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ABSTRACTS 

ADENOSINE BLOOD LEVELS AND COMPLICATIONS OF PREMATURITY IN 

A SELECTED POPULATION OF VERY LOW BIRTH WEIGHT INFANTS. 

We have recently reported high blood adenosine levels in extremely premature 

infants, positively correlating to their prematurity in function of the body weight classes. 

Acting via purinergic receptors, adenosine can affect different vulnerable organs including 

the developing brain. This retrospective study compared adenosine blood levels in very 

low birth weight infants and the development of typical complications of prematurity i.e.: 

intraventricular and cerebellar hemorrhage, punctate white matter lesions, retinopathy and 

bronchopulmonary dysplasia, as diagnosed at term equivalent age.  

Dried blood spots were collected at 3, 15, 30, and 40 days after delivery, according 

to newborn screening program for congenital disease, and analyzed by Tandem Mass 

Spectrometry for adenosine content. Routine screenings and MRI were performed at term 

equivalent age.  

Fifty-six premature infants (28 weeks mean gestational age) admitted to our 

Neonatal Intensive Care Unit were included in the study. Median blood adenosine 

concentration was 0.75 µM at day 3 and progressively increased over time potentially in a 

parallel way to the onset of some clinical complications. Adenosine levels at day 15 were 

significantly higher (2.50 µM vs. 0.96 µM) in those infants who developed brain lesions at 

term equivalent age (TEA). Multivariate analysis confirmed day 15 as the major predictor 

of brain injury occurrence (ROC curve 0.87).  

Data suggest the potential role of adenosine as a marker of development of lesions 

of prematurity, especially brain injury. Further prospective studies may confirm the role of 

adenosine as a marker of brain insults in the developing premature brain. 
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ADENOSINE INVOLVEMENT IN NEONATAL WHITE MATTER INJURY: A 
FOCUS ON A2A RECEPTOR IN MICROGLIA. 
 

Background:  

Neuroinflammation has a key role in the pathogenesis of prematurity-related brain injury. 

Caffeine, a nonspecific adenosine receptors (ARs) antagonist, is widely used to treat apnea 

of prematurity and it has been linked to a decrease in the incidence of cerebral palsy in 

extremely premature infants, yet the mechanisms explaining its neuroprotective effect have 

not been elucidated. The natural ligand for ARs, adenosine, has a crucial role in 

inflammation, acting on A2a receptor (A2aR), which is involved in microglial activation.  

Recently, it has been showed that premature infants with white matter lesions display 

increased adenosine blood levels.  

Objective: 

The objective of this study is to characterize the expression of adenosine and ARs in two 

neonatal rat model of neuroinflammation and to determine the effect of A2aR blockade on 

microglial activation assessed through pro- and anti-inflammatory cytokines gene 

expression. 

Methods:  

We have used two rat model of microglial activation: the pre-natal low protein diet model 

(LPD), which induces alteration of myelination and brain connectivity, and the postnatal 

ibotenate intracerebral injections, responsible of excitotoxicity and consequent white 

matter lesions. Adenosine blood levels have been measured by Tandem Mass 

Spectrometry. The expression of ARs has been evaluated by RT-qPCR in both cortex and 

magnetically sorted microglial cells. Sorted microglial primary cultures from LPD and 

CTR animals were exposure for 6 hours to A2aR agonist CGS-21680 (10 µM) or 

antagonist SCH-58261 (50 nM)  and A2aR mRNA and protein levels  were analyzed  For 

ibotenate model, microglial cultures were pretreated with CGS-21680 or SCH-58261 

before 6-hours of ibotenate exposure (300 µM). The effects of these treatments have been 

assessed on the M1/M2 cytokines expression measured by RT-qPCR. 

Results: 

LPD animals display higher adenosine levels at P1 (postnatal day 1) and P4. A2aR mRNA 

expression is significantly increased in both cortex and magnetically sorted microglial cells 

from LPD animals compared to CTR ones. CD73 expression, an ectonucleotidase 

responsible for the extracellular production of brain adenosine, is significantly increased in 
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LPD cortex and sorted microglia cells. Moreover, CD73 is increased at a protein level in 

ibotenate treated animals.  

In vitro experiments confirmed that LPD or control microglial cells exposed to ibotenate 

display an increased expression, at both protein and molecular level, of A2aR displaying 

increased expression of M1 markers (IL-1β, IL-6, iNOS, TNFα). This profile is 

significantly changed by SCH-58261, which reduces M1 markers in both LPD and 

ibotenate-exposed cells, with no effect on control cells.  

Conclusion: 

These results evidence the involvement of adenosine and in particular of its receptor A2aR 

in the regulation of microglia in two different model of in vivo neuroinflammation. A2aR, 

up-regulated as a consequence of inflammation, can influence the microglia phenotype 

ruling out a role in the inflammatory response of microglial cells. 
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1. INTRODUCTION 

1.1 White matter injury and neuroinflammation within the developing 

brain 
Prematurity affects about 11% of all pregnancies each year (1), with significantly increased 

rates of neonatal morbidity and long-term consequences.  

Although ongoing advances in neonatal intensive care have resulted in significant survival 

improvement, neurological complications persist as the most important in term of costs and 

impact on quality of life and cognitive and physical functioning. Indeed, more than 10% of 

very low birth weight (VLBW, i.e. weighing less than 1500 g) premature infants develop 

brain injury evolving into permanent neurological and motor impairment (i.e. cerebral 

palsy) (2). Cerebral palsy is the leading cause of motor disability in children affecting 17 

million people worldwide (3). The prevalence of cerebral palsy in large European 

population was 1.9 per 1000 live births in 1980 and 1.77/1000 in 2003, showing a slight 

decrease over time (4). Neurodevelopment is further compromised in 25-50% of preterm 

survivors by a broad spectrum of cognitive, visual, social-behavioral, attention, and 

learning disabilities (5).  

The brain injury in premature infants has been termed “encephalopathy of prematurity” to 

describe the mix of primary destructive disease and secondary maturational and trophic 

disturbances involving both grey and white matter (6) .  

1.1.1 White Matter Injury  

The last half of gestation is a critical period in the growth and development of the human 

brain; from mid-gestation to term the brain weight increases dramatically by 90%, and the 

cerebral cortex changes from a smooth surface to a complex pattern with all primary, 

secondary, and tertiary gyri (7). Consequently, in utero insults during this susceptible 

period can negatively affect white matter development (8). Cerebral white matter injury 

(WMI) is the major form of encephalopathy of prematurity, affecting nearly the 50% of 

VLBW infants (9). As displayed by clinical reports based on conventional and functional 

cerebral Magnetic Resonance Imaging (MRI) (10), preterm infants are at risk of neuronal 

dysmaturation and widespread disturbances in neuronal connectivity. 
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1.1.2 Classification 

WMI consists of three major components: focal cystic necrosis, focal microscopic 

necrosis, and diffuse lesions (5). A new classification has been proposed recently, based on 

the neuropathological and MRI correlates (11). 

 

Proposed nomenclature Focal periventricular lesion 
Neuropathology Neuroimaging (MRI) 

Severe WMI Large necroses/cysts “Cystic” lesions 
Moderate WMI Small necroses/glial scars PWMLs 

Mild/indeterminate WMI Microscopic necroses or 
no necroses 

None 

Table 1 Proposed nomenclature for WMI in premature infants correlated to cerebral MRI and 
neuropathology (11) (PWMLs: punctate white matter lesions).  

 
The “severe” WMI consists of large localized necrosis deep in periventricular white 

matter, which progresses to a focal infiltration and reaction of microglia and astrocytes, 

ending with the formation of a glial scar. When the cavitation is large and diffuse, it may 

be associated with a pronounced reduction in white matter volume, thinning of the corpus 

callosum and ventriculomegaly. As consequence of primary energy failure and secondary 

to retrograde axonal degeneration, necrotic WMI is accompanied by neuronal loss, as 

observed in human cortex, subplate, basal ganglia, thalamus, and cerebellum (12).  

These destructive lesions are readily seen in premature newborns by ultrasonography and 

are localized in the white matter anterior to the frontal horn, the external angles of the 

lateral ventricles at the level of the foramen of Monro, and the lateral aspects of the trigone 

and occipital horns adjacent to the optic radiations. The severe WMI typically result in 

motor disabilities such as cerebral palsy (13). However, over the past 10–15 years, the 

incidence has markedly declined and currently occurs in less than 5% of living VLBW 

infants (14–17). 

The “moderate” WMI refers to microscopic focal necrotic lesions (1–2 mm or less), 

termed also “punctate white matter lesions” (PWML), which evolve over several weeks to 

glial scars. Similar to focal cystic necrosis, microcysts involve tissue destruction and are 

enriched in cellular debris, degenerating axons and phagocytic macrophages. Experimental 

(5) and functional studies (18) have shown a greater incidence of these lesions, not easily 

detected by conventional MRI at 1.5-3 Tesla. The clinical importance of these small 

necrotic lesions depends upon the number and distribution within functionally significant 
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regions of white matter. They may be clinically silent lesions or a significant contributor to 

motor or cognitive disabilities (19,20)  

The “mild/indeterminate” WMI represents a diffuse white matter gliosis, and it may exist 

in isolation or be associated with foci of necrosis too small to be visualized by 

conventional MRI. In contrast to necrotic injury, diffuse WMI is defined by selective 

degeneration of pre-oligodendrocytes (preOLs) (21), whereas axons are mostly spared 

except in necrotic foci.  

Diffuse WMI is currently the most common form of injury in preterm newborns (22).  In 

about one-third of preterm newborns at 24-32 gestational weeks (GW), diffuse WMI can 

be readily identified on MRI as multi-focal lesions in the first weeks of life (23). As 

premature newborns grow to term age, early multifocal lesions give rise to more 

widespread abnormalities in microstructural and metabolic brain development (24,25). 

These diffuse lesions may be related on MRI to enlarged subarachnoid spaces, a reduction 

in white matter, ventriculomegaly, and impaired gyral development (26). Because 

disturbances in neuronal maturation occur during a critical window in the establishment of 

neuronal connections, the development of normal central nervous system (CNS) circuitry 

at the level of dendritic spines, the key sites for synaptic activity, is also disrupted (27). 

However, up to 20% of premature infants with adverse outcomes do not have significant 

qualitative abnormalities on MRI (23).  

 

 
 

Figure 1 Representative coronal T2-weighted MRI (A) and T1-weighted MRI (B) show the four 
grades of WMI (none, mild, moderate, or severe). With increasing grade of white-matter 
abnormality, there is increasing ventricular size, decreasing WM volume, increasing intensity of 
WM signal on T2-weighted imaging, and decreasing myelination in the posterior limb of the 
internal capsule (28). On the right (C) schematic diagram representation of WMI: focal cystic 
necrosis, the focal microscopic necrosis, and diffuse lesions (6). (SVZ, subventricular zone; T, 
thalamus; GE, ganglionic eminence; P, putamen; GP, globus pallidus). 

C 
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1.1.3 Pathogenesis  

Even if several possible pre- and peri-natal factors predisposing to WMI have been 

proposed (14), the state of maturity of the fetus and the developmental time window 

associated with pathology are the major contributors (24–32 GW) (9). Further risk factors 

associated with selective damage to cerebral white matter include genetic anomalies, 

hypoxic-ischemic insults, asphyxia and respiratory failure, low birthweight, intrauterine 

growth retardation, birth trauma, pre-eclampsia, infection and oxidative stress (29).  

For many years, the focus of attention was directed at the involvement of hypoxic-

ischemic and excitotoxic-mediated damage. Premature infants have a particular propensity 

for developing cerebral ischemia, especially in white matter, due to intrinsic vascular and 

physiological factors. Indeed, the distal arterial fields in cerebral white matter are not fully 

developed, as well as the cerebrovascular autoregulatory system (9). Moreover, the 

immature respiratory systems of preterm neonates can cause hypocarbia and low oxygen 

supply towards the brain (13). Premature infants are exposed to external oxygen levels 

earlier compared to term neonates, causing a rise in oxygen saturation levels in the preterm 

brain (30), with a consequent production of reactive oxygen species (ROS) and oxidative 

stress. In addition, they are often affected by severe lung disease, requiring mechanical 

ventilation that may cause fluctuations in cerebral blood flow with increased risk of brain 

injury (31). 

However, over the last years, it has gradually emerged that fetal and neonatal inflammatory 

responses and associated events can additionally contribute towards neonatal brain injury 

and developmentally related disabilities (32,33). A number of epidemiological studies have 

shown an association between WMI and maternal intrauterine infection with fetal systemic 

inflammation (9). Maternal infections as funisitis, chorioamnionitis, urinary and 

respiratory tract infections have been related to increased risk of cerebral palsy, WMI (34) 

and neurodevelopmental disorders such as schizophrenia and autism (35). Clinical studies 

have related chorioamnionitis to an elevation of interleukin 6 (IL-6) and granulocyte-

colony stimulating factor (G-CSF) in both maternal and fetal blood, and to increased IL-6 

and interleukin 8 (IL-8) levels in newborn’s cerebral spinal fluid (CSF) (36,37). After 

birth, neonatal systemic inflammatory conditions such as sepsis or necrotizing enterocolitis 

(NEC) can affect the immune homeostasis of the CNS and its function, with a higher risk 

of WMI and motor impairment at 2 years of age (38). Premature infants are even more 

vulnerable to inflammatory insults; thus, during sepsis, they display higher level of tumor 
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necrosis factor α (TNF-α) and interleukin 1β (IL-1β) in plasma and CSF compared to age-

matched controls (38).  

Finally, even if these inflammatory factors do not present a severity level capable of 

inducing significant brain damage, they can make the developing brain more susceptible to 

a second insult (39). This secondary phase of injury involves chronic inflammation, gliosis, 

epigenetic changes and tissue remodeling and it has recently been related to long-term 

clinical outcome after neonatal brain injury (40).  

Among others, gestational or neonatal systemic inflammation, gestational chronic mild 

maternal stress, and gestational hypoxia seem to have a strong sensitizing effect for a 

second hit insult like disrupted oxygen supply (39). The role of inflammation is pivotal in 

secondary phase of brain injury, suggesting it as a potential target for therapeutic 

intervention (41).  

Interestingly, experimental and clinical data indicate that hypoxia-ischemia and systemic 

infection/inflammation may operate alone or potentiate each other (42), with clinical 

important consequences.  

Although the pathogenesis of WMI appears to be both complex and to involve multiple 

factors, the intrinsic vulnerability of oligodendrocyte precursors is considered as a central 

element in the pathogenesis of WMI (6). These cells are susceptible to a variety of 

injurious stimuli including free radicals and excitotoxicity induced by hypoxic-ischemic 

injury (resulting from cerebral hypoperfusion), lack of trophic stimuli, as well as secondary 

associated events involving microglial and astrocyte activation and the release of 

proinflammatory cytokines like TNF-α and IL-6 (42). The principal consequence is an 

overall cerebral dysmaturation either in grey and white matter.  

