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Abstract Once viewed as an isolated, immune-privileged

organ, the central nervous system has undergone a con-

ceptual change. Neuroinflammation has moved into the

focus of research work regarding pathomechanisms

underlying perinatal brain damage. In this review, we

provide an overview of current concepts regarding peri-

natal brain damage and the role of inflammation in the

disease pathomechanism.
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Introduction

Injury to the developing perinatal brain is a leading cause

of death and disability in children, and neurological

handicap of perinatal origin has not decreased significantly

in western countries within the last decades despite medical

advances (Hagberg et al. 1996; Himmelmann et al. 2005;

Vincer et al. 2006). The pathophysiology of perinatal brain

damage has proven to be multifactorial including sensi-

tizing/exacerbating factors such as hypoxia–ischemia,

excessive glutamate release leading to excitotoxicity, oxi-

dative stress and intracranial (sometimes secondary)

inflammation. It has been acknowledged for quite some

time that neuronal injury or a potent local immune stimu-

lation can induce a cascade of immune responses within the

CNS. However, until recently, the central nervous system

(CNS) was viewed as an immune-privileged organ well

isolated from its environment. Emerging research data

expand the concept of neuroinflammation. There is grow-

ing evidence of an important cross talk between the CNS

and the periphery, and the deleterious effects that systemic

inflammation can have on the developing brain. It is now

clear that neuroinflammation is linked to the aggravation of

several diseases affecting the developing CNS. The impact

V. Degos � G. Favrais � A. M. Kaindl � S. Peineau �
A. M. Guerrot � C. Verney � P. Gressens (&)
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and mechanisms of action of neuroinflammation is likely to

differ between the developing and the adult CNS. In this

review, we provide a brief overview of the major causes of

perinatal brain damage and further highlight selected

pathomechanisms underlying the role of neuroinflamma-

tion in perinatal brain damage. Thereby, with some con-

ceptual bias of the authors, we summarize current concepts

and ideas in the field.

Perinatal brain damage

Epidemiological point of view

The frequency of motor and/or cognitive handicaps linked

to perinatal brain injury increased during the 1990s and

currently seems to remain stable (Robertson et al. 2007;

Vincer et al. 2006; Wilson-Costello et al. 2007). This

epidemiological evidence can be explained by the progress

in the field of assisted reproductive technology and inten-

sive care that led to an increase of preterm neonate (23–

32 weeks of gestation) births and survival rates of about

70% without significant improvement in the mean neuro-

logical outcome. As much as 10% of preterm neonates with

birth weights \1,500 g later exhibit cerebral palsy, and

about 50% of them develop cognitive and behavioral

deficits (Wilson-Costello et al. 2005).

Clinical point of view

The consequences of perinatal CNS injury range among

a spectrum of disorders such as mild to severe mental

retardation, cerebral palsy, epilepsy, vision and hearing

disorders, learning difficulties and school failure. Periven-

tricular white matter injury, including periventricular leu-

komalacia, is most frequently observed in human preterm

neonates (Volpe 2009). Full-term human neonates with

perinatal encephalopathy generally develop gray matter

damage that most frequently affects the neocortex, the

basal ganglia and the hippocampus (Volpe 2001). Perinatal

stroke and corresponding occlusion of cerebral arteries or

veins can have sequels such as cerebral palsy, epilepsy and

vision, language and behavior disorders (Kirton and

deVeber 2009).

