2003), and it can stimulate differentiation and 

maturation to OLs (see Meijer et al., 2012), but also reparation (Arnett et al., 2004). 

However, controversial results have also been reported. French et al., (2009) 

showed that oxidative stress following postnatal HI reduces the expression of Olig-

1, while Cheng et al., (2015) reported a decrease in Olig-1 protein levels 1-3 days 

after postnatal HI, but an increase when measured 7-21 days after HI, although 

failing to reach the levels observed following normoxia conditions.  

 

Neuroinflammation can increase proliferation of OPCs, producing long-lasting 

defects in oligodendroglial development and myelination, probably by disruption of 

Olig-1 and Olig-2 transcription factors (see Volpe et al., 2011; Favrais et al., 2011).  

Pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, Cox-2) have been reported to 

produce cytotoxic effects on OLs, in vitro (Baerwald and Popko, 1998; Molina-

Holgado et al., 2001; Genc et al., 2006) and in vivo (Favrais et al., 2011; Bonestroo 

et al., 2015), inducing premature maturation of the existing precursors and aberrant 
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myelination, thereby contributing to hypomyelination. In this study, it was found that 

there was an increase of IL-6 mRNA levels, but not of protein levels in 

telencephalon at P7. Previous studies in our laboratory showed that IL-1β and 

TNF-α mRNA and protein levels were increased 24 h after the insult, but only in 

mesencephalon (Neira-Peña et al., 2015). These differences could be explained by 

temporally and regionally selective changes.  

 

Activation of microglia and astrocytes is one of the signatures of neuroinflammation 

(see Tjalkens et al., 2017). Hence astrocytes and microglial cells were also 

monitored, since there is a glia-glia crosstalk playing an important role in the 

modulation of OLs homeostasis, along with myelination, demyelination, and re-

myelination (see Domingues et al., 2016). Astrocyte activation is an early indicator 

of neuropathology, measured as increased GFAP expression and morphological 

alterations (see O’Callaghan and Sriram, 2005; see Parpura et al., 2012). No 

changes were observed, however, in the number of GFAP-DAPI/mm3 in 

telencephalon and fimbriae of hippocampus, in agreement with previous reports 

(Perez-Lobos et al., 2017). Nevertheless, astrocyte morphology was not monitored, 

although a preliminary study showed no differences among CS and AS animals 

(data not shown). Microglial cells are the primary effectors of the innate immune 

response within the CNS, whose activation occur at early stages of diseases, often 

preceding overt neuropathology (see Gehrmann et al., 1995; see Hirsch and 

Hunot, 2009). No changes were observed in Iba-1-DAPI/mm3 in external capsule, 

corpus callosum and fimbriae of hippocampus, but an increase was observed in 

cingulum. These results emphasize the idea that in the evaluated areas, OLs are 

the most vulnerable glial cells to hypoxia-reoxygenation insult.  

 

TUNEL/DAPI co-labelling indicated an apoptotic mechanism for dying cells, mainly 

at the DNA fragmentation stage, considered to be an early event of apoptosis 

(Labat-Moleur et al., 1998). In this report, it was found that there was a decrease in 

the number of OLs and an increase of total and OLs-specific cell death in 

telencephalic regions, suggesting a developmental disruption in differentiation 
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processes, but also a direct damage to the mature OLs phenotype. Mature OLs are 

subject to a precisely regulated multistep process of differentiation from their 

precursors. This multistep process is highly energy dependent, regulated by the 

expression of numerous genes susceptible to hypoxia (see Janowska et al., 2018). 

Indeed, OLs are vulnerable to metabolic insults, oxidative stress, inflammation 

and/or excitotoxicity (see Mc Tigue and Tripathi. 2008; Bradl and Lassmann. 

2010), being pre-OLs the most vulnerable linage (see Back and Volpe.1997; Back 

et al., 2002a). This vulnerability is enhanced by local low oxidative stress defences, 

diminished ATP-dependent ion transport and extracellular glutamate accumulation, 

increasing NMDA-dependent calcium conductance and intracellular neurotoxic 

proinflammatory-cascades, overpassing the antioxidant defences (see Back and 

Volpe, 1999).  

 

Several lines of evidence indicate that pre- and immature OLs undergo a reactive 

response to neonatal HI, characterized by morphological changes in cell soma and 

processes, with a distribution that overlaps that of reactive astrocytes and reactive 

microglia (Back et al., 2002a). It has been shown that there is an accelerated 

maturation of reactive pre-OLs to immature OLs (Back et al., 2002b; Casaccia-

Bonnefil et al., 1997; Durand et al.,1997; Tikoo et al.,1998), which may be 

maladaptive, delaying or even arresting differentiation and maturation (Buser et al., 

2012; Bonestroo et al., 2015, Back et al., 2002b), causing hypomyelination.  