1.1.4 Selective vulnerability of Oligodendrocytes progenitors 

A particular developmental form of oligodendrocytes, the pre-oligodendrocyte (preOL), is 

the principal target for cell death in WMI related to prematurity (43). Oligodendrocytes 

(OL) are glial cells that produce myelin, the lipid-enriched axon-unsheathing membrane, 

which is essential for saltatory conduction of action potentials in the CNS and provide 

axons with trophic support (44). 

Oligodendrocyte maturation from an OL progenitor into a myelinating OL involves a 

sequence of several developmental stages, each characterized by a progressively complex 

morphology and the expression of stage-specific markers.  
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Firstly, neural stem cells give rise to oligodendroglial precursor cells (OPCs) during 

embryonic development (beginning at 13 GW). OPCs are characterized by the expression 

of platelet derived growth factor receptor alpha (PDGFRα) and neural/glial antigen 2 

(NG2) and present a typical morphology with few ramified processes. These cells 

proliferate and migrate throughout the brain before differentiating into pre-OLs around 20 

GW. At this stage, cells undergo extensive cellular growth and process elaboration and are 

characterized by oligodendrocytes marker-4 (O4) immunoreactivity. The O4-positive cell 

comprises approximately 90% of the total OL population in the preterm brain until about 

28 GW and accounts for at least 50% of the total population until term. Finally, the 

myelin-producing oligodendrocytes are positive for myelin basic protein (MBP) and 

appear around 30 GW in the cerebral white matter, but active myelin sheath production 

does not begin until 3 postnatal months (7). 

 

 
Figure 2 Maturation of OL lineage. Four principal stages of OL lineage progression are depicted 
together with their corresponding morphological features and capacity for myelination, migration 
and proliferation. Each stage is uniquely defined by a combination of stage-specific markers (listed 
in white under each stage in the figure). Abbreviations: CNP (CNPase); GalC, galactocerebroside; 
MAG, myelin associated glycoprotein; MBP, myelin basic protein; MOG, myelin oligodendrocyte 
glycoprotein; NG2, chondroitin sulfate proteoglycan 4; PDGFRα, platelet-derived growth factor-
alpha; PLP, proteolipid protein (5). 
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The major period of vulnerability for human WMI (24-32 GW) precedes the onset of 

myelination (5,45) and coincides with a developmental window when the white matter is at 

increased risk for oxidative stress from hypoxia–ischemia or inflammation (46,47). 

Whereas pre-myelinating immature OLs (O4+) and mature myelinating OLs display 

greater resistance to hypoxia-ischemia or inflammation (48), pre-OLs are very susceptible 

to degeneration, representing the principal target for cell death in WMI related to 

prematurity  (43). 

Although the precise mechanism responsible for pre-OL injury is still controversial, this 

could be explained by their particular vulnerability to the following factors (49). 

1. Oxidative stress  

Reactive oxygen and nitrogen species are implicated in WMI both in animal models 

and in human neonates (21). Immature OLs are more sensitive to ROS attack than 

mature OLs due to a global delay in the development of antioxidant enzymes (like 

copper-zinc and manganese superoxide dismutases, catalase and glutathione 

peroxidase) (50). Indeed, in primary OPC cultures, oxidative stress decreases the 

expression of important transcriptional factors, which normally stimulate 

differentiation (like Sox10 and Olig2), while it increases the expression of certain 

differentiation-inhibiting genes (ID2, ID4) (51). The consequence is a delay in OL 

maturation.  

2. Excitotoxicity  

Calcium-permeable glutamate receptors (GLUR2-deficient AMPA receptors) are 

normally overexpressed on pre-OLs in human brain (52), they’re concentrated in the 

cell body and they have a lower affinity for glutamate than the N-methyl-D-aspartate 

(NMDA) receptors, which are concentrated on cell processes (53,54). The initial 

activation of NMDA receptors results in a loss of these processes (55) while a 

persistent or more pronounced insults lead to an exuberant activation of the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, with consequent cell 

death (49).  

3. Inflammation 

Multiple molecules act in concert with other signals in chronic white matter lesions to 

prevent preOLs maturation and normal myelination. A number of these signals appear 

to be linked to a diffuse activation of microglia and astrocytes (42,56). Importantly, 

however, direct effects of Toll-like receptors (TLRs) or other receptors on pre-OLs per 

se could be operative in the impairment of myelination. 
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Several studies found that although the initial response to injury involves pronounced 

extensive degeneration of pre-OLs (57–60), an early proliferative response of OL 

progenitors occurs in subacute lesions (48,58). Such regeneration can compensate the pre-

OL death, but the newly generated pre-OLs display persistent arrested differentiation and 

fail to myelinate intact axons (22,58,60) 

In addition to this acute effect on oligodendrocyte maturation, an ongoing inflammation, 

astrogliosis and glial scar can persist for many years after injury. Activated astrocytes 

produce molecules that are able to inhibit axonal regrowth and remyelination (40). In 

particular, glial scar components, such as immunoglobulin cell adhesion molecules 

(IgCAMs) and the chondroitin sulfate proteoglycans, might represent an active signaling 

mechanism responsible of arrested oligodendrocyte maturation (40).  Thus a persistent 

brain injury can result in an accumulation of immature oligodendrocytes that sensitize the 

brain to further injury, evolving into a tertiary brain damage, which worsen clinical 

outcome (40,57). 

 

1.2  White matter injury is closely related to inflammation 
Animal and human studies evidenced that both systemic inflammation and 

neuroinflammation in CNS play a central role in the pathophysiology of perinatal brain 

damage (61,62). Although the mechanisms involved in inflammation-induced early brain 

injury are not clearly understood, recent evidences have shown that abnormal 

inflammatory responses in the fetus and/or in the neonate can contribute to the 

development of white matter damage and to the consequent neurocognitive disabilities and 

neuropsychiatric diseases in children and adults (32,63).  

One of the first events following neuroinflammation is the activation of microglia, the 

resident immune cells of the brain which density in white matter reach a peak during the 

period of greatest vulnerability to WMI (early third trimester of gestation) and then decline 

rapidly in WM after 37 GW (49,64). Activation of microglia is a major hallmark of 

neuroinflammatory diseases including WMI (41). Indeed, histological analysis of human 

brain tissue of preterm neonates with diffuse WMI revealed that microglia are active and 

maintained in a pro-inflammatory state (21,22).  

1.2.1 Microglia in physiological and pathological conditions 

Microglial cells arise from erythromyeloid precursors (EMP) of the yolk sack during 

primitive hematopoiesis (65). Prior to embryonic day 7.5 (E7.5) in mice, equivalent to the 
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first trimester of pregnancy in human, a first wave of EMP is produced in the yolk sack 

and will give rise to immature macrophages. With the onset of angiogenesis between E8.5-

9.5, macrophage/microglial cells infiltrate the embryo and these primitive microglia 

proliferate, mature and start colonizing the brain (66,67). 

In humans, microglial cells infiltrate the brain around 4.5 GW through the choroid plexus, 

meninges and ventricles, and cross the blood vessels at 10th GW (68). Microglia colonize 

progressively the cerebral wall tissue of the telencephalon at the beginning of the 7th GW 

in an inward-out pattern, starting at the ventricular zone and moving to the deep cortical 

plate in a process that is parallel to white fiber-tract development (59,68,69). As microglia 

progress toward the cortical plate, their density decreases and a ramified morphology is 

acquired, similar to adult microglia (70) . 
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Figure 3 Schematic of colonization of the human telencephalon cerebral wall by microglia A) 
Colonization between 12-24 GW. Microglia migrate by an inside-out tangential pattern (similar to 
neuron migration pattern) during their progression in the cerebral wall. With aging, microglia 
morphology changes from amoeboid to ramified phenotype that characterizes resting microglia. B) 
Representation of microglia population in a coronal section. Clusters of activated microglia are 
present in the corpus callosum, at the axonal crossroad (bold dashed circle) and the ventricular 
zone. This increased density of microglia in this area could explain the systematic periventricular 
localization of white matter injury in the preterm infant. Abbreviations: CC, corpus callosum; CP, 
cortical plate; ML, marginal layer; IZ, intermediate zone; SP, subplate; SVZ, subventricular zone; 
VZ, ventricular zone WM, white matter. (59,69,71) 

 
Microglia regulate the maturation of neuronal circuitry during development and participate 

in the maintenance of the neuronal cell pool.  A recent study highlighted the importance of 

a bi-directional communication, regulated by the release of soluble factors, between 

microglia and neuronal cells during development. The authors have hypothesized that 

neuronal precursor cells (NPC) attract and activate microglial clusters in the ventricular 

zone (VZ) and the subventricular zone (SVZ) whereas microglia derived trophic factors, 

such as insulin-like growth factor 1 (IGF-1), support survival of neurons in the neocortex 

(72). Moreover, microglial cells regulate synapse numbers and synaptic pruning (73) and, 

during brain development, stimulate OL differentiation and maturation (74,75) and  myelin 

production (76). Microglia are therefore a key player not only in neuroinflammation, but 

also in the regulation of synaptogenesis and myelination.  

In response to brain injury, microglial cells undergo proliferation and rapid activation, 

shifting into a pro- or anti-inflammatory state, adjusting their secretion profile of factors 

that are released into the cerebral environment. Microglia-activating signals include 

pathogen-associated molecular patterns (PAMPs) from viral or bacterial origin, damage-

associated molecular patterns (DAMPs) from injured cells (61), molecules, such as ATP or 

glutamate at abnormal levels; endogenous proteins in abnormal conformations; and 

proteins specific functional states (complement factors, immune complexes) (77).  Such 

signaling may be detected by microglia-bound pattern recognition receptors (PRRs), such 

as Toll-like receptors (TLRs) 1-9 (78). 

Once activated, microglia show different functions: cytotoxicity and host defense, 

orchestration of repair, extracellular matrix reconstruction, and resolution of inflammation 

(79). Similar to peripheral macrophages, microglia have conventionally been categorized 

into two phenotypes, M1 and M2, based on expression of specific cell markers. The M1 

phenotype is considered pro-inflammatory and is identified by expression of markers such 
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as TNF-α, inducible nitric oxide synthase (iNOS), major histocompatibility complex 

(MHC II), IL-6, and CD86. The M2 anti-inflammatory reparative phenotype, identified by 

markers such as arginase-1, CD206, transforming growth factor β (TGF-β) and IL-10, is 

involved in phagocytosis of debris and dead cells, resolution of inflammation, remodeling 

of axons, oligodendrogenesis and neurogenesis. In response to external stimuli, microglia 

develop different phenotypes with various functions (80,81). In reality, M1 and M2 

activation states represent extreme possibilities rather than different populations; indeed 

microglia display a spectrum of activation states, which are oversimplified by using the 

M1/M2 classification (80). 

1.2.2 Microglia: the key player of perinatal white matter injury 

In response to brain insult, as the acute phase of neonatal stroke, excitotoxic injury, or 

systemic infection, microglia are the leading cells ensuring inflammatory response (62). 

Different insults like hypoxia-ischemia, excitotoxicity, systemic infection, are 

accompanied by increased density of microglia, which enables to mediate multiple facets 

of neuroinflammation, including cytotoxicity, repair, regeneration, and 

immunosuppression due to their ability to acquire diverse activation states (80). However, 

an exacerbated activation of microglia, linked to the release of reactive oxygen and 

nitrogen species and injurious cytokines (i.e. IL-1β, IL-6 and TNF-α) and to perturbations 

of glutamate homeostasis with enhanced excitotoxicity (49,82), could impair neurogenesis 

and myelination (71,83,84) 

This observation is supported by both in vivo and in vitro studies that show how microglial 

activation following lipopolysaccharide (LPS) challenge is associated with neuronal and 

axonal death (69,85). At the same way, conditioned medium from microglia cultures 

treated with LPS causes oligodendroglial damage, whereas treatment with LPS alone has 

no effect (86). Moreover, activated microglia reduce the release of several trophic factors 

like IGF-1 and ciliary neurotrophic factor (CNTF) which play important roles in OL 

development and protection (75), showing that microglia can also affect OL maturation via 

cytokine-independent mechanism. 

The effects of microglia activation during the early phase of life are not only limited to the 

perinatal period. One of the main alterations following perinatal infection/inflammation is 

a persistent low-grade inflammation characterized by higher expression of inflammatory 

mediators during adulthood. Adult rodents exposed during early life to LPS, either 

systemic or intracerebral, display enhanced expression of CD11b, IL-1β and IL-6 along 
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with more activated microglia in the hippocampus, the striatum and substantia 

nigra/ventral tegmental area (87). This persistent low-grade inflammation sensitizes the 

brain to secondary injuries, which can lead to neurological disorders such as cerebral palsy, 

mood disorder, schizophrenia, or Parkinson’s disease in the adult (61). 

Properly modulated microglia activation is necessary to ensure the good functioning and 

development of the brain. If, as reported above, an excessive microglial activation is linked 

to WMI in neonates and to a negative outcome in the adult, a microglial depletion is also 

associated with deleterious effects as well (88,89). Indeed, the genetic deletion of the 

scavenger receptor CD36 is linked to a reduced microglial phagocytosis of neuronal debris 

and enhanced neuroinflammation during the acute phase of neonatal ischemia (90).  

Therefore, microglial activation has a dual neurotoxic and neuroprotective function in 

response to injury in the immature brain.  

 

1.3  Towards neuroprotection of the developing brain 
Currently, no established treatment is available to prevent or improve the outcome of 

preterm neonates with diffuse WMI.  

The development of novel neuroprotective strategies is complicated by the not yet clear 

understanding of pathophysiology of each of the disorders and by needs of a careful 

attention to be paid on the acute and long-term toxic effects that could be associated to a 

therapeutic strategy targeting molecules/cells important for the developmental process. 

Although these limitations, several therapeutic candidates have been identified and studied 

in animal models and in some clinical trials.  

One promising treatment is erythropoietin (EPO), a hematopoietic cytokine used for 

treatment of anemia of prematurity, which has been shown to have neuroprotective and 

neuroregenerative effects on the brain. Indeed, in vitro EPO treatment has been shown to 

enhance oligodendrogenesis, survival of OLs, OL maturation and myelin production. 

Furthermore, on clinical trials in preterm infants EPO improved white matter development 

measured by FA values, decreased risk of brain injury in the grey and white matter, and do 

not have any major adverse consequences (91). Other potential treatment candidates 

include the epidermal growth factor (EGF) and the insulin-like growth factor 1 (IGF-1), 

which stimulate OL differentiation and myelination in animal models, although in mice too 

high dosage of IGF-1 has adverse effects when combined with an inflammatory stimulus, 

increasing risk of intracerebral hemorrhage and leukocyte infiltration (92). Nevertheless, 
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clinical trials with intravenous IGF-1 administration in preterm neonates for the prevention 

of retinopathy of prematurity have shown that this treatment is safe (93).  