Experimental model and pathophysiology of perinatal

brain damage

During the last 15 years, the etiology of perinatal brain

damage has been considered by many to be multifactorial

rather than simply linked to cardiovascular instability and

hypoxia–ischemia (Dammann and Leviton 1997; Nelson

and Grether 1999). Several prenatal, perinatal and postnatal

factors have been implicated in the pathophysiology of

brain lesions associated with cerebral palsy, including

hypoxic–ischemic insults, maternal infection yielding

excess cytokines and other pro-inflammatory agents,

excess release of glutamate initiating the excitotoxic cas-

cade (Dammann et al. 2002; Degos et al. 2008; Mesples

et al. 2005; Nelson and Chang 2008), oxidative stress/

hyperoxia, growth factor deficiency, exposure to medica-

tion and drugs of abuse, and maternal stress (Dammann and

Leviton 1997; Dommergues et al. 2000; Follett et al. 2004,

2000; Gressens et al. 1997; Hagberg et al. 2002; Haynes

et al. 2003; Inder et al. 2002; Laudenbach et al. 2001;

Loeliger et al. 2003; Plaisant et al. 2003; Tahraoui et al.

2001; Volpe 2001). In addition, recent clinical studies

support the existence of genetic factors for susceptibility

(Harding et al. 2004). Although some of the potentially

harmful factors are present in utero and are sufficient to

cause permanent injury to the developing brain prior to

neonatal life, several groups have hypothesized that some

of these act as predisposing or sensitizing factors (‘‘pro-

damage conditions’’), increasing the susceptibility to injury

when a second unfavorable event occurs (Dammann et al.

2002; Dommergues et al. 2000; Eklind et al. 2001; Gres-

sens et al. 2002; Nelson and Willoughby 2000).

Various animal models of perinatal brain damage have

been established (Hagberg et al. 2002), allowing a detailed

analysis of the underlying molecular and cellular mecha-

nisms and the effect of potentially neuroprotective strate-

gies. Perinatal brain damage is principally mimicked by

infectious, inflammatory, excitotoxic or hypoxic–ischemic

insults in mammals such as newborn rodents, fetal rabbits,

cats and rats, as well as rabbits and sheep (Hagberg et al.

2002). Brain lesions of full-term neonates are generally

mimicked by hypoxic–ischemic or excitotoxic insults in

newborn rodents, rabbits, piglets and dogs (Derrick et al.

2004; Hagberg et al. 2002; Johnson et al. 1987).

Systemic inflammation and cross talk

with the developing CNS

Systemic inflammation in the newborn

Epidemiological studies have shown a strong association

between fetal infection secondary to systemic inflammation

(chorioamnionitis) and brain damage and/or neurological

handicap in survivors (Dammann and Leviton 2007). This

association between systemic inflammation and neurolog-

ical outcome was also observed in adult disease such as

stroke and traumatic brain injury (Lim and Smith 2007;

Lu et al. 2009; McColl et al. 2009). To mimic a sys-

temic inflammatory syndrome, experimental studies clas-

sically use pro-inflammatory cytokines injection such as
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interleukin-1beta (IL-1b) or administration of endotoxin

such as lipopolysaccharide (LPS), an essential component

of Gram-negative bacteria.

Experimental studies have allowed confirming a sensi-

tizing effect of systemic inflammation on perinatal brain

lesions induced by hypoxic–ischemic or excitotoxic insults

(Dommergues et al. 2000; Eklind et al. 2005). In addition,

some experimental data also suggest that perinatal expo-

sure to infectious/inflammatory factors can alter the

developmental programs of the brain and thereby result in

lasting neurological deficits. The relationship between this

latter observation and human diseases remains to be fully

demonstrated, although clinical evidence is supportive of

this hypothesis (Volpe 2009).

The neuronal sensitizing effect

As perinatal brain damage is caused by a combination of

several insults, experimental studies try to reproduce this

clinical setting in multiple hit models including systemic

infection/inflammation. Inflammation acts as a predisposing

factor rendering the brain more susceptible to a second

stressor (sensitization process). In this line, systemic injec-

tion of low doses of LPS to neonatal rats leaves their brain

highly susceptible to a hypoxic–ischemic insult (Eklind et al.