 

There is an extent list of preclinical evidences indicating that MSCs administration 

can be an effective option to prevent neurodegenerative cascades, altering OLs 

differentiation and/or preventing cell death (see Janowska et al., 2018). It was 

found here, that MSCs treatment increased significantly MBP levels in the external 

capsule and cingulum. It is suggested that MSCs treatment decreases brain 

damage by either (i) inhibiting injuring signals; (ii) replacing lost tissue, and/or (iii) 

enhancing endogenous repair processes (Li et al., 2002, 2005; Chen et al., 2003; 

Deng et al., 2006; Ohtaki et al., 2008; see van Velthoven et al., 2009; see Zhang 

and Chopp. 2009). Thus, several plastic mechanisms can take place in a region 
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and time dependent manner, expecting therefore differential effects by MSCs 

treatment.  

 

The present results agree with that reported by van Velthoven et al., (2010a,b), 

who demonstrated that a single acute administration of MSCs increases the 

number of OLGs, decreased by neonatal HI, increasing myelination. MSCs 

treatment might enhance endogenous cell proliferation/survival and/or 

differentiation of OLGs progenitors. In addition, inhibition of deleterious processes 

may also contribute to the beneficial effects of MSC treatment, restoring 

myelination (Chen et al., 2003; Li et al., 2005; Ohtaki et al., 2008).  

 

VIII. GENERAL CONCLUSIONS 

 

In conclusion, the present findings provide evidence that PA induces regional and 

developmental-dependent changes on myelination and OLs maturation, but not on 

astroglia and microglia. Thus, OLs are the most vulnerable glial cells to hypoxia-

reoxygenation insults at early neonatal stages, evaluated in vulnerable areas.  

 

Early neonatal MSCs treatment significantly improves survival of mature OLs and 

myelination in telencephalic white matter. The outcome occurred in association 

with decreased apoptosis.  
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X. SUPPLEMENTARY TABLES 

 
Table 1. Effect of perinatal asphyxia (PA) on myelin basic protein (MBP) at 
P1, P7 and P14, from control (CS) and asphyxia-exposed (AS) rats. 
 
Experimental 
groups  

P1  P7 P14 

A. Caesarean-
delivered (CS); 
n=5  

DAPI 
(cells/ 
mm3) 

MBP 
(pixels/ 
total 
pixels) 

DAPI 
(cells/ 
mm3) 

MBP (pixels/ 
total pixels) 

DAPI 
(cells/
mm3) 

MBP 
(pixels/ 
total 
pixels) 

External capsule 374444 
±45042 

nd 355067 
±17917 

20.54 
±1.14 

367240 
±21229 

49.76 
±0.12 
(>2x)a****  

Corpus callosum 262787 
±68397 

nd 235916 
±24303 

4.27 
±1.03 

325644 
±41589 

49.97 
±0.15 
(>10x)a****    

Cingulum 378496 
±105892 

nd 300722 
±20739 

7.92 
±0.82 

388988 
±27324 

49.39 
±0.33 
(>6x)a****    

Fimbriae of 
hippocampus 

240763 
±67331 

nd 264911 
±19963 

1.94 
±0.59 

449593 
±51446 

49.97 
±0.16 
(>25x)a****    

    

B. Asphyxia-
exposed (AS); 
21 min 
asphyxia; n=5  

       

External capsule 521962 
±114815 

nd 392315 
±29773 

 9.88 
±2.73  
(by 50%)b* 

398727 
±40493 

49.67  
±0.07 
(>5x)a**** 

Corpus callosum 199665 
±55743 

nd 285083 
±19983 

1.51 
±0.47 
(by 60%)b*  

310779 
±37973 

49.43  
±0.14 
(>30x)a**** 

Cingulum 438835 
±95565 

nd 346825 
±22842 

2.29 
±0.62  
(by~70%)b***  

411625 
±27658 

49.61 
±0.09 
(>20x)a**** 

Fimbriae of 
hippocampus 

269789 
±45231 

nd 286527 
±24323 

1.49±0.62 344219 
±31841 

48.65  
±1.19 
(>30x)a**** 
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Table 2. Effect of perinatal asphyxia (PA) on myelin basic protein (MBP), 
Oligodendrocyte transcription factors (Olig-1, Olig-2), and inflammatory 
cytokines (COX-2, TNF-α, IL-1β, IL-6) mRNA in telencephalon or 
hippocampus at P1, P7 and P14 in control (CS) and asphyxia-exposed (AS) 
rats 
 

A. TELENCEPHALON 

Gene transcripts 
(mRNA) (fold/change) 
 