Melatonin, an endogenous antioxidant produced by the pineal gland, through its anti-

inflammatory, anti-apoptotic and pro-myelination activities, has revealed neuroprotective 

properties in different neonatal models of WMI (94–96). 

Moreover, minocycline, synthetic second generation tetracycline derivative that can easily 

cross the blood-brain barrier and manifests anti-inflammatory properties, has demonstrated 

neuroprotective properties in animal model of WMI induced by hypoxia-ischemia at P3 or 

by intracerebral injections of LPS at P5 (97,98). A further study conducted using the LPS 

model has showed that intracerebral injection of interleukin-1 receptor antagonist (IL-1Ra) 

improves behavioral and motor impairment as well as histological signs of WMI (99). This 

positive effect of IL-1Ra, as hypothesized by the authors, is linked to the block of positive 

activation feedback loop between microglia and IL-1β, with reduced microglial activation 

and thus the production of pro-inflammatory mediators (99). Additionally, the small 

peptide rytvela, an allosteric modulator of IL-1R, has been recently shown to reduce 

microglial activation in an animal model of retinopathy of the preterm induced by 

hyperoxia between P5 and P10 (100).  

Moretti and collaborators have studied the impact of sildenafil, a cyclic GMP 

phosphodiesterase inhibitor, in the modulation of microglia/ macrophages between M1 and 

M2 phenotypes in ischemic P9 mice after permanent middle cerebral artery occlusion 

(101). The authors demonstrated that  sildenafil prevents the progression of the ischemic 

lesions through the modulation of inflammatory pathways including 

microglia/macrophages polarization. 

In the last years an alternative option based on the use of mesenchymal stem cells has 

emerged as a therapeutic strategy, as these cells are able to secrete factors that limit 

inflammation and promote oligodendrocyte lineage specification, oligodendrocyte 

maturation and myelination (102). 

Finally, a recent pre-clinical study evidenced how pharmacological intervention targeting 

histone deacetylases (HDACs) or microRNA might protect the white matter from injury 

(13). 
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1.4  Adenosine pathway in CNS 

1.4.1 Physiology: sources of adenosine in CNS  

Adenosine, constituted by an adenine group attached to a ribose moiety, is present in all 

cells and is a component of nucleic acids and energy-carrying molecules (103). Beyond its 

role in energy-homeostasis, in the CNS adenosine has also a neuromodulatory role, 

affecting the release of various neurotransmitters including glutamate and γ-aminobutyric 

acid (GABA) (104).  

Adenosine can be directly released from the cell or generated extracellularly.  Within the 

cell, adenosine is not stored but is generated by the hydrolysis of S-adenylyl homocysteine, 

ATP, ADP, or cAMP (105). Carrier-mediated processes transport intracellular adenosine to 

the extracellular space via bidirectional facilitated diffusion transporters (103). Two 

metabolic pathways are responsible for the removal of intracellular adenosine: deamination 

into inosine via adenosine deaminase (ADA) and phosphorylation into AMP via adenosine 

kinase (AK).  

Extracellular ATP is an important source of adenosine after the conversion of ATP to ADP 

and AMP. Enzymes that catalyze these reactions include the ectonucleotidases CD28 and 

CD39 that convert ATP to ADP and AMP, and CD73 (also known as ecto-5’NT) that 

converts AMP to adenosine (105). CD73 operates with a substrate affinity in low µM 

range with a high turnover number. CD73 can rapidly convert extracellular AMP to 

adenosine and it is the only relevant enzyme which generate extracellular adenosine in the 

brain (106).  

 

 
Figure 4 Metabolism of adenosine from (107) 
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Extracellular ATP is produced by both neurons and glial cells in conditions that include a 

controlled release through pannexin hemichannels or channels as P2X purinergic receptor 

and an uncontrolled leakage from necrotic cells or from cells undergoing other forms of 

cell death (108). Moreover, ATP can be co-released from storage vesicles together with 

other hormones (such as neurotransmitters), it can be released via a ‘kiss and run’ 

mechanism (a type of synaptic vesicle release where the vesicle opens and closes 

transiently) or it can be released from the lysosome by exocytosis (109). 

Adenosine elicits its physiological responses by binding to and activating one or more of 

the four transmembrane adenosine receptors, denoted A1, A2a, A2b and A3. Adenosine is 

the only important agonist for the three key adenosine receptors (ARs) - A1, A2a and A2b 

- and the major, full agonist ligand for the A3 receptor (for which inosine is an incomplete 

agonist).  

1.4.2 Overview on adenosine receptors subtypes and their CNS distribution 

There are two major classes of purine receptors - P1 and P2 (110,111). ATP and ADP bind 

to P2 purine receptors that include ionic channel P2X and the G-coupled P2Y purine 

metabotropic receptors (111). ARs are P1 purine receptors and similar to other G-proteins 

coupled receptors (GPCRs), they contain seven putative transmembrane spanning domains 

(110).  All the four receptors subtypes are detected in glial cells (112).  

 

A1 receptors.  The A1 receptor (A1R) is the most highly conserved AR subtype between 

species (113), and it exhibits the greatest affinity for adenosine compared to the other 

subtypes. The activation of the A1R inhibits adenylyl-cyclase (AC) activity coupling Gi/o 

proteins, activates potassium channels (including K-ATP channels in neurons), blocks 

transient calcium channels and increases intracellular calcium and inositol-1,4,5-

trisphosphate (Ins-1,4,5-P3) levels by activating phospholipase C (PLC) (110). 

It is expressed throughout the body with the highest levels observed in brain, notably in 

neurons of cortex, hippocampus, and cerebellum (114,115), where the receptor show  both 

pre-synaptic and post- synaptic distribution (116). 

In the brain, stimulation of A1R elicits various effects, which are typically inhibitory such 

as the block of neurotransmitter release (117) and the reduction of firing rate (118). 

Interestingly, as reported by Thakkar and collaborators, microinjections of a selective A1R 

antagonist into the lateral hypothalamus of adult rats produced a significant increase in 
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wakefulness with a concomitant reduction in sleep, showing the implication of A1R in the 

regulation of sleep-wakefulness. (119) 

Other important biological functions regulated by A1R stimulation are locomotor activity 

(120) and pain (121). Moreover, pharmacological activation and antagonism of A1R are 

associated with anxiolytic and anxiogenic actions, respectively (122,123), while genetic 

deletion of the A1Rs enhanced anxiety (124). 

The most prominent expression sites of A1R outside the CNS are the heart and the kidney 

where it regulates the energy consumption. In the heart A1R regulates heart rate and the 

force of ventricular contraction whereas in kidney it influences glomerular filtration rate 

(125).  

 

A2a receptors.  As A1R, the A2a receptor (A2aR) exhibits a high affinity for adenosine 

and its activation results from coupling to Gs protein in peripheral tissues or Golf  protein 

(126,127) in the brain, leading to increased levels of cAMP.  

Widely expressed in different tissues, albeit at varying levels, A2aR expression is highest 

in brain, spleen, thymus, leukocytes, and blood platelets while intermediate expression 

levels are found in heart, lung, and blood vessels (8,15). In particular, in the brain, A2aR 

expression is higher in dorsal and ventral striatum as well as in olfactory tubercle (129). It 

is also recognized that A2aRs are expressed at substantially lower levels outside of 

striatum in brain regions including hippocampus and cortex (114). In the brain A2aRs 

interact with several neurotransmitters to regulate motor activity, psychiatric behaviors, the 

sleep–wake cycle and neuronal cell death. A prominent CNS effect transmitted by 

stimulation of the A2aR is reduced locomotion. 

Preclinical studies have clearly shown how A2aR agonists induce pronounced depression 

of spontaneous and dopamine agonist-induced motor activity (130) Conversely, adenosine 

A2aR antagonists produce motor stimulant effects in primates (131).  

Moreover, A2aR may contribute to neuronal injury by facilitating neurotransmitter release. 

Protection from excitotoxicity has been shown in the presence of A2aR antagonists, which 

prevent the increase in glutamate levels (132). 

In peripheral tissues, A2aR have a crucial role in the modulation of inflammation, 

myocardial oxygen consumption, coronary blood flow, angiogenesis and the control of 

cancer pathogenesis (133). A2aR is typically found in blood vessels and therefore usually 

involved in an adenosine-induced vasodilatation. Blockage of the A2aR in cerebral vessels 

is thought to contribute to pain relief in migraine headaches (134). 
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As A1R, also A2aR has a role in the genesis of pain. A2aR agonists have pro-nociceptive 

effect (135). In fact, the A2aR agonist CGS-21680 is able to enhance formalin-induced 

pain in rats while the A2aR antagonist DMPX decreases formalin-induced pain (136). 

An A2a knockout (KO) mouse displayed a decreased thermal pain response, suggesting 

that the presence of A2aRs promotes thermal pain (137). These KO mice also feature 

increased mechanical hyperalgesia in response to inflammatory-induced pain (138). 

 

A2b receptors. A2b receptors (A2bRs) are widely expressed, but mostly in low 

abundance. A higher expression is present in colon and bladder; intermediate expression in 

blood vessels, eye, and lung; and lower expression in brain, adipose tissue, kidney, liver, 

ovary, adrenal gland, and pituitary gland of rat (113,114).  

Although A2bR activate Gs protein which stimulates AC and leads to increased levels of 

cAMP at a similar affinity as A2aRs (139), the A2bR is the most adenosine-insensitive 

receptor among all four adenosine receptors, requiring µM adenosine concentrations, 

which are only rarely achieved under physiological conditions.  

During conditions in which adenosine levels are elevated, such as hypoxia, ischemia or 

inflammation, functional roles of A2bR signaling have been described in genetic and 

pharmacological studies; these roles include tissue adaptation to hypoxia (140), increased 

ischemia tolerance (141)  or attenuation of acute inflammation.  

 

A3 receptors. The A3 receptor (A3R) was the last subtype to be identified. Among the AR 

subtypes, the A3R exhibits the greatest species variation in expression pattern. Like A1Rs, 

A3Rs are coupling to Gi/o proteins and inhibit AC activity and intracellular cAMP 

concentrations (142).  

In brain, A3R expression levels are moderate in hippocampus where A3Rs have been 

detected in neurons and their terminals (143) and cerebellum, and low elsewhere.  

In mice, A3R agonists can stimulate mast cell degranulation (144), and this effect has been 

described also in human lung mast cells(145). Despite the low level of A3R expression in 

most cells and tissues, its expression is up-regulated in blood cells from patients with 

systemic inflammatory diseases, as rheumatoid arthritis and Crohn’s disease (146). 

1.4.3 Effects of adenosine on glial cells 

Nucleotides released or leaked from both glial cells and neurons play a role in cell-to-cell 

communication under both physiological and pathological conditions (147). Accordingly, 
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in CNS both neuronal cells and the major classes of glia (i.e. astrocytes, microglia and 

oligodendrocytes) express a vast variety of purinergic receptors (148). 

 

Astrocytes: Astrocytes are endowed with all the known sub-types of ARs that control 

metabolism of carbohydrates, astrogliosis and the release of neuroactive substances 

(reviewed in (149,150). At physiological concentration, estimated to be in the range of 30–

200 nM (151), adenosine, via A2aR, regulates glutamate efflux by astrocytes, by reducing 

glutamate uptake via GLT-1 and by direct release (152). On the other hand, the elevated 

level of adenosine that follows brain injury could critically modulate astrogliosis, as 

suggested by the increased number of glial fibrillary acidic protein (GFAP) positive cells 

after microinjection of an adenosine analog into rat cortex (153). In the same model, this 

effect is abolished by co-infusion of adenosine analog and a A2aR antagonist, indicating a 

role for A2aR in regulating astrocytes proliferation and activation (154).  

Besides A2aR, A3R may also mediate astrogliosis (155), whereas A1Rs inhibit astrocyte 

proliferation (156). This indicates that in physiological situations in which A1R expression 

is high, there might be tonic inhibition of astrocyte proliferation (156).  

However, high extracellular adenosine level can exert a double effect on astrocytes 

proliferation. Indeed, as reported by (157), exposure to high concentration of adenosine 

results in an increased astrocyte cell death by apoptosis. This capability, interpreted as a 

possible mechanism to limit excessive cell proliferation due to extensive reactive gliosis 

(149), is mediated by the activation of A3R and by adenosine internalization and 

metabolism (157).  

Astrocytes produce a variety of factors that act as key mediators of immunity and 

inflammation. These include cytokines, chemokines, proteases, protease inhibitors, 

adhesion molecules and extracellular matrix proteins. There is currently a great interest in 

investigating a possible role of adenosine in the regulation of these factors. A recent study 

(158) has demonstrated that stimulation of primary mouse astrocytes with a specific A3R 

agonist induces the release of the chemokine CCL2 through a Gi-protein-independent 

pathway. Thus, adenosine acting on the A3R appears to modulate the level of a chemokine 

that can exert both neuroprotective and detrimental effects.  

Adenosine is also able to enhance the production of other important neuroprotective 

substances, such as NGF, TGF-β1 and S100-β, in cultured astrocytes via activation of 

A1Rs (149). Stimulation of A2bRs elicits the release of IL-6 from astrocytes (159), via a 

transcriptional mechanism involving the transcription factors nuclear factor-IL6 (NF-IL6) 
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and NF-kB. Because IL-6 is neuroprotective against hypoxia and glutamate neurotoxicity, 

stimulation of A2bRs provides a damage-control mechanism during CNS injury. 

Moreover, adenosine, via A2aR, inhibits the expression of iNOS and the production of NO 

(160) by astrocytes.  

Thus, adenosine may enhance the neuroprotective effects of astrocytes both via changes of 

the astrocyte metabolism and through pathways mediated by different AR subtypes. 

However, high levels of adenosine caused by prolonged or exaggerated exposure to 

pathological conditions may also exacerbate degenerative processes, leading to both 

astrocyte death and damage of neurons.  

 

Oigodendrocytes: The A1R is the principal receptor subtype present on oligodendroglia 

(161). The activation of A1R on the OPCs can stimulate migration (161) and promotes 

accelerated OL maturation (162). In a model of multiple sclerosis, A1-KO mice showed 

increased demyelination, and increased macrophage-dependent oligodendroglial death 

(163). By contrast, in A1-KO mouse pups, the white matter loss observed after hypoxia 

was essentially abolished, possibly indicating a role for A1 receptors in mediating 

oligodendroglial death (164). Thus, the role of this receptor may differ depending on the 

stage of development. In addition, virtually nothing is known about the other adenosine 

receptors.  