2005). Similarly, systemic injection of IL-1b or LPS to

newborn mice or rats renders their brains much more sen-

sitive to an excitotoxic insult (Dommergues et al. 2000). In

current studies, the time window during which sensitization

of the brain will persist after exposure to inflammatory

factors in the perinatal period is being evaluated. The sen-

sitization mechanisms are not yet fully understood, but could

include changes in gene transcription and modifications of

glutamate receptor activity. The metabotropic glutamate

group 1 receptors are specifically involved in the sensitizing

effects in different models of perinatal excitotoxic brain

damage via phospholipase C b1 (PLC b1). In vitro, the

IL-1b sensitizing effect was reproduced using murine cor-

tical neurons. After a glutamate agonist excitation, these

IL-1b pre-treated neurons present a massive increase of

calcium release leading eventually to apoptotic cell death

(Fig. 1; V. Degos, personal communication). This sensitizing

effect was also found in hypoxic–ischemic models in het-

erozygous G protein-coupled receptor (GPCR) kinase-2

(GRK2) knockout mice (Nijboer et al. 2008), but the exact link

between GRK2 and inflammation needs further clarification.

Disruption of brain development

Isolated systemic infection/inflammatory factors can also

alter brain development even if they do not induce major

destructive lesions. Accordingly, injection of E. coli into

pregnant rabbits induces diffuse white matter cell death

(Debillon et al. 2000), and injection of Ureaplasma par-

vum, a frequently observed pathogen in chorioamnionitis,

into pregnant mice induces myelin defects and loss of

interneurons in their offspring (Normann et al. 2009).

Similarly, injection of LPS into pregnant rats induces

transient CNS inflammation and myelination defects in

their offspring (Rousset et al. 2006). Of major concern,

exposure of newborn mice to low doses of systemic IL-1b,

inducing a moderate and transient inflammatory response

during the neonatal period, is sufficient to alter the tran-

scription of genes implicated in oligodendrogenesis, mye-

lin formation and axonal maturation. Furthermore, findings

from animal models show a maturation-dependent vulner-

ability of oligodendrocyte lineage to the detriment of

pre-oligodendrocytes, by several cytotoxic pathways. Pre-

oligodendrocytes are the main component of white matter

between 23 and 32 weeks of post-conceptional age. In

vitro, TNF-a shows a cytotoxic effect on oligodendrocytes

(Feldhaus et al. 2004), and IL-1b disrupts physiologic

proliferative and maturational processes of the oligoden-

droglia lineage (Vela et al. 2002). As endothelial cells

participate actively in the cross talk between systemic and

intracerebral inflammation, the specific role of intracere-

bral inflammation in angiogenesis remains to be studied.

Perinatal blood–brain barrier and cross talk between

the periphery and CNS

During brain development, there are emergence of two

interfaces between blood, brain and cerebrospinal fluid

(CSF). These barriers are the blood—CNS barrier (micro-

vessels) and blood—CSF barrier (choroid plexus). Tradi-

tionally, these two types of barriers are grouped under the

name of the blood–brain barrier (BBB), although histo-

logically and developmentally these two barriers are dif-

ferent. The barrier concept is explained by the fact that

there are intercellular tight junctions that prevent or hinder

Fig. 1 Schematic representation of the neuronal sensitizing effect of

systemic inflammation increasing the susceptibility of brain injuries
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the passage of molecules between blood, brain and CSF,