P1  P7 P14 

a. Caesarean 
delivered (CS); n= 5 

CS CS CS 

MBP 1.000±0.191 23.23±4.01  
(>20x)a**** 

1165±258.90 
(>1000x)a**** 

Olig-1 1.000±0.098 1.37±0.05 2.315±0.13  
(>2x)a**** 

Olig-2 1.000±0.076 1.24±0.03 1.826±0.181 
(> 1.8x)a**** 

IL-1β  1.000±0.101 1.00±0.13 2.36±0.18  
(>2x)a** 

IL-6  1.000±0.201 0.70±0.03 1.86±0.17 
(>1.8x)a*** 

TNF-α  1.000±0.208 2.14±0.38 7.02±3.63 

Cox-2  1.000±0.255 5.84±1.50 
(>5x)a** 

33.56±8.76 
 (>30x)a** 

b. Asphyxia-exposed 
(AS); n= 5 

AS AS AS 

MBP 0.91±0.04 35.63±6.76  
(>35x)a**** 

768.90±201.30 
(>800x)a*** 

Olig-1 1.23±0.05 2.06±0.36 
(>1.6x)a* 
(>1.4X)b* 

2.40±0.25 
(>1.9x)a**** 

Olig-2 1.33±0.15 1.61±0.29 1.81±0.21 

IL-1β  1.50± 0.27 1.10±0.08 2.46±0.47  
 

IL-6  0.78± 0.12 1.16± 0.13 
(>1.6x)b** 

1.46±0.20 
(>1.8x)a* 

TNF-α  2.22± 0.67 8.32±3.63 40.42±25.11 
 (>18x)a* 

Cox-2  1.16±0.34 9.80±1.59  
(>8x)a**** 

23.03±6.00 
(>20x)a** 
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B. HIPPOCAMPUS 

Gene transcripts 
(mRNA) (fold/change) 
 

P1  P7 P14 

a. Caesarean delivered 
(CS); n= 5 

CS CS CS 

Cox-2 1.000±0.181 6.887±1.730 
(>6x)a**** 

28.660±4.452 
(>4x)a**** 

TNF-α 1.000±0.253 1.130±0.229 1.676±0.474 

IL-1β 1.000±0.192 0.876±0.150 1.196±0.128 

IL-6 1.000±0.877 0.642±0.091 0.972±0.105  

b. Asphyxia-exposed 
(AS); n= 5 

AS AS AS 

Cox-2 1.31± 0.195 11.200±1.467 
(>11x)a**** 

31.480±4.441  
(>2.5x)a**** 

TNF-α 1.526±0.325 0.904± 0.209 1.556±0.359 

IL-1β 0.937± 0.06 0.743±0.094 2.021±0.402 
(>2.5x)a* 
(>2x)b* 

IL-6 0.787±0.067 0.822±0.184  0.907±0.318 
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Table 3. Effect of perinatal asphyxia (PA) on glial cells at P7; control (CS) and 
asphyxia-exposed (AS) rats. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental 
groups 

P7 

A.  Caesarean 
delivered (CS); n= 
5 

DAPI 
cells/mm3 

MBP-DAPI 
cells/mm3 

GFAP-DAPI 
cells/mm3 

Iba-1-DAPI 
cells/mm3 

External capsule 346895±12632 18932±1960 18890±1648 14020±1808 

Corpus callosum 214600±14080 10810±1668 19090±3229 8519±561.6 

Cingulum 294902±14140 12439±1616 19510±3277 10360±955.6 

Fimbriae of 
hippocampus 

275700±15350 8811± 2405 13210±2487 5957±1027 

B. Asphyxia-
exposed (AS); n= 5 

    

External capsule 370346±24821 8603±982.7 
(by~50%)b** 

21150±3637 15840±1429 

Corpus callosum 237200±20170 3413±637.7 
(by~65%)b** 

21280±579.6 7380±848.8 

Cingulum 334385±18199 6643±1121  
(by~45%)b*  

30150±5358 17800±3047 
(>1.5X)b*   

Fimbriae of 
hippocampus 

270800±19810 4101±2144  
 

10640±591.70 6014±909.1 
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XI. SUPPLEMENTARY FIGURES 

 

 

Figure 1. Effect of MSCs treatment on changes of IL-6 protein levels induced 

by perinatal asphyxia (PA), measured at P7 in telencephalon of CS (a) and AS 

(b) rat neonates. Effect of PA on IL-6 protein levels (pg/mL) was determined by 

ELISA analysis. Data are shown as means ± S.E.M., for independent experiments 

(N=6-8). In telencephalon, unbalanced two-way ANOVA indicated no significant 

effect of PA on IL-6 protein levels.  Benjamini-Hochberg was used as a post hoc 

test.  
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XII. ANNEXES 

 
 

 