 

Microglia: Several lines of evidence support a causal relationship between the increase in 

extracellular adenosine and the modulation of the activity state and function of microglial 

cells. Microglial can rapidly generate adenosine from extracellular adenine nucleotides. 

Indeed, on their extracellular surface microglial cells present an efficient set of enzymes 

like CD73, enabling these cells to increase the local adenosine concentration rapidly by 

hydrolysis of adenosine nucleotides (165). Microglial cells express all the four AR, 

rendering them highly responsive to adenosine in an autocrine/paracrine manner. Bouscein 

and collaborators reported that an adenosine analogue can reduce the LPS-induced release 

of cytokines, such as macrophage inflammatory protein-1α (MIP-1α), TNF-α and IL-12 by 

primary isolated microglial cells (166).  

Given the promising therapeutic impact of A2aR activation in the control of inflammatory 

reactions (167) there is a renewed interest in the potential role of this and other ARs on the 

regulation of microglial function. Initial studies revealed a cooperative behavior of A1 and 

A2a receptors in controlling calcium transients (168) and proliferation(169) in cultured 
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microglial cells. However, it is now reported that the various ARs subtypes have different 

roles in the control of the release of specific cytokines in resting and activated cells (170).  

A2aR expression in microglia is usually low under physiological conditions but increased 

following brain insults. The induction of A2aRs in glial cells, coupled with local increase 

in adenosine and proinflammatory cytokine levels (such as IL-1β which further induces 

A2aR expression), may serve as part of an important feed-forward mechanism to locally 

control neuroinflammatory responses in the brain. In microglial cells, activation of A2aRs 

has mixed effects on proliferation, but has clear facilitating effects on the release of 

cytokines, including up-regulation of cyclooxygenase 2 and release of prostaglandin E2 

(PGE2) (171) and on increases in nitric oxide synthase (NOS) activity and NO release.  

On the contrary, an opposite role has been reported for A1R. Using a model of A1R-KO 

mouse, Tsutsui and collaborators have demonstrated that A1R reduces excessive activation 

of microglial cells upon immune stimulation.(163) 

The ERK1/2 pathway, which is of major importance for the regulation of microglial cells 

(172), is also influenced by extracellular adenosine. Thus, microglia react to basal levels of 

adenosine with high ERK1/2 phosphorylation and to increasing levels with a decreased 

ERK1/2 phosphorylation, probably via A3R (139). Finally, one study reported that A3R 

can inhibit microglial migration (173).  

In conclusion, the effects of adenosine on microglia activation are depending on the 

receptor subtype that is activated which expression may change in function of microglia 

activation state.  

 

1.5  Adenosine in premature infants 
There are few data regarding the adenosine blood levels and its eventual implication in 

development in term and pre-term infants. In one study, plasma adenosine, along with 

blood gases, hypoxanthine, and catecholamine concentrations, was determined in umbilical 

blood in newborns after birth. In vaginally born infants the median arterial adenosine 

concentration was found to be significantly higher than in infants delivered by elective 

cesarean section. It is suggested that increased adenosine release at vaginal delivery 

modulates the stress response elicited by the strong catecholamine surge and may 

furthermore exert protective effects in perinatal asphyxia (174). 

The involvement of adenosine signaling in the pathophysiology of prematurity is suggested 

by the clinical use of caffeine. Indeed, caffeine is a non-specific antagonist of ARs, widely 
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used to treat apnea of prematurity. In preterm infants, it reduces the duration of respiratory 

support, improves survival rates and lowers the incidence of cerebral palsy and cognitive 

delay. An observational prospective study using data collected from preterm infants has 

reported that serum caffeine levels outside of the therapeutic range correlate with a pro-

inflammatory cytokine profile including increased plasma levels of IL-1β, IL-6 and tumor 

necrosis factor (TNF)-α, as well a decrease in the level of the anti-inflammatory cytokine 

IL-10 (175). This is particularly concerning, given that systemic inflammation is known to 

adversely impact on the developing brain, and such a pro-inflammatory cytokine profile in 

preterm infants treated with higher doses of caffeine may account for the detrimental 

effects in the cerebellum (176) . 

Although tenuous, these data suggest a possible link between adenosine, caffeine plasma 

levels and an imbalance between the pro- and anti-inflammatory profiles in preterm 

infants. Whether a similar link exists for adverse neurological outcomes in preterm infants 

is not known and there is still little evidence relating to effects of caffeine on brain 

development, especially at the cellular and molecular levels (see review (177)).  

1.5.1 Adenosine signaling in neonatal brain injury 

Adenosine signaling is not very prominent under physiological conditions; on the contrary, 

under pathologic circumstances when cell function is compromised, extracellular 

adenosine levels can rise as much as 100 fold, reaching a concentration that activates the 

lower-affinity AR subtypes, which then alters cellular function (178,179). 

The rapid release of adenosine in response to tissue-disturbing stimuli has a dual role in 

modulating homeostasis. First, extracellular adenosine represents a pre-eminent alarm 

molecule that reports tissue injury in an autocrine and paracrine manner to surrounding 

tissue. Second, extracellular adenosine generates a range of tissue responses that can be 

generally viewed as organ protective thereby mediating homeostasis.  

Aberrant adenosine signaling has been implicated as a common disease mechanism 

underlying inflammatory and ischemic tissue damage. This includes excessive 

inflammatory tissue damage such as that seen in ischemic brain injury and WMI.  
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Figure 5 Under physiological conditions (upper panel), the extracellular concentration of 
adenosine is the sum of many biological processes. Adenosine is transported via equilibrative 
nucleoside transporter 1 (ENT1) and other transporters. ATP is released via multiple processes. 
ATP is converted to adenosine by ectonucleoside triphosphate diphospohydrolase 1 (ENTPD1; also 
known as CD39) and ecto-5’-nucleotidase (NT5E; also known as CD73). Adenosine is metabolized 
to inosine, AMP or S-adenosylhomocysteine (SAH). Under pathological conditions (lower panel), 
local adenosine signaling is markedly amplified in response to insults and hypoxia. There is also a 
parallel marked induction of enzymes that are responsible for ATP-dependent adenosine signaling 
as well as adenosine receptor expression (particularly A2a and A2b ARs) and the suppression of 
enzymes involved in adenosine metabolism, such as adenosine kinase (AK). Adenosine signaling 
under pathological conditions is controlled by the following factors: increased adenosine levels by 
ATP release; induction of ENTPD1 expression by the transcription factor SP1 and of NT5E 
expression by hypoxia-inducible factor-1α (HIF-1α); induction of A2aR expression by HIF-2α and 
of A2bR expression by HIF-1α; repression of AK by HIF-1α and suppression of ENT1 or ENT2 
activity by HIF-1α. (ADA, adenosine deaminase; cAMP, cyclic AMP; ERK, extracellular signal 
regulated kinase; MAPK, mitogen-activated protein kinase; PKA, protein kinase A). From (272) 
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1.5.2 Ischemia and hypoxia 

During ischemia, multiple studies have largely supported the neuroprotective benefit of 

A1R stimulation. For example, mice pretreated with a selective A1R antagonist prior to the 

ischemic insult show marked exacerbation of neuronal damage (180). On the contrary, in 

immature brain, pharmacologic A1R stimulation has been shown to exacerbate rather than 

attenuate ischemic injury (164).  

A2aR seem to have a deleterious effect after brain ischemia, probably for the increased 

glutamate outflow. The pharmacological blocking of A2aR reduced brain damage 24 hours 

thereafter ischemia induction in adult rats (181–183). A noxious role of A2aR during 

ischemia is supported by the observation that A2aR-KO mice show significantly decreased 

infarct volumes after focal cerebral ischemia when compared with their wild-type 

littermates (184). 

While the studies conducted in adult clearly demonstrated a negative role of A2aR during 

brain ischemia, contradictory results have been obtained in neonates. In fact, the study 

conducted by Bona and collaborators evidenced that the administration of A2aR antagonist 

reduced ischemia-induced brain damage in neonatal rats (185) whereas A2aR-KO neonatal 

mice show aggravated hypoxic ischemic injury (186). These results suggest that A2aR 

stimulation, and not blockade, might also play a protective role under the circumstance of 

neonatal ischemic/hypoxic brain injury.  

Finally, also the A3R stimulation has a neuroprotective effect during hypoxia (187), even 

if the mechanism of this effect is unclear. This may involve the suppression of apoptosis 

(188) or may involve non-neuronal targets. The latter possibility is supported by recent 

evidence that glial cells engineered to lack the A3R are more sensitive to hypoxia than the 

wild type cells (189).  

1.5.3 Neonatal white matter injury 

The study conducted by Rivkees and collaborators evidenced the role of A1R in neonatal 

WMI using both a pharmacological and genetic approach (164). Neonatal rats treated with 

A1R agonists show marked reductions in white and gray matter volume with secondary 

ventriculomegaly along with reduced total axonal volume and reduced myelination (164). 

At the same way neonatal A1R-KO mice are characterized by a diffuse white matter injury 

in the developing brain.(164).  

Regarding the mechanism responsible for these A1R-mediated effects, adenosine and 

hypoxia are hypothesized to lead to premature differentiation of OPCs with a consequent 
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reduction of number of OLs that contributes to WMI (163). This hypothesis is supported 

by an in vitro study which demonstrated that the treatment of OPCs with adenosine 

promotes accelerated OL maturation, via A1R activation (162).   

However, the effects of adenosine signaling on neonatal white matter injury are not fully 

understood and the researches focusing in this topic report contrasting results. Indeed, the 

antagonism of A1R could offer a neuroprotective effect (178) as caffeine treatment of 

neonatal mice reared in a hypoxic environment was associated with reduced 

ventriculomegaly and hypomyelination along with an increased proportion of immature 

OLs (190).  

The hypothesis of an adenosine role in the context of WMI pathology is further supported 

by the clinical use of caffeine in premature infant for respiratory purposes. Caffeine-treated 

infants for apnea of prematurity (CAP) had significantly lower rates of CP than the control 

group. The “Caffeine for CAP” trial was one of the largest international randomized 

controlled trials in preterm neonates. This study showed that preterm infants treated with 

caffeine citrate had improved rates of survival without neurodevelopmental disability, and 

lower rates of cerebral palsy and cognitive delay at 18–21 months of age compared with 

placebo-treated preterm infants (191). In a subgroup of infants in the CAP trial who 

underwent magnetic resonance imaging at term corrected age, caffeine treatment improved 

cerebral white matter development as evidenced by more mature organization of cerebral 

white matter (192). 

1.5.4 Neuroinflammation 

Adenosine is thought to critically contribute to inflammation and tissue damage, and 

recently, accumulated evidence suggests that ARs partake in brain inflammatory processes 

and might serve important therapeutic targets for treating diseases of the brain in which 

inflammation plays a key role in its etiology or progression (170).  

However, as observed in studies examining AR function in neuroprotection, the influence 

of ARs on neuroinflammatory processes is also perplexing: pharmacologic studies have 

reported an anti-inflammatory outcome following either stimulation or blockade of ARs 

(193).  

Evidence for AR modulation of neuroinflammation has largely focused on the A2aR 

subtype. A2aR stimulation in fact causes activated microglia to assume their characteristic 

amoeboid morphology during brain inflammation (194). A2aR antagonists have been 

shown to suppress microglia activation in murine microglial cells exposed to an 
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inflammatory stimulus such as LPS (195,196). Also in vivo, intra-cerebroventricular 

injection of SCH-58261, an A2aR antagonist, prevents the recruitment of activated 

microglial cells and the increase in IL-1β evaluated 4 hours after intraperitoneal 

administration of LPS (196). This protection may be a result of A2aRs playing a key role 

in controlling microglial activation and the secretion of brain-derived neurotrophic factor 

(BDNF), a neurotrophin well known for its roles upon microglial activation (195). 

In agreement with the pharmacological studies, several researches using A2aR-KO mice 

generally demonstrate that the brain inflammatory response and/or resultant damage from 

different injury models (e.g., ischemia/hypoxia, traumatic brain injury) is less severe 

following A2aR deletion (197–199). 

It is interesting to note that the broad spectrum of anti-inflammatory effects from A2aR 

inactivation in brain is apparently at odds with the prominent anti-inflammatory effect of 

A2aR activation in peripheral organs (200). In fact, A2aR agonist systematically 

administrated for chronic treatment after brain ischemia or spinal cord injury seem to 

reduce inflammation parameter and blood cell infiltration (201,202). 

An unequivocal role of A2aR in controlling blood cell infiltration was demonstrated also in 

a model of autoimmune encephalomyelitis: A2aR-KO mice displayed increased 

inflammatory cell infiltration, higher neurological deficit scores and increase of different 

neuroinflammation parameters (203).  

Moreover, selective activation of A2aR directly on blood cells, including platelets, 

monocytes, some mast cells, neutrophils, and T cells, inhibits proinflammatory responses 

(112), reduces production of adhesion cell factors, and reduces neutrophil cells activation, 

thereby exerting antioxidant and anti-inflammatory effects.  

To explain this difference, is important to consider the recent work of Dai and 

collaborators; indeed the authors demonstrated in microglial primary cell cultures 

following treatment with LPS and in intact animals following traumatic brain injury (TBI), 

that extra-synaptic glutamate levels can direct the switch of A2aR mediated responses 

from an anti-inflammatory and neuroprotective role to a pro-inflammatory and cytotoxic 

role (204). Thus, the level of glutamate released from neurons and glial cells in response to 

brain insults may dictate A2aRs’ modulation of neuroinflammation in brain, which is 

distinct from their modulation in peripheral tissues.  

All together these results point out an important role of A2aRs in regulating 

neuroinflammation and consequent brain injury and a potential for A2aR antagonists as a 

therapeutic strategy for CNS disorders characterized by high levels of brain inflammation  
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1.6  Adenosine receptors as new target therapy?  
Although over the years a plethora of adenosine receptor ligands were developed, only a 

few made it into clinical practice. Several preclinical studies and clinical trials, in the field 

of CNS diseases like Parkinson disease, are being conducted with agonists and antagonists, 

which are designed to target each of the four AR subtypes in a selective manner (205,206).  

Based on the concentrated striatal expression of A2a receptors, preclinical studies have 

confirmed the interaction between A2a and dopamine receptor rand have proposed the 

A2aR antagonists as a beneficial therapy in rodent and non-human primate models of 

Parkinson’s disease (207,208).  

Over the past years, as following detailed, several clinical trials on A2aR antagonists have 

been conducted for the treatment of Parkinson’s disease.  