and in the opposite direction. However, there are different

possibilities for entrance and exit based on specific trans-

port mechanisms, which are essential for normal develop-

ment and function of the brain. Recent studies consider that

the choroid plexus, which secretes much of the CSF, is the

main route of entry of molecules into the brain (Ghersi-

Egea et al. 2006; Strazielle and Ghersi-Egea 2000). The

BBB in the neonate is substantially more mature than is

commonly thought. The tight junctions are present early in

embryonic development (Kniesel et al. 1996), restricting

the entrance of proteins into the brain, and the BBB in

newborn is functional with no fenestrations (Engelhardt

2003; Ek et al. 2006, 2001). The presence of the barrier

substantially affects leukocyte passage, but does not

guarantee minimal leukocyte transmigration. The applica-

tion of a direct inflammatory challenge through intrastriatal

injections of IL-1b or TNF-a in rats did not show a linear

decline of leukocyte transmigration with age (Anthony

et al. 1997); in contrast, the newborn CNS proved to be

more resistant to an inflammatory stressor than the juvenile

brain. The reported magnitude of BBB disturbance fol-

lowing hypoxia–ischemia or focal stroke in neonatal

rodents varies and depends on the analyzed barrier feature

(Faustino et al. 2009; Svedin et al. 2007). Degradation of

the extracellular matrix plays a role in neonatal ischemic

injury. Excessive activation of the matrix metalloprotein-

ase 9 (MMP-9) early after hypoxia–ischemia is deleterious

to the immature brain. In the latter model, the lesion size is

significantly smaller in MMP-9 knockout mice (Svedin

et al. 2007) and following a pharmacological inhibition of

this protease (Leonardo et al. 2008).

The precise molecular mechanisms by which circulating

mediators of inflammation have a deleterious effect on

perinatal brain lesions are unclear (Fig. 2; Hagberg and

Mallard 2005). Circulating cytokines do not seem to cross

the intact BBB easily, although this is still a mater of

debate. Various alternative pathways have been proposed

to link serum cytokines with brain damage (Malaeb and

Dammann 2009). Firstly, circulating cytokines could alter

the permeability of the BBB to inflammatory mediators and

cells. Secondly, circulating cytokines could act directly on

parts of the brain lacking BBB such as the circumventric-

ular organs, meninges and choroid plexus, or, as demon-

strated in the adult brain, indirectly through the activation

of the vagal nerve. Thirdly, cytokine effects could be

mediated by cyclooxygenase (COX) located on the BBB.

In particular, cytokines could activate the inducible iso-

form COX-2 to enhance the local production of prosta-

glandin E2 (PGE2) that could have deleterious effects on

the developing brain. This latter mechanism has been

demonstrated in a mouse model of perinatal excitotoxic

brain damage (Favrais et al. 2007). Some of these

deleterious effects could involve an autocrine/paracrine

loop leading to an excess production of inflammatory

cytokines by brain cells.

CNS inflammation

Specific effects of intracerebral cytokines

and chemokines

Clinical and experimental data on the pathophysiologic

role of inflammatory cytokines in perinatal term and pre-

term brain damage continue to emerge (Fig. 3; Bartha et al.

2004). Overall, IL-1b potentiates ischemic brain injury.

Following hypoxia–ischemia or transient middle cerebral

artery occlusion in neonatal rats, brain IL-1b mRNA

expression is increased rapidly (Hagberg et al. 1996;

Denker et al. 2007; Foster-Barber and Ferriero 2002;

Grether and Nelson 1997) followed by a major rapid sys-

temic increase of IL-1b protein (Denker et al. 2007). Brain

IL-1b levels can be further amplified by concomitant

infection or manipulations within the oxidant pathways

(Doverhag et al. 2008; Girard et al. 2008). The pro-

inflammatory shift in balance between IL-1b and IL-1ra,

the physiological antagonist for the IL-1 receptor, follow-

ing hypoxia–ischemia when combined with infection

(modeled by endotoxin exposure) can play a role in

the initiation of perinatal brain damage (Girard et al. 2008).

IL-1b-induced local inflammatory reaction, chemokine

expression and subsequent leukocyte attraction as well as

BBB disruption greatly depend on age (Anthony et al.

1997). However, neither a genetic deletion of IL-1b or IL-

1a alone nor a combined IL-1ab knockout protected

against hypoxic–ischemic injury (Hedtjarn et al. 2005).

This suggests the presence of multiple and/or asynchro-

nized pro- and anti-injurious effects of IL-1b, which are all

abrogated in knockout mice. IL-18, a pro-inflammatory

Fig. 2 Schematic representation of the different potential mechanisms

by which intracerebral inflammation can lead to neuronal cell death
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cytokine of the IL-1 family, also contributes to hypoxic–

ischemic injury in newborn animals (Hedtjarn et al. 2002).