Six double-blind, placebo-controlled clinical Phase IIb and Phase III trials of istradefylline 

(KW-6002), involving a total of more than 2000 patients with advanced Parkinson’s 

disease, and one Phase IIb trial with preladenant (SCH-420814), involving 253 patients 

with advanced Parkinson’s disease, have been reported (208). These clinical trials have 

shown a modest but significant reduction in the average ‘off-time’ compared to the optimal 

levodopa dose regimen.  

Recently, a Phase I clinical trial about a new A2aR antagonist, PBF509, has been 

completed for the oral treatment of Parkinson’s disease (NCT01691924). KW6002, 

another A2aR antagonist, has been patented as a therapeutic agent for behavioral disorders, 

anxiety, and higher brain dysfunction, in combination with dopaminergic agents, for 

Parkinson’s disease, restless leg syndrome, and attention deficit hyperactivity disorder. It 

could be used in combination with antidepressant agents, such as the serotonin and/or 

norepinephrine reuptake inhibitors for depression, and for diseases accompanied by 

chronic muscular/skeletal pain, and drug dependence (209). 

PBF509 is also being investigated in a Phase I-II clinical trial as a treatment for non-small 

cell lung cancer (NCT02403193). 

Because all four AR subtype show an high level of expression in immune cells and their 

expression is dynamically modified by internal environmental condition (inflammation and 

tumor environment), ARs are being actively pursued as therapeutic targets for autoimmune 

diseases, chronic inflammatory disorders and cancer (205). In particular, based on 

preclinical pharmacology and encouraging safety data in Phase I studies, the A3R agonists 

and CF102 have been tested in several Phase II trials for rheumatoid arthritis (210).  
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In addition, active Phase II clinical trials are underway to test the efficacy of A3R agonists 

for the treatment of hepatocellular carcinoma and hepatitis (211).  

Finally, targeting the CD73–adenosine axis constitutes one of the most promising 

pathways in immuno-oncology. The blockade of CD73 or ARs could effectively promote 

anti-tumor immunity and enhance the activity of first-generation immune checkpoint 

blockers. Several Phase I clinical trials are now underway evaluating anti-CD73 or anti-

A2aR therapies in cancer patients, as reviewed in (212). 

 

1.7  Experimental models of neuroinflammation and white matter 

injury 
Despite the associations between hypoxic-ischemia, infection, cytokine production and 

specific damage to cortical white matter, there is, as yet, no direct experimental model 

available that is unequivocally representative of human WMI. Variations in the topography 

of lesions, methods of induction and differences in gestational development between 

species partly account for this lack of reproducibility. However, several animal models 

have been proposed as valuable tools for the study of white matter injury during 

development and in response to both acute and chronic inflammation (47,83,213). In 

particular, the use of animal models (neonatal rat, mouse and sheep) of experimentally 

induced inflammation (i.e. administration of infectious agents, injection of TLR2, TLR3 or 

TLR4 agonists, IL-1β and IL-6) and excitotoxicity have been used by neurodevelopmental 

researchers to study the effect of microglial activation on WMI development (61,83,214–

217). 

For the aim of my project, I have used two different animal models of neuroinflammation 

in which the microglia cells exert an important role for the induced pathogenesis 

(213,218), and both developed in my current laboratory: low protein diet (LPD) model in 

pregnant rats, to induce chronic inflammation and diffuse WMI, and ibotenate (IBO) 

intracerebral injection model in rat pups, characterized by a focused and acute 

inflammatory lesion in WM.  

1.7.1 LPD model 

Prenatal malnutrition induced by protein or caloric restriction has shown to induce several 

effects on brain development and function, including alterations in the size, number of 

cells, neuronal migration, extent of dendritic branching in several areas of the brain 
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(219,220) and alterations in the oligodendroglial lineage with myelination deficits 

(221,222). The LPD model is a model of maternal protein restriction between embryonic 

day 0 and birth. This model has been used in the laboratory where I’m performing my 

research and, as we recently demonstrated, induces an alteration of myelination and brain 

connectivity (213). 

Strikingly, transcriptomic and gene network analyses have revealed not only a myelination 

deficit, but also an exacerbated microglial activation at postnatal day 1 (P1) and P4 in 

animals exposed to LPD (213). Even in the absence of an acute inflammatory insult, the 

LPD is responsible for a prenatal systemic inflammation that disrupts the physiological 

brain development and microglia function.  

1.7.2 Ibotenate model 

Intracerebral injections of ibotenate (a glutamatergic agonist) in postnatal mice induces the 

formation of white matter cysts that resemble those of human WMI (223,224).  

In a neonatal model of WMI, Tahraoui and collaborators have shown that excitotoxic 

white matter lesions develop following administration of ibotenate and that microglial 

activation via N-methyl-D-aspartate (NMDA) receptors is an integral component of this 

tissue injury (218). Furthermore, recent experimental evidence obtained in this model 

suggests that pre-treatment with proinflammatory cytokines may increase the microglial 

density in the mouse brain and subsequently exacerbate excitotoxic lesions (215).  

 

Overall, the 2 models are appropriated for my research study because: (i) they are well 

established models of neonatal WMI; (ii) they support the involvement of microglial cells 

in the pathophysiology of neonatal brain lesion; (iii) both systemic and focal inflammation 

are strong inputs to activate the adenosine pathway.  
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2. AIM 

Neuronal injury and neurological impairment following preterm birth are commonly 

ascribed to pre and perinatal inflammation and oxidative stress hitting the immature brain 

at a vulnerable phase of development. Innovative approach to prevent or decrease brain 

injury in preterm infants requires discovery of biomarkers able to discriminate infants at 

risk for injury, monitor the progression of the injury, and assess efficacy of neuroprotective 

clinical trials (225).  

Caffeine, a nonspecific AR antagonist is widely used to treat apnea of prematurity. 

Recently, caffeine has also been linked to a decrease in the incidence of bronchopulmonary 

dysplasia and cerebral palsy in extremely premature infants (191,226), although the 

mechanisms explaining these findings have not been elucidated. 

The natural ligand for ARs, adenosine, has a crucial role in multiple biologic processes 

including inflammation (112,133) but little is known about adenosine production and AR 

expression in premature infants.  

In order to understand the implication of adenosine metabolism in the neuroinflammation 

that characterized prematurity and related WMI, I developed a clinical and pre-clinical 

study.  

The aim of the clinical retrospective study was to explore the possibility to investigate 

adenosine as a novel biomarker of brain outcomes in VLBW preterm babies, identifying 

those babies at risk for myelination abnormalities detected at cerebral MRI performed at 

term equivalent age (TEA, between 39 and 41weeks post-menstrual age). To this end, 

adenosine blood concentration in VLBW preterm babies was assayed by a simple, reliable, 

and inexpensive method.  

In the pre-clinical part, I used two rodent models, the LPD and IBO models that mimic an 

acute and chronic neonatal neuroinflammation in order to:  

1) characterize the synthesis and expression of adenosine and their receptors in response to 

neuroinflammation;  

2) describe the changes in the expression of adenosine receptors in microglial culture 

subjected to activation;  

3) determine the effect of A2aR blockade by a specific antagonist on microglial activation 

assessed through pro- and anti-inflammatory cytokines gene expression. 
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3. MATERIAL AND METHODS 

3.1  Clinical Study 

3.1.1  Subjects 

This retrospective study was conducted on 56 VLBW premature infants (28 weeks mean 

gestational age, 1095 g mean birth weight, 43% male) admitted at the Neonatal Intensive 

Care Unit of Gaslini Pediatric Hospital between February 2014 and January 2015. Dried 

blood spots (DBS) were collected for the newborn screening program for congenital 

diseases, including severe combined immunodeficiency due to adenosine deaminase 

deficiency (ADA-SCID). Some patients were sampled more than once for prematurity-

related conditions, like blood transfusions or parenteral nutrition, which could affect the 

biochemical results. 32 babies had the exam repeated twice (day 3 and 15); 27 babies 3 

times (days 3, 15 and 30); and 23 babies 4 times (days 3, 15, 30 and 40).  The 

normalization of clinical parameters resulted in a progressive reduction of patients sampled 

more than twice. The study was approved by the Institution’s Ethics Review Board for 

human studies, as it conformed to The Code of Ethics of the World Medical Association 

(Declaration of Helsinki). The local hospital ethics committee approved the study. Samples 

(dried blood spots, DBS) were collected after obtaining signed written informed consent 

from parents.  

3.1.2  Adenosine assay 

Blood samples were obtained by heelstick, spotted on filter paper (Ahlstrom, Helsinki, 

Finland) and dried. Adenosine content of DBS samples, processed for the metabolic 

screening as described (227,228), was assessed by Mass Spectrometry (a technique 

previously validated (228)) at the cited 4 time-points (T), namely: T1=3 days, T2=15 days, 

T3=30 days, and T4=40 days of life. DBS were punched to obtain spots of about 3.2 mm 

of diameter and extracted for 45 minutes at 45ºC and under mechanical stirring with 

methanol solution (C3OH/H2O 60:40), containing internal standards of Ado labeled with 

stable isotopes. 5 microliters of the extracted samples were directly injected (Flow 

Injection) into the Tandem Mass Spectrometer LC-MS/MS (TQD-Waters) and quantified 

using mass/mass experiments type MRM (Multiple Reaction Monitoring) for specific 

transitions m/z of the molecular ions and the specific fragments. Finally, the analytical 

results were processed through software Neolynx. 
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3.1.3 Cerebral Magnetic Resonance Imaging (MRI) 

All infants enrolled in the study performed cerebral MRI at term-equivalent age (TEA) on 

a 1.5 Tesla system (Intera Achieva; Philips, Best, the Netherlands) with dedicated 

head/spine pediatric coil. In fact, MRI at TEA has hired a prognostic role to predict the 

neurodevelopmental outcome of VLBW infants (28). Patients were spontaneously 

breathing during the examination and fed before MRI examination in order to achieve 

spontaneous sleep. The need for sedation to prevent head movement was agreed with the 

neuroradiologist on the basis of the infant’s state of arousal and the quality of images after 

the first sequence. Hearing protection was used throughout. Heart rate and oxygen 

saturation were non-invasively monitored by pulse-oximetry throughout the examination.  

Our standard MRI protocol included 3-mm-thick axial T2- and T1-weighted images, 3-

mm-thick coronal T2-weighted images, 3-mm-thick sagittal T1-weighted images, axial 

diffusion-weighted images (DWI) (b value: 1,000 s/mm2), and axial SWI. White matter 

lesions were defined as increased T1 signal abnormalities and decreased T2 signal 

abnormalities in the cerebral white matter on MRI (17). IVH was evaluated as high 

intensity on T1-Weighed images and low intensity on T2- Weighed images. Minor forms 

of hemorrhage, detected as foci of signal loss on SWI sequence, without continuity 

suggestive of veins, were interpreted as hemosiderin depositions, consistent with previous 

minor hemorrhage or blood deposition (229,230). Cerebellar hemorrhage were considered 

also when very small, named as punctate lesions. Signal intensity within the posterior limb 

of internal capsule (PLIC) on MRI was evaluated as a marker of myelination; 

asymmetrical PLIC was considered as early predictor of future hemiplegia (231). 
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3.2  Pre-clinical study 

3.2.1 Ethic statement 

All experiments were carried out according to INSERM ethical rules and approved by the 

institutional review board (Robert Debré ethics committee, Paris, France, approval number 

Big Project 01542.01).  

3.2.2 Antibodies and reagents 

Ibotenate (Tocris, Bristol, UK) was diluted in PBS to create stock solution of 20 mg/ml. 

SCH-58261 (SCH; Sigma Aldrich, Lyon, France S4568) and CGS-21680 hydrochloride 

hydrate (CGS; Sigma Aldrich, Lyon, France, C141) were diluted in DMSO to a stock 

concentration of 10 mM. Primary antibodies: anti-A2aR antibody (rabbit polyclonal, 

ab3461); anti-CD73 antibody (rabbit polyclonal, ab175396); anti- ionized calcium-binding 

adaptor protein-1 antibody (anti-Iba1, goat polyclonal, ab5076) were all purchased from 

Abcam (France). AlexaFluor® 488-conjugated anti-goat IgG and DAPI were from Life 

Technologies, while Cy3- conjugated anti-rabbit IgG was from Jackson Immuno Research 

Laboratories.  

3.2.3 Animals 

Sprague-Dawley rats (Janvier SAS, Le Genest-St-Isle, France) were housed in 

temperature-controlled rooms (24°C), with 12 h light cycling and free access to chow and 

water ad libitum.  

3.2.4 Experimental procedures 

LPD model. After mating, dams were randomly allocated to either the isocaloric low-

protein diet (LPD) (9% casein; as previously described (213,232), SAFE-diets Augy, 

France) or control diet (CTR) (23% casein) during gestational period.  The composition of 

these diets is shown in Table 2.  

 

Components (g per 100 g diet) LPD CTR 

% proteins 9 23 

% fats 13 13 

% carbohydrates 78 64 

Table 2 Composition of diet provided  
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The control and LP diets are balanced for energy intake assuming equivalent consumption 

rates. At birth, dams were returned to standard diet. Sex, birth-weight and post-natal 

growth rates were determined.  

 
Figure 6 Schematic overview of the experimental set-up using LPD model. 

 

IBO model. Ten µg ibotenate  (IBO) (Tocris, Bristol, UK) diluted in Phosphate Buffered 

Saline (PBS) was injected intracerebrally (i.c.) in postnatal day 5 (P5) rat pups of both sex 

as previously described (Pansiot et al., 2010). Ibotenate is a glutamate analogue that 

activates both N-methyl-D-aspartate (NMDA) and metabotropic receptors, but does not 

activate alpha-amino-3-hydroxy- 5-methyl-4-isoxazolepropionate (AMPA) or kainate 

receptors. Injections were performed using a 26-gauge needle and a 50 µl Hamilton syringe 

mounted on a calibrated microdispenser. The needle was placed in the frontoparietal area 

of the right hemisphere, 2.5 µm from the midline in the mediolateral plane, and 4 mm from 

the bregma in the rostrocaudal plane. Two 1µl boluses of ibotenate were injected with an 

interval of 20 seconds between the two. The needle was left in place for an additional 20 

seconds. 

The rat pups were killed and dissected at different postnatal days. Blood was collected by 

exsanguination on filter paper. Brains were collected, immediately snap frozen and stored 

at −80°C or immediately dissociated for microglia cells isolation.  

 

 

 

Blood samples 
RT-qPCR 
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Figure 7 Schematic overview of the experimental set-up using ibotenate model. 