TNF-a exhibits pleiotropic functions in the ischemic

adult brain depending on the cell producing TNF-a and on

the type of receptor involved. TNF-a can induce apoptosis

by reacting with Fas-associated death domain (FADD) and

caspase-8 with signaling through the TNF receptor 2

(TNFR2) leading to anti-inflammatory and anti-apoptotic

effects. In neonatal brain injury, the pathophysiologic role

of TNF-a appears to be more complex. A key role of

TNF-a in injury in an excitotoxic model combined with

prior inflammatory challenge (IL-1b) has been recently

demonstrated (Adén et al. 2010). The TNF-a blocker eta-

nercept did not influence brain damage when given prior to

injury, but substantially ameliorated injury when given

after the combined inflammatory and excitotoxic insult.

The latter suggests that TNF-a can act by producing an

imbalance between pro- and anti-inflammatory cytokines

in the injured brain (Adén et al. 2010).

IL-10, a Th2 cytokine that is synthesized in the CNS and

can act both on hematopoietic and non-hematopoietic cells,

can reverse injury caused by IL-1b, TNF-a and IL-6. In a

mouse model of neonatal excitotoxic brain damage,

exogenously administered IL-10 affords neuroprotection

(Mesples et al. 2003). Interestingly, in the same model, IL-

10 knockout mice displayed brain damage comparable to

wild-type mice, supporting the hypothesis that newborn

pups are unable to mount an IL-10 response following

perinatal brain damage (Mesples et al. 2003). This lack of

anti-inflammatory response in the neonatal period could

contribute to the high sensitivity of the perinatal brain to

inflammatory insults.

The IL-9/IL-9 receptor pathway, which is most active

in the newborn brain, has been shown to have direct

anti-apoptotic action in the newborn neocortex (Fontaine

et al. 2008), but at the same time to contribute to hypoxia–

ischemia and excitotoxic injury in the developing brain,

presumably by activating mast cells (Dommergues et al.

2000; Patkai et al. 2001).

Chemokines, small polypeptides that play a role in

intracellular communication and recruitment of inflamma-

tory cells, play also a key role in the cross talk between

peripheral and CNS responses. The pathophysiologic role of

the monocyte chemoattractant protein 1 (MCP-1) chemo-

kine in neonatal brain injury is evident as its functional

inactivation after an insult has proved to be protective

(Galasso et al. 2000) or in mice with depleted IL-1b con-

verting enzyme. The role of the CXC-family chemokines

after neonatal brain injury is less well understood, but may

be crucial for BBB regulation after an inflammatory chal-

lenge of an injured immature brain (Anthony et al. 1998).

The stromal cell-derived factor 1 (SDF-1, syn. CXCL12) has

been suggested to play a role in homing stem cells to regions

of ischemic injury in the adult (Miller and Tran 2005).

However, its role in the neonate remains to be confirmed.

Microglia-macrophage, astrocyte and mast cell

activation

Microglia-macrophages of extra-cerebral origin enter the

human brain early in embryonic and fetal development in

two waves, first by the meninges, plexus choroid and

ventricule and later through the walls of the blood vessel.

They penetrate the brain with an ameboid morphology,

migrate within the white matter and eventually acquire

a morphology characteristic for ramified microglia (Monier

et al. 2007, 2006; Rezaie and Male 1999; Rezaie et al.