 

3.2.5 Microglia cells isolation and primary culture 

Brains were collected from Control and LPD animals at P1 and P4 removing the 

cerebellum and the olfactory bulbs. The tissues dissociation was performed using the 

Neural Tissues Dissociation Kit and the gentleMACS Octo-Dissociator with Heaters 

accordingly to the manufacturer’s instruction (Miltenyi Biotec, Germany). CD11b positive 

cells were isolated from the resulting homogenates using an anti-CD11b (microglia 

marker) MicroBeads (Miltenyi Biotec, Germany) and multiMACSCell-24 separator 

(Miltenyi Biotec, Germany). After elution the sorted microglia cells were stored at -80 for 

RNA extraction. In a second set of experiment microglia cells were magnetically sorted 

from Control and LPD animals at P4 and after elution diluted in pre-cooled cultured in 

Dulbecco’s modified Eagle’s minimum essential medium/Nutrient mixture F-12 

(DMEM/F-12, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin and streptomycin.  Media was subsequently removed, microglia pelleted via 

centrifugation (300g - 10 min) and following re-suspension maintained in DMEM/F-12 

supplemented with 10% FBS and 1% P/S at a concentration of 5x105 cells/ml in 6-well 

culture plates. The purity of isolated microglia cells was verified by Iba1 immunostaining 

(ab5076, Abcam, dilution 1/1000). A medium change was performed after 24h and cells 

were treated as follow after 48h. Based on previous reports, microglial cells were treated 

with SCH (A2aR antagonist) at 50 nM (195,233) or CGS (A2aR agonist) at 10 µM 

(234,235) or DMSO. For Ibo model, cells were treated with SCH, CGS or DMSO 20 
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minutes before adding ibotenate 300 µM (236). After 6 hours, cells were harvested and 

RNA extracted for gene expression analysis. For cytokine levels, supernatant (conditioned 

media) was collected after a longer exposure time (12h) and stored at -80°C until analysis. 

3.2.6 RNA extraction, retrotranscription and Real-Time PCR 

Total RNA was extracted from cortex using Qiazol reagent and RNeasy mini kit (Qiagen, 

France) and from microglia cells using the NucleoSpin RNA Plus extraction kit 

(Macherey-Nagel, France) according to the manufacturer's instructions. RNA yield and 

purity were determined by spectrophotometry absorption at 260 and 280 nm by means of a 

NanodropTM apparatus (Thermofisher Scientific, MA, USA). 500 ng of mRNA from 

cortex and 150 ng from microglia were used to perform reverse transcription (iScript TM 

cDNA synthesis kit, Biorad, France), respectively. qPCR measurements were performed in 

duplicate using SYBR Green Super-mix (Bio-Rad). The reaction conditions were as 

follows: 98°C for 10 min (Polymerase activation), followed by 45 cycles at 95°C for 5 min, 

60°C for 10 min and 72°C for 10 min. The specificity of used primers was assessed with a 

melting curve analysis and the results were quantified using the relative standard curve 

methods. The relative mRNA expression for each target gene was calculated after 

normalization respect to the Rpl13 references gene. The primers sequences are available in 

Table 3. 

 



 42 

 

Gene Sequence Gene Sequence 

Rpl13 TCCGAAGAAGGGAGACAGTT Ada AAGTAGAGCTGCACGTCCAC 

 CTTCTCCTCTTCCGTGGATGG  TGCGTAGTCCCTCCACTGTA 

IL1β CACCTCTCAAGCAGAGCACAG Nt5e (CD73) TCCTGCAAGTGGGTGGAATC 

 

 GGGTTCCATGGTGAAGTCAAC  AGATGGGCACTCGACACTTG 

IL6 TCCTACCCCAACTTCCAATGCTC Entpd1 TGTGCCTTCAACGGTGTCTT 

 TTGGATGGTCTTGGTCCTTAGCC  ACACTGTCGTTCGCCATCTT 

iNOS AAGAACTCGGGCATACCTTCAG Adk TGGAAATGAGACGGAGGCTG 

 GTCATGAGCAAAGGCACAGAAC  GGAAGAGCCTGCGTCTTTCT 

Tnfα AAATGGGCTCCCTCTCATCAGTTC Adora1 GACCTACTTCCACACCTGCC 

 TCTGCTTGGTGGTTTGCTACGAC  CGGAGGTATCGATCCACAGC 

IL10 TGC CTT CAG TCA AGT GAA GAC Adora2a CCATCCCCTTCGCTATCACC 

 AAA CTC ATT CAT GGC CTT GTA  ACCAGGACAAAACAGGCGAA 

IL4ra ACTGGCTGGAACTGTGGTCT Adora2b GATCATCGCTGTCCTCTGGG 

 CATTGGTGTGGAGTGTGAGG  CTGGTGGCACGGTCTTTACT 

  Adora3 TGTCCTGTGTGCTTCTGGTC 

   AGCTTGACTCGCAGGTATCG 

Table 3 Primer sequences used in RT-qPCR experiments. 

3.2.7 Multiplex cytokine assay 

Cytokines were measured using Bio-Plex rat cytokine multiplex kit (Bio-Rad). Calibration 

curves from recombinant cytokine standards were prepared with serial dilutions in the 

same media as the culture supernatant (DMEM/F-12 supplemented with 10% FBS and 1% 

P/S). Standards were measured in duplicate, each sample was measured twice, and blank 

values were subtracted from all readings. All assays were carried out directly in a 96-well 

filtration plate (Bio-Rad) at room temperature and protected from light. Briefly, wells were 

pre-wetted with culture supernatant, then beads together with a either a standard, sample, 

or blank were added in a final volume of 50 µl, and incubated together at room temperature 

for 30 min with continuous shaking. Beads were washed three times with 100 µl Bio-Plex 

wash buffer. A cocktail of biotinylated antibodies (25 µl/well) was added to the beads for a 

further 30-min incubation with continuous shaking. Beads were washed three times, then 

streptavidin-phycoerythrin was added for 10 min. Beads were again washed three times 

and resuspended in 125 µl of assay buffer. The fluorescence intensity of the beads was 



 43 

measured using the Bio-Plex array reader. Bio-plex manager software with five-

parametric-curve fitting was used for data analysis. 

3.2.8 Immunofluorescence assay 

For histological analysis after ibotenate i.c. injections, animals were anaesthetized with 

pentobarbital and transcardially perfused with 4% paraformaldehyde in PBS. Brains were 

collected, postfixed in 4% paraformaldehyde overnight, cryoprotected, cut coronally in 10 

µm-thick slices, and stained according to standard protocols. After washing the slices three 

times with PBS, it was performed the block for non-specific binding by incubating the 

tissue sections with PBS-Triton 0,5%-gelatin 0,2% for 45 minutes at room temperature. 

Incubation with primary antibodies (rabbit anti-CD73 1/1000; goat anti-Iba1 1/1000) was 

performed overnight at 4°C in PBS-Triton 0,5%-gelatin 0,2%. After rinsing three times in 

PBS for 5 min each, sections were exposed (1 hours, RT) to secondary specie-specific 

antibodies (all at 1/1000 dilution in PBS-Triton 0,5%-gelatin 0,2%) conjugated to Alexa 

Fluor® 488 or to Cy3. Nuclei were then labelled with the fluorescent DAPI dye (1/10000 

in PBS). Stained sections were mounted on microscope slides with Fluoromount-G 

(SouthernBiotech). 

Primary microglia cells cultured in µslide 8-wel chamber (Ibidi, Germany) and treated as 

reported above were fixed in 4% paraformaldehyde for 30 minutes at room temperature. 

Each well was incubated with a blocking solution (PBS-BSA1%) for 1h at room 

temperature and incubated overnight at 4°C with goat anti-Iba1 (1/500) and anti-A2aAR 

(1/250) in PBS-BSA1%. Following day, after rinsing three times in PBS for 5 min, cells 

were incubated with secondary antibodies coupled to the green and red fluorescence 

marker (all at 1/500 dilution in PBS-BSA1%) for 1 h at room temperature. Nuclei were 

visualized staining the cells with DAPI dye (1/10000 in PBS).  

Cells were analyzed using a fluorescent microscope (Nikon Eclipse Ti-E) and images 

captured by a 20X objective (4 wells/group and 5 images/well). Fields used for 

quantitation were selected at random throughout the dish and focused using phase contrast 

optics. Images from different emission specters were acquired separately at the same 

parameters and superimposed in the aftermath. For the analysis Image J software 

(Research Service Branch, National Institutes of Health, Bethesda, MD; 

http://rsb.info.nih.gov/ij/) was used. Images were converted in binary images using an 

automatic threshold function. Then the cells in each image were defined by outlining a 

mask image (ROI). For LPD experiment, as the cells showed a significant difference in 
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cell size due to microglial activation, the fluorescence power was calculated as the mean of 

all the pixel intensities of each individual cell. For the ibotenate experiment, the 

fluorescence power was calculated as integrated density  (i.e. the product of the mean of all 

the pixel intensities of each individual cell and the ROI area). Cell size was calculated on 

Iba1 positive cells as the product of number of pixels in ROI and the conversion factor 

0,103. Finally, the sums of the values for each condition were normalized to control values 

for the statistical analysis.  

 

3.3  Statistical analysis 
The graphs and the statistical analysis were performed with GraphPad Prism 5.0 

(GraphPad Software, San Diego, CA). Appropriate statistical analysis was carried out with 

a two-sided alpha level of 0.05 or 95% confidence interval. For continuous data, 

descriptive analyses were carried out employing means and ± SEM, otherwise I used 

median values and interquartile range (IQR, 25th-75th percentile). Parametric or non-

parametric tests were used to compare quantitative variables (Student’s t test for 

independent samples for comparisons between two groups and one-way ANOVA with 

Newman Keuls post-test for comparisons of more than two groups). Chi squared statistics 

and Pearson’s test, as appropriate, were applied to compare qualitative variables. Observed 

associations were expressed as OR with 95% confidence intervals (95% CI). A p-value 

≤0.05 was considered statistically significant. 
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4. RESULTS 

4.1  Clinical study 
Table 4 summarizes the demographic data of the 56 preterm newborns enrolled for the 

study and differentiated according to the findings at the cerebral MRI performed at term 

equivalent age (TEA) for the neurological assessment. MRI is considered the gold standard 

for the identification of even the more subtle forms of cerebral lesions (16). Thirteen 

subjects displayed white matter lesions, 13 IVH, 11 CBH and 5 a pathological PLIC 

myelination. No cases of cPVL were reported, as classified according to literature 

(237,238). IVH was detected in infants with lower birth weight, compared with babies with 

no IVH (1123±216 grams vs 946± 225 grams; p-value <0.05) and gestational age (29±1.8 

weeks vs 28±2.2 weeks; p-value <0.05). A lower gestational age was also present in those 

patients presenting a pathological myelination of PLIC (29±2.0 weeks vs 27± 0.4 weeks; 

p-value <0.05), compared to normal ones. Two out of 5 patients with alteration at PLIC 

myelination also presented white matter lesions.  
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 WML PLIC IVH SWI sequence CBH 

 
neg 

n=43 

pos 

n=13 

neg 

n=51 

pos 

n=5 

neg 

n=43 

pos 

n=13 

neg 

n=38 

pos 

n=18 

neg 

n=45 

pos 

n=11 

M/F (n) 18/25 6/7 24/27 0/5 18/25 6/7 15/23 9/9 17/28 7/4 
BW (grams; 
mean±SD) 

1075  
±246 

1104  
±166 

1100 
±224 

895 
±213 

1123 
±216 

946 
±225 

1126 
±217 

988 
±230 

1097 
±225 

1017 
±245 

GA (weeks; 
mean±SD) 29±2.1 28±1.

2 
29±2.

0 
27±0.

4 
29±1.

8 
28±2.

2 
29±1.

8 
28±2.

3 
29±1.

9 
28±2.

5 
Pre-E  
n (%) 9 (21) 2 (15) 10 

(20) 
1 

(20) 
10 

(23) 1 (8) 9 
(24) 

2 
(11) 

10(22
) 1 (9) 

Chorioamnio
nitis n (%) 3 (7) 1 (8) 4 (8) 0 3 (7) 1 (8) 3 (8) 1 (5) 3 (7) 1 (9) 

PROM  
n (%) 17(39) 3 (23) 20 

(39) 0 16 
(37) 

4 
(31) 

14 
(37) 

6 
(33) 

17(38
) 

3 
(27) 

IUGR  
n (%) 8 (19) 2 (15) 10 

(20) 0 7 
(16) 

3 
(23) 

7 
(18) 

3 
(17) 

8 
(17) 

2 
(18) 

SGA  
n (%) 8 (19) 0 8 

(16) 0 5 
(12) 

3 
(23) 

4 
(10) 

4 
(22) 

5 
(11) 

3 
(27) 

AGT  
n (%) 

30 
(70) 7 (54) 13 

(25) 
3 

(60) 
30 

(70) 
7 

(54) 
28 

(74) 
9 

(50) 
32 

(71) 
5 

(45) 
Birth (V/CS) 0/35 2/11 10/41 0/5 7/36 3/10 7/31 3/15 9/36 1/10 

Cord pH 
(mean±SD) 

7.28 
±0.1 

7.31 
±0.1 

7.28 
±0.1 

7.38 
±0.1 

7.30 
±0.1 

7.26 
±0.1 

7.30 
±0.1 

7.27 
±0.1 

7.29 
±0.1 

7.29 
±0.1 

Cord - BE 
(mean±SD) 

5.08  
±5.1 

4.66 
±3.0 

5.03 
±4.9 

4.57 
±0.6 

4.76 
±4.7 

5.96 
±5.4 

4.83 
±5.0 

5.40 
±4.1 

5.21 
±5.3 

4.34 
±2.2 

Hb (g/dl; 
mean±SD) 

15.7 
 ±2.1 

15.7 
±1.4 

15.7 
±2.0 

15.6 
±2.3 

15.9 
±2.1 

15.3 
±1.5 

15.9 
±1.9 

15.3 
±2.2 

15.9 
±1.8 

15.0 
±2.5 

Ado T1 
(µM; 

median, 
IQR) 

0.79  
(0.58 -
1.03) 

0.69 
(0.58-
0.80) 

0.75 
(0.58
-1.0) 

0.64 
(0.49

-
1.08) 

0.73 
(0.57
-0-
89) 

1.04 
(0.61

-
1.13) 

0.71 
(0.58
-0-
71) 

0.95 
(0.59

-
1.08) 

0.72 
(0.59
-0-
93) 

0.9 
(0.56

-
1.08) 

Abbreviations: Ado, adenosine; AGT, antenatal glucocorticoid treatment; BE, base excess; BW, 
birth weight; CBH, cerebellar hemorrhage; CS, cesarean section; GA, gestational age; Hb, 
hemoglobin; IUGR, intrauterine growth restriction; IVH, intraventricular hemorrhage; PLIC, 
posterior limb of internal capsule; Pre-E, pre-eclampsia; PROM, premature rupture of membranes; 
SGA, small for gestational age; V, vaginal delivery; WML, white matter lesions 
Table 4 Demographical data of infants according to the findings at cerebral MRI performed at 
TEA 
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Median adenosine levels at 3 days of life (T1) in babies with abnormalities at cerebral 

MRI, were comparable in the different groups. In our population, the median adenosine 

blood concentration at time-point 1 was 0.75µM. However, a progressive and significant 

increase in the adenosine blood concentration was observed at each of the subsequent time-

points, T1=3 days, T2=15 days, T3=30 days, and T4=40 days of life (Figure 8).  