1999). At mid-gestation, a cluster of activated microglia is

located at the level of the axonal crossroads in the white

matter where the periventricular white matter injury pre-

dominantly develops in preterm infants. The so-called

resting microglial cells can be activated to functional brain

macrophages, which undergo ameboid transformation and

up-regulation of macrophage surface markers (Streit and

Kreutzberg 1988). In the periventricular white matter of

preterm infants, myelination defects associated with pre-

oligodendrocyte cell death have been identified as a major

component of white matter damage (Volpe 2009). Never-

theless, the specific roles of microglial-macrophages acti-

vation associated with astrogliosis in white matter damage

and/or repair remain a matter of debate (C. Verney, per-

sonal communication). In various animal models of peri-

ventricular white matter injury involving excitotoxicity,

inflammation and hypoxia–ischemia asphyxia, activation

of microglia-macrophages was the first cellular event

detected in or around the lesion (Baud et al. 2004; Mallard

et al. 2003; Olivier et al. 2005; Tahraoui et al. 2001). The

Fig. 3 Schematic representation of the cross talk between systemic

inflammation and CNS
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activation of microglia with LPS induces oligodendrocyte

cell death and also greatly impairs oligodendrocyte

development through cytokines and growth factor secretion

modulations (Pang et al. 2010). The oligodendrocyte-

microglial communication could be one of the mechanisms

underlying selective white matter damage and hypomye-

lination in periventricular leukomalacia. Similarly, acti-

vated microglia-macrophages are seen in abundance

following both neonatal hypoxia–ischemia (Ivacko et al.

1996; McRae et al. 1995) and focal stroke (Denker et al.

2007; Dingman et al. 2006), producing inflammatory

cytokines, high levels of nitric oxide (NO), complement

molecules and matrix metalloproteinases (MMPs). The

MMPs control, by proteolytic cleavage, the components of

the extracellular matrix proteins such as adhesion, mem-

brane receptors and soluble proteins. The early post-injury

macrophage population comprises predominantly resident

microglia rather than invading monocytes (Denker et al.

2007; Dommergues et al. 2003). The notion that microglia

contribute to rather than limit acute ischemic injury in the

immature brain comes from studies illustrating the asso-

ciation between a reduced extent of lesion and reduced

microglia activation/monocyte infiltration (Arvin et al. 2002;

Dommergues et al. 2003; Fox et al. 2005). At the same time,

several studies have shown that anti-inflammatory drugs,

thought to protect adult brain by reducing macrophage accu-

mulation after stroke, protect the neonatal brain without

directly affecting the inflammatory mechanisms associated

with microglia activation (Dingman et al. 2006; Fox et al.

2005; Tikka et al. 2001; van den Tweel et al. 2005). Distinct

steps of microglial maturation and differentiation (such as

expression of class II histocompatibility complex, MHC,

cathepsin and other molecules) and the propensity of neurons

to undergo apoptosis in the developing brain may account for

this age dependence of the microglia response.

The relative contribution of pro-inflammatory mecha-

nisms in astrocytes, as opposed to their other function in

ischemic injury, is not well understood. Astrocytes express

major histocompatibility complex (MHC), can up-regulate

the inducible nitric oxide synthetase iNOS and increase

cytokine production. Mast cells have been shown to play an

injurious role in neonatal hypoxia–ischemia (Jin et al.

2007) and focal stroke (Biran et al. 2008). The injurious

effects of these cells are thought to depend on the trans-

forming growth factor b TGF-b and IL-9 (Mesples et al.

2005). Less is known about the contribution of T- and

B-cell infiltration that is seen later after injury.

Conclusion

Neuroinflammation has emerged as a key pathophysio-

logical mechanism in almost all neurological disorders

affecting the adult and the developing brain. In parallel, the

concept of inflammation as a sensitizing process for the

developing brain has emerged opening the possibilities for

the link between perinatal events and somewhat remote

brain diseases. Cellular and molecular players are being

identified and allow for the design of potential neuropro-

tective targets. The developing brain seems to be very

different from the adult brain and therefore data from the

adult literature cannot be extrapolated without confirma-

tory studies for the developing brain. Some inflammatory

mediators, such as microglia, seem to be able to play del-

eterious or beneficial roles according to the timing after the

insult and/or the cellular/molecular context. Finally, the

potential side effects of some of the potential drugs tar-

geting inflammation have to be evaluated in the context of

a developing organism, and the potential benefits will need

to be balanced with the potential harm.
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