 
Figure 8 Median and IQR of blood adenosine levels at 4 different time-points. The median levels 
were significantly different compared to Ado blood level at T1 (3 days). (T1, 3 days: 0.75 µM; T2, 
15 days: 1.01 µM; T3, 30 days 1.44 µM; T4, 40 days: 1.46 µM); (Unpaired student’s t test; *p < 
0.05,  ***p < 0.001, ****p < 0.0001) 

 
Adenosine blood concentrations also correlated to abnormalities identified by cerebral 

MRI in a multivariate analysis. Figure 9 shows that the highest adenosine levels at 15 days 

of life (T2) were associated with an increased incidence of white matter lesions and 

pathological PLIC myelination (0.96 µM, IQR 0.32-3.81 vs. 2.44 µM, IQR 1.17-3.29; p-

value <0.05). By contrast, at T1 and T4, positive correlations were found between 

adenosine and IVH (time-point 1: 0.74 µM, IQR 0.24-1.34 vs 1.01 µM, IQR 0.39-3.60; p-

value <0.05) (time-point 4: 1.13 µM, IQR 0.39-3.44 vs 3.42 µM, IQR 0.61-8.02; p-value 

0.01) and hemosiderin deposition at the SWI sequence (time-point 1: 0.74 µM, IQR 0.24-

1.34 vs 1.01 µM, IQR 0.39-3.60; p-value <0.05) (time-point 4: 1.13 µM, IQR 0.39-3.44 vs 

3.42 µM, IQR 0.61-8.02; p-value 0.01), respectively.  
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Figure 9 Forest plot OR (95% CI) Ado blood levels at the chosen four time-points according to 
MRI performed at TEA. At T1 and T4 higher adenosine levels are correlated with IVH (p < 0.05 
and 0.01 respectively) and hemosiderin deposition at the SWI sequence (p < 0.05 and 0.01 
respectively). At T2 higher adenosine levels are associated with WML (p < 0.01) and pathological 
PLIC myelination (p < 0.05). 

 

A further analysis focusing on adenosine levels at T2, is shown in Figure 10. The 

difference in blood adenosine levels between babies with or without white matter lesions 

was significant (0.96 µM, IQR 0.32-3.33 vs 2.50 µM, IQR 0.88-3.81; p-value <0.01). 
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Figure 10 Median adenosine blood level at T2 and WML (0.96 µM range 0.32-3.33 vs 2.50 µM 
range 0.88-3.81); (Student’s t test; **p< 0.01).  

 

In addition, a receiver-operating characteristic (ROC) curve was constructed to select the 

cut-off value at 15 days at which to consider adenosine levels as being elevated and 

predictive for the development of white matter lesions. We selected a cut-off value of 1.58 

µM, in which the ROC curve shows a sharp deviation (Figure 11; AUC 0.87, p-value 

<0.001). At 15 days, blood adenosine >1.58 µM predict a higher incidence of white matter 

lesions with sensitivity 67%, specificity 96%, negative predictive value 93% and OR 50.0 

(CI 95% 3.63-688.34, p-value < 0.001).  

 

Figura 11 ROC curve of blood adenosine at 15 days (T2) in the identification of WML. Area 
under curve (AUC): 0.87; p < 0.001.  
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4.2  Pre-clinical study 
The adenosine pathway is implicated in LPD model 

Prenatal LPD-induced malnutrition resulted in the absence of postnatal mortality but a 

significant restriction in pups’ body weight, from birth to at least P4 (figure 12). No 

phenotypic or behavioral alterations were identified in LPD animals. These result are 

consistent with those previously published by my laboratory (213), confirming the 

reproducibility of the animal model. 

 

 

Figure 12 Body weight of LPD pups from birth to P4 is significantly lower than control (CTR) 
pups. (Unpaired Student's t test: **p<0.01, ***p<0.001). 
 

 

To assess the implication of adenosine pathway in LPD animals, an adenosine assay on 

whole blood was performed in collaboration with the Labsiem of Metabolic Diseases at 

Gaslini Hospital, Genoa, Italy. As described above (cf Methods, section Clinical study), 

adenosine assay was performed with a Tandem Mass Spectrometry on dried blood spots 

(DBS), following the same procedure used for the preterm infants. LPD pups at P1 and P4 

show higher blood levels of adenosine compared to the control pups (0,5980 ± 0,05063µM 

in CTR vs 1,464 ± 0,2147µM LPD at P1, 0.8219 ± 0.08767µM in CTR vs 1.850 ± 

0.3554µM in LPD at P4, with unpaired Student’s t test, p<0.001 and p<0.05 respectively), 

(figure 13).  
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Figure 13 Implication of adenosine pathway in LPD rat pups. LPD animals at P1 and P4 show 
higher adenosine blood levels compared to controls. Data are shown as the mean percentage ± 
S.E.M. (Unpaired Student’s t test: *p<0.05, ***p<0.001). 
 

The preliminary analyses suggest the prenatal malnutrition represented by the LPD model 

can affect the normal systemic and cerebral production of adenosine. 

 

 

 

LPD model influences the cerebral expression of enzymes responsible of adenosine 

metabolism  

In pre-frontal cortex of LPD animals, the expression of ADA, ADK, Entpd1 and CD73, 

enzymes involved in the regulation of extracellular and intracellular adenosine level, is 

significantly increased at P1, compared to controls, as shown in figure 14. The relative 

expression of intracellular enzymes ADA and ADK are comparable between LPD and 

CTR at P4, whereas the two ectonucleotidases Entpd1 and CD73 are persistently increased 

at this age in the LPD group, indicating an increased extracellular production of adenosine.   
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Figure 14 Enzymes involved in adenosine metabolism are up-regulated in prefrontal cortex of LPD 
animals compared to CTR. Data are shown as relative expression to CTR values normalized to 1. 
(Unpaired Student's t test: *p<0.05, **p<0.01, *** p<0.001). 

 

 

Adenosine elicits its physiological responses by binding to and activating one or more of 

the four transmembrane Ars.  

Interestingly, A2aR and A2bR, the two principal receptors with pro-inflammatory 

functions, are significantly up-regulated at P1 and P4 in the cortex of LPD pups (figure 

15), suggesting an inflammatory deregulation in LPD brains.  

No significant differences were seen at a transcriptional level for A1 and A3 receptors, 

except for an increased expression of A3R at P4 in LPD group. 
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Figure 15 Expression of adenosine receptors in prefrontal cortex of LPD animals compared to 
CTR. Data are shown as relative expression to CTR values normalized to 1. (Unpaired Student's t 
test: *p<0.05, **p<0.01, *** p<0.001). 

 

 

A2aR expression is altered in microglial cells sorted from the rat pups subjected to 

antenatal LPD  

To unveil the possible implication of adenosine in neuroinflammation, I assessed whether 

LPD model could modify ARs expression in microglial cells. To this aim, I performed RT-

qPCR on magnetically sorted microglial cells by LPD and CTR animals (cf Methods, 

Experimental study) at P1 and P4.  

While most of the receptors display a similar pattern of expression, A2aR expression is 

significantly increased in microglia cells sorted from LPD brains compared to controls, 

both at P1 and P4 (figure 16). Finally there are no evident differences for the enzymes 

involved in adenosine extracellular metabolism, except for a transitory increased in the 

expression of CD73 at P1 in LPD animals. 
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Figure 16 Enzymes involved in adenosine metabolism and ARs expression in magnetically sorted 
microglial cells from LPD animals compared to CTR. Data are shown as relative expression to 
CTR values normalized to 1. (Unpaired Student's t test: *p<0.05). 

 
 
The analysis of the mean density of A2a receptor within microglial cells after 48 hours in 

culture showed a statistical significant difference between LPD and control group (figure 

17, B). Moreover, the LPD microglial cells displayed an increased Iba1 staining and a 

reduction in cellular size, compared to control cells (figure 17, C and D). 
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Figure 17 LPD promotes A2aR expression in microglial cells. (A) Immunofluorescence images of 
A2aR expression (red) and Iba-1 (green) staining in control and LPD microglial cells. (4 coverslips 
from 2 independent experiments; scale bar 50 µm). Quantification of mean fluorescence for (B) 
A2aR and (C) Iba-1. (D) Quantification of cell size on Iba1 positive cells. Data are shown as 
relative expression to CTR values normalized to 1. (Unpaired Student's t test: **p<0.01, *** 
p<0.001).  
 

 

A2aR is involved in the regulation of M1-M2 microglia phenotype in LPD animals  

A2aR activation is implicated in the control of inflammatory reactions (167). Actually, its 

expression in microglia is usually low under physiological conditions but increased 

following brain insults. As previously published (213), LPD microglial cells display 

increased expression levels of both M1 (IL-1β, IL-6, iNOS, TNFα) and M2 markers (IL-

10, IL-4ra) and my data show an increased expression of A2aR in microglia cells from 

LPD animals at P1 and P4.  

Considering these results, I assessed whether A2aR could modify microglial activation, 

after a prenatal conditioning as LPD.  

To this aim, I exposed 2 days in vitro (DIV) microglial cultures to medium with or without 

50 µM SCH or 10 µM CGS for 6 hours (cf Material and Methods for experimental design). 
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After 2 DIV, LPD cells present a general activation, with significant increased expression 

of microglial markers, compared to CTR cells (Student’s t test, p <0.05). When LPD cells 

are exposed to SCH, significant reduction is found in the expression of M1 markers with 

no effect on M2 markers. On the contrary, the A2aR agonist CGS is able to increase the 

mRNA levels of iNOS, TNFα and IL-4ra. No significant differences are found in CTR 

cells exposed to SCH. However, treatment with CGS in CTR displays a slight effect, with 

an overall increased expression of M1/M2 markers in the treated cells. 
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Figure 18 SCH and CGS regulate the microglial phenotype from LPD animals in vitro. (A) 
Schematic representation of the experimental design (see text for details). (B-C) Evaluation of M1 
(B) / M2 (C) relative expression in microglial cells treated with or without CGS or SCH from CTR 
or LPD animals. (One-way ANOVA followed by Newman Keuls post-hoc analysis: *p<0.05, 
**p<0.01, ***p<0.001).  

 

 

 

 

0h 24h 48h 
6h 

Microglia 
magnetic 
sorting 

Culture 
medium 
change 

Drug 
addiction 

Cell fixation 
 or RNA 

extraction 

A 



 58 

The adenosine pathway is involved in excitotoxic-induced brain injury in rat pups 

As showed in figure 19, 24 hours after ibotenate intracerebral injection in P5 pups, 

microglial cells (Iba1 positive cells) surround the lesion and nearly a third of these cells co-

stained for CD73, suggesting a local overproduction of adenosine.  

 

 
Figure 19 I.C. IBO injection increases Iba1 expression and induces reactive microglial activation 
at the peri-lesion site. Representative images of Iba1 staining (green) and CD73 (red) in peri-
lesional WM. Scale bars: 50µm. * lesion site. 

 

 

A2aR expression is enhanced in microglial cells in a model excitotoxic-induced  

neuroinflammation 

To assess the putative involvement of adenosine pathway in neuroinflammation induced by 

excitotoxicity, magnetically sorted microglial cells from P4 CTR pups were exposed to 

300 µM ibotenate for different times (cf Methods, Experimental study).  

The exposure to ibotenate is not able to induce an increase of A1 and A2a receptors 

expression levels after two hours. In contrast, a significant increase of the two receptors 

expression is observed after six and twelve hours, where the receptors expression reaches 

the maximum levels (figure 20). Also CD73 was found increased after 6 and 12 hours of 

exposition to ibotenate. No differences are found for A2b and A3 receptors.  
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Figure 20 AR A1 and A2a are up-regulated in microglial cells culture exposed to ibotenate. Data 
are shown as relative expression of CTR values set to 1 for each time-point. (Unpaired Student's t 
test: *p<0.05, **p<0.01, *** p<0.001). 

 

 

These results are confirmed at protein level using immunofluorescence analysis (figure 

21); ibotenate i.c. injection was found associated with a significant increase in A2aR 

labeling in microglial cells 6 hours after. The microglial cells’ size and the Iba1 

fluorescence were similar in the two conditions.  
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Figure 21 IBO promotes A2AR expression in microglial cells.6h after ibotenate stimulation (A) 
Immunofluorescence images of A2AR expression (red) and IBA1 (green) staining in control and 
IBO treated cells (4 coverslips from 1 experiment; scale bar 50 µm). Quantification of integrated 
density for (B) A2aR and (C) Iba-1. (D) Quantification of cell size on Iba1 positive cells. Data are 
shown as relative expression to CTR values normalized to 1. (Unpaired Student's t test: *** 
p<0.001).  
 
 

 

 

A2aR is involved in the regulation of M1-M2 microglia phenotype in in excitotoxic-

induced inflammation  

Ibotenate is responsible of microglial activation in vitro (figure 22), promoting increased 

expression levels of Il1β, Il6, iNOS, TNFα, and Il10.  

This effect is partially reverted by SCH. 20 minutes before IBO excitotoxic insult, pre-

treatment with the A2aR antagonist SCH reduces the expression levels of IL1β, IL6, iNOS, 

TNFα caused by ibotenate. Interestingly, SCH-IBO treated microglia display higher 

expression level of the M2 cytokine IL-4ra. 

Pre-treatment with CGS, the A2aR agonist, has nearly no effect on the M1/M2 phenotype 

in ibotenate treated cells, except for TNFα and IL4ra, which levels are significantly 

decreased compared to control cells.  
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Figure 22 SCH and CGS effects on microglial cells exposed to ibotenate in vitro. Evaluation of 
M1 (B) / M2 (C) relative expression in microglial cells treated with CGS or SCH in presence of 
ibotenate. (One-way ANOVA followed by Newman-Keuls post hoc analysis: *p<0.05, **p<0.01, 
*** p<0.001). 
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In another set of experiment, culture media was collected after 12 hours ibotenate 

exposition with or without SCH in order to quantify cytokines production (figure 23). 

Ibotenate promotes the production of cytokines by microglia in culture media; IL-1β and 

TNF-α are significantly increased compared to control. The antagonist SCH reduces the 

measured cytokine production consequent to the ibotenate challenge, recovering non-

treated cell levels.  

 
 

 
Figure 23 Cytokines production quantification in culture media collected 12 hours after IBO 
exposition in M1 (A) / M2 (B) microglial cells pre-treated with or without SCH. (One-way 
ANOVA followed by Newman Keuls post-hoc analysis: *p<0.05, **p<0.01, *** p<0.001). 
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5. DISCUSSION 

A wide literature has demonstrated both in human and animal models that 

neuroinflammation is a relevant component in the pathogenesis of prematurity-related 

brain injury (41,61,62,69,85,239,240). The inflammatory process in CNS is a complex 

amalgam that involves different cellular types and several molecules. Interestingly, as 

highlighted by both pre-clinical and clinical data, adenosine exerts a role in this context 

and is able to orchestrate the inflammatory response (112,151,241). However, its role in 

neonatology has not been yet elucidated, even if caffeine, a non-specific adenosine 

antagonist, has shown an important neuroprotective role in premature infants. Starting 

from this background, my PhD study was focused on the influence of adenosine signaling 

in premature infants and in two animal models of neonatal neuroinflammation. 

 

5.1  Clinical study  
Our preliminary data demonstrate the existence of high blood levels of adenosine in 

VLBW infants, although treated with standard caffeine dosage, positively correlating to the 

level of prematurity and in function of the classes of body weight (242). The highest 

adenosine concentrations were found in the babies displaying the lowest birth weight.  

Different clinical chronic conditions developing after birth in premature babies seems 

consistent with adenosine levels changes, but our major finding relates to PWML. In fact, 

adenosine levels at 15 days of life (T2) positively correlated to the presence of WMI 

(figure 9) at later MRI at term-corrected age (figure 10).  

Elevated adenosine levels may depend on the premature activation of a multitude of 

unmyelinated axons (162,243) typical of immature brain during active development. 

Following this hypothesis, higher levels of adenosine may simply reflect an overfunctional 

attempt to myelination. Impairment in adenosine clearance may also result in further 

accumulation or direct toxicity for the white matter. In the adult, multiple and different 

mechanisms for adenosine clearance from the extracellular space on a time scale of 

seconds seem to function at the same time, such as equilibrative nucleoside transporters 

(ENTs), ADK and ADA (244). The soluble form of CD73 is increased in the newborn, 

compared with adult, suggesting a natural tendency to higher plasma adenosine levels 

(245).  
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Alternatively, we cannot exclude that higher adenosine levels represent the sign of an 

oxidative stress triggering a pathological myelination ending into WMI, a cause more than 

an effect of a mild white matter lesion. As premature babies undergo an hyperoxic 

challenge (246), oxidative stress is implied in the genesis of inflammatory responses, and 

WMI (247,248). Inflammation is associated to hypoxia which significantly increases 

vascular adenosine generation from extracellular ATP, promoting the expression of 

specific ectonucleotidases (249).  

Notably, T2 time point corresponds to a median of 31 weeks of life, i.e., a gestational age 

at high risk of developing WMI (42,250,251) while prior to this age the brain of preterm is 

scarcely myelinated (252,253). This white matter vulnerability may be further accentuated 

by the interruption of fetal supply of key nutrients, in particular lipids, not quantitatively 

and qualitatively counterbalanced by adequate postnatal nutrition, resulting in a white 

matter more prone to ROS damage (254–256).  

PWML development has been related to impairment of OPCs, the myelinating brain cells 

(162). Among the four recognized stages of their development, pre-OLs are the 

predominant stage present when the white matter vulnerability is higher. Adenosine levels 

are consistent with pre-OLs maturation and reduction in their proliferation 

(162,178,256,257). The resulting reduction in the absolute number of myelinizing 

oligodendrocytes at a later stage, may delay and impair white matter maturation (i.e. 

abnormal PLIC appearance), a phenomenon observed in those babies with PWML 

suggesting a potential explanation for the known “primary cerebral dysmaturation 

disorder” of prematurity (43).   

On the other hand, premature exposure of endothelial cells, which express the redox chains 

on their plasma membrane (258,259), even to room air oxygen after birth may determine 

ecto-ATP production, usually metabolized to adenosine by the concerted action of the 

widely distributed CD73 (260,261). ATP can also be released by glial cells under hypoxia, 

or ischemia (262). Considering the extension of the endothelium of the entire body and the 

elevated proportion of the neonatal brain parenchyma (especially the developing white 

matter), compared to the rest of the body, we speculate that these sources of adenosine in 

VLBW premature babies can be not negligible. 

Adenosine blood values at T4 (40 days of life) positively correlated with an increased 

frequency of IVH and hemosiderin deposition at the SWI sequence (Table 4). In this case, 

elevated adenosine may reflect an inflammation at T4 (day 40), due to hemosiderin 

deposits in the ventricular system.  
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Different reasons can explain adenosine overproduction in VLBW premature babies. An 

accelerated brain sensorial stimulation together with multi drug exposure (affecting the 

clearance too) out of the maternal womb may promote adenosine’s prolonged persistence 

triggering or accelerating the process of progressive myelination compared to the less 

chaotic intrauterine program. This process may be also further compounded by the higher 

level of circulating oxygen, compared to intrauterine life, causing a potential over toxicity. 

In this way the phenomenon of microglia activation, a well-known mechanism promoting 

white matter maturation in premature babies may be exaggerated due to the premature 

birth per se compared to fetal life conditions. The inflammatory condition related to 

prematurity could also increase the adenosine production over the time and it could be 

considered as a stronger “defence” developed by the immature immunity of preterm 

infants (263). 

In conclusion, results of the present retrospective analysis suggest that adenosine could be 

a promising marker potentially useful for characterizing impaired white matter 

development in VLBW infants, and to develop early postnatal neuroprotective 

interventions. The main finding of the present study remains the association between 

elevated adenosine levels at 15 days of life (median postnatal age 31 weeks) and the 

development of minor forms of white matter lesions, that affect about 20% of preterm 

VLWB babies.  

 

5.2  Pre-clinical study  
The main finding of the first part of my pre-clinical study is that adenosine system is 

involved in regulating inflammation of both acute (IBO) and chronic (LPD) 

neuroinflammation in vivo animal model. The two animal model used display alterations 

that occur at a developmental stage of the rat brain that corresponds to the human brain at 

28–32 GW (264), recognized as the period during which the developing brain is most 

vulnerable to either excitotoxic or inflammatory insults (265). Interestingly, these effects 

are exerted through the modulation of microglia reactivity, that, as previously reported 

(213,215), characterizes the two animal models chosen for my work. 

In conditions of inflammation, oxidative stress, excitotoxicity or cellular necrosis, the 

purinergic system is the first to be involved (133). Indeed, under pathological conditions, 

extracellular ATP is produced by both neurons and glial cells (108) and is rapidly 

converted in ADP and AMP by Entpd1 and by CD73, which converts AMP to adenosine 
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(105). Adenosine has a very short half-lime (few seconds) but its increased brain 

concentrations contribute to induction and modulation of neuroinflammation (248).  

To assess the adenosine implication in the LPD model, an adenosine assay on whole blood 

was performed, following the same procedure used for the preterm infants. Because 

deliveries can be delayed of about 12h among the different dams, and in order to avoid the 

stressful peak related to delivery, the blood samples were collected at P1. LPD P1 pups 

showed higher level of adenosine blood levels compared to control P1 pups. As described 

for human neonates (174), delivery is responsible for a physiological increase of adenosine 

blood levels in the newborn. Interestingly, adenosine blood levels remained higher in LPD 

at P4, when the effects of delivery do not occur any longer. 

Remarkably, the increasing adenosine blood levels in LPD rats are similar to those found 

in premature infants (cf Results, Clinical study and (242)) and suggest a pro-inflammatory 

condition that characterizes these babies from birth until the first month of life. Similarly to 

neonates, LPD pups also showed a chronic inflammatory condition, as a result of the 

maternal malnutrition, with detrimental effect on the neurodevelopment (213).  

In the brain, CD73, also known as Nt5e, is considered as the principal enzyme involved in 

the production of extracellular adenosine (106). It operates with a substrate affinity in low 

µM range with a high turnover number and it can rapidly convert extracellular AMP to 

adenosine (106). The level of CD73 in cortex was used as an indirect measure of adenosine 

cerebral production in rat pups, showing a tendency to increased expression in LPD 

animals at P1 (data not shown).  

Although LPD does not seem to have a strong effect on CD73 protein levels on the brain, 

the involvement of adenosine metabolic pathway in LPD neuroinflammation is supported 

by RT-qPCR results in the prefrontal cortex. Indeed, the mRNA expression of the two 

ectonucleotidases Entpd1 and CD73, responsible of the final step of ATP catabolism into 

adenosine, is significantly increased in LPD both at P1 and at P4. These results are in 

agreement with the study conducted by Chen and collaborators who reported that the 

activity of the ectonucleotidases is stimulated by inflammatory or stressful condition (266). 

Moreover, P1 LPD animals showed an increased expression of mRNA ADA and mRNA 

ADK, responsible of deamination into inosine and phosphorylation into AMP respectively. 

Adenosine elicits its physiological responses by binding to and activating one or more of 

the four transmembrane ARs. Solid evidence demonstrated that the four receptors are all 

expressed in the brain (112) and my results confirm the expression of all ARs in rat pups 

cortex.  
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Interestingly, LPD animals displayed an increased expression of A2aR and A2bR, known 

to exert a pro-inflammatory action (139,167), in the pre-frontal cortex both at P1 and at P4.  

In LPD model, which mimics the intrauterine growth restriction of premature infants, the 

main alteration is a deficit of myelination and a disturbance of OPC maturation, that 

occurred in combination with a proinflammatory state (213). In fact, maternal protein 

restriction induces transient microglial activation following birth, as strongly suggested by 

transcriptomic analysis performed in sorted microglia from animals subjected to LPD 

(213). My in vitro results support that LPD can affect the activation status of microglia; as 

shown by densitometry analysis, LPD microglial cells reveal an increased Iba1 staining 

and a smaller size, when compared to control cells. Iba1 is constitutively expressed by 

microglia and widely employed as an immunohistochemical marker for microglia (267). 

Iba1 is shown to have a function in the actin-crosslinking involved in membrane ruffling of 

microglia (268). Since membrane ruffling is essential for the morphological changes from 

quiescent ramified microglia to activated amoeboid microglia, microglial activation is 

associated with increased Iba1 expression (268). Furthermore, the reduction in cell size is 

strongly correlated to microglial activation, as reported by different authors (269,270).   

Considering the alteration of brain development observed in LPD and the influence of 

microglia activation on this process, an important issue was to define the role of adenosine 

in the modulation on microglia activity. 

Interestingly, the RT-qPCR analysis performed on MACS sorted microglia cells showed 

an increase of CD73 mRNA expression on P1 LPD microglia sorted cells and an increase 

of mRNA A2aR levels in both P1 and P4 LPD microglia cells. Furthermore, the in vitro 

analysis evidenced a significant increase of A2aR protein level in LPD microglia cells. 

A2aR has an important role in the control of inflammatory reactions (167) and in the 

regulation of microglial function. Overall, in microglial cells, activation of A2aR 

influences microglial morphology (194) and facilitates the release of cytokines, including 

up-regulation of cyclooxygenase 2 and release of prostaglandin E2 (PGE2) (171) and 

increases in nitric oxide synthase (NOS) activity and NO release. Moreover, as reported by 

(271), CD73 has an important role in modulation of microglia ramification and activation. 

These results again support the hypothesis of possible involvement on adenosine in the 

regulation of inflammatory response in LPD and highlight a potential role for A2aR.  

The results of in vitro studies conducted using an A2aR pharmacological approach clearly 

evidenced the involvement of A2aR in the regulation of inflammatory response in LPD 

model. Indeed the treatment of microglia cells with SCH-58261, a selective A2aR 
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antagonist is able to modify the LPD microglial activation reducing the production of pro-

inflammatory cytokines, without any change on M2 markers. 

These results are well supported by previous studies, which demonstrated that A2aR 

antagonists suppress microglia activation in murine microglial cells exposed to an 

inflammatory stimulus such as LPS (195,196). Moreover, in vivo intracerebroventricular 

injection of SCH-58261 prevents the recruitment of activated microglial cells and the 

increase in IL-1 already 4 hours after intraperitoneal administration of LPS (196). As a 

matter of fact, A2aR-KO mice generally showed a lower severity of inflammatory 

response and/or resultant damage in different injury models (e.g., ischemia/hypoxia, 

traumatic brain injury) (197–199). 

On the other hand, treatment with CGS, an A2aR selective agonist, promotes the increase 

of M1 markers iNOS and TNF-α in LPD microglial cells, whereas no effect is observed in 

control cells. This observation allows us to hypothesize that chronic inflammation make 

microglial cells more susceptible to the pro-inflammatory effect of adenosine via A2a 

receptors.   

 

Ibotenate model closely mimics the pathological features observed in PVL, including 

white matter inflammation and myelination delay (215). As previously reported (215), the 

intra-cerebral injection of ibotenate induces, 24 hours after the injection, an increase of 

microglia migration and activation in the peri-lesional site. The consequent consideration 

was related to the involvement of the adenosine pathway in the regulation of microglia 

activity in the context of an acute brain inflammation. The immunofluorescence results 

demonstrated that nearly a third of microglial cells are co-labeling with CD73, suggesting 

that also in this animal model the microglia activation is linked to a higher release of 

adenosine. 

These in vivo results are further supported by the in vitro analysis that evidenced a 

significant increase of mRNA A2aR and A2aR protein level in microglia cells in response 

to acute ibotenate stimulation. Unlike the LPD analysis, immunocytochemistry of 

microglial cells treated by ibotenate showed no difference in cell size and Iba1 expression. 

The 6-hours exposure to ibotenate is probably insufficient to affect the microglial 

morphology.  

Interestingly, as observed in LPD microglia cells, the treatment with the A2a antagonist 

SCH reduces the expression of M1 cytokines (especially IL-1β and TNF-α) consequent to 

the ibotenate challenge at both mRNA and protein levels, acquiring non-treated cell levels.  
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The effect on the other cytokines, as Il-6 and IL-10, is not significant. Importantly, 

microglial cells express the full spectrum of ARs, making possible that specific A2aR 

blockade displaces adenosine to bind to other available receptors, like A1R, which can 

have opposite effect.  

Finally, the treatment with the A2aR agonist CGS increases the cytokines production by 

microglia. 

 

In conclusion my research clearly evidences the involvement of adenosine and in particular 

of its receptor A2aR in the regulation of microglia in inflammatory response. These results 

are particularly attractive because they build up a better understanding of the pathogenesis 

of WMI related to prematurity and allow us to hypothesize a mechanism for the 

neuroprotective effects of caffeine. Taking together, these data suggest that A2aR, up-

regulated as consequence of inflammation, can influence the microglia phenotype and 

rules out a role in the inflammatory response of microglial cells. 
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