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Abstract: Periventricular leukomalacia is a major neuropathological substrate underlying most of the neurologic
morbidity in cerebral palsy. Etiopathogenesis of periventricular leukomalacia is believed to be multifactorial, involving
hypoxic-ischemic insults and inflammatory processes. While emphasis was previously placed on hypoxia/ischemia,
epidemiological, clinical, experimental and other studies conducted over the last decade have provided evidence for an
important role of infective/inflammatory conditions and immune mediators in the pathogenesis of periventricular
leukomalacia. Tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1b) and interleukin-2 (IL-2) are overexpressed
in affected brains, and receptors for these cytokines are present on many inflammatory and neural cells in the white
matter. These findings may be part of a wider network of cytokines, chemokines and other inflammatory factors. There is
also evidence for interaction between infective/inflammatory conditions and ischemia/hypoxia as etiopathogenic factors in
periventricular leukomalacia/cerebral palsy, as the former may enhance the effects of the latter. These developments in the
understanding of the immune responses associated with perinatal brain damage, and the characterization of the implicated
cellular and molecular mechanisms may have important implications for neuroprotection strategies aiming at prevention
of periventricular leukomalacia and cerebral palsy.
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INTRODUCTION

Cerebral palsy (CP) is a clinical construct commonly
designating a group of conditions characterized by chronic
motor impairment due to early occurrence of a
nonprogressive lesion to the developing brain [1]. The
definition of the concept is currently being reevaluated
(Definition and Classification of Cerebral Palsy,
NIH/NINDS, UCP & Castang Foundation). The CP concept
covers a lot of heterogeneity in terms of etiology as well as
types and severity of motor and associated disabilities.
However, several relatively consistent associations have
been described between etiology, pathology and clinical
features, such as the sequence of neonatal
hyperbilirubinemia, kernicterus and dyskinetic cerebral
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palsy. An equally classic but more prevalent association is
that of premature birth, periventricular leukmalacia (PVL)
and spastic diplegia. The motor disability in this form of CP
includes distinctive aspects of organization and controì.

Perinatal deficit in oxygen supply is still regarded by
many clinicians as a major causal factor in CP. It can be due
to two major mechanisms, namely hypoxemia and ischemia.
The major causes of neonatal hypoxemia include asphyxia
with abnormal gas exchange across the placenta and
respiratory failure at birth, postnatal respiratory insufficiency
and right-to-left shunt secondary to cardiac disease or
persistent fetal circulation [5]. The major causes of ischemia
are antenatal or perinatal asphyxia itself leading to systemic
and cerebral hemodynamic disturbances, and neonatal
cardiac or circulatory insufficiency due to patent ductus
arteriosus, congenital cardiac disease or vascular collapse.
Although the hypoxic hypothesis went largely unchallenged
for a long time, the possibility of other mechanisms has
gradually been considered, including genetic and
environmental factors acting in the antenatal or postnatal
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period. But even though emphasis was placed on various
mechanisms at different times, the vast majority of cases
were assigned to perinatal asphyxia until very recently.
Moreover, most cases are now believed to be due to
antenatal insult, including many of those with perinatal
problems.

Large pathological studies of CP have demonstrated
varying combinations of lesions in the cerebral cortex,
hemispheric white matter, basal ganglia and cerebellum.
White matter lesions, particularly in the periventricular
region (i.e. periventricular leukomalacia, PVL), are
commonly found both in autopsy material and brain imaging.
The type and site of lesions depend much on the ‘stage’ of
brain maturation during which pathogenic events occurred.
Prematurity is the single most important risk factor and
infants with very low birth weight are at significant risk for
PVL and/or CP. Early in the third trimester of gestation, the
periventricular region is more readily affected, though this is
by no means exclusive. PVL is the dominant pathological
substrate in CP. As it is regarded as the cause of the motor
impairment, it should be an essential focus for prevention. It
is noteworthy that the full extent of white matter damage in
PVL has not been well delineated. In particular, the ‘diffuse
component’ of PVL has often been underestimated. PVL
lesions are therefore not restricted to the deep white matter
as originally suggested. Recent studies thus underlined the
occurrence of a wider spectrum of white matter damage,
especially in preterm neonates. It is likely that these lesions
will be increasingly recognized with advances in
neuroimaging and pathology.

Risk factors associated with PVL as diagnosed by
neonatal cranial ultrasonography have been reviewed by
Kuban and Leviton [6]. Factors related to pregnancy include
placental vascular anastomosis, twin gestation and
antepartum hemorrhage. During labor and delivery,
inflammation of umbilical cord and membranes seems to be
the principal risk factor for PVL. In the postnatal period, low
gestational age is an important factor. As this factor is
strongly associated with both PVL and CP, the role of other
factors, such as acidosis, low Apgar scores, intracranial
hemorrhage, hypotension, mechanical ventilation, patent
ductus arteriosus and inflammatory factors deserves special
attention in order to determine if they are primary,
independent or epiphenomena.

A recent multi-center study of 4503 children with CP
suggested that prenatal events occurring early in gestation
contribute to rendering the brain susceptible to develop PVL
[7]. Among these events, infections and coagulopathies are
pointed out as risk factors.

In this review, we shall focus on recent advances
contributing to the understanding of the etiopathogenesis of
PVL lesions, which are the hallmark of leukomalacic spastic
diplegia and are also found in other common forms of CP.
According to current views, pathophysiology of PVL almost
always involves multiple factors. These may include genetic,
hemodynamic, metabolic, nutritional, endocrinological, toxic
and infectious mechanisms. In most cases, the conjunction of
these factors ultimately triggers neuronal death processes,
while some factors may genetically or epigenetically
interfere with other aspects of brain maturation. Recent

research in this context has focused on excitotoxicity,
interleukin release and immune-mediated inflammatory
processes. Whereas many authors have concentrated on
ischemic/hypoxic factors, other studies have implicated the
role of infection/inflammation. Recently, integrative
hypotheses have been suggested, based on the inter-
relationships between both concepts.

The Ischemic/Hypoxic – Vascular/Hemodynamic
Hypothesis

Insights into the ischemic/hypoxic processes that are
implicated in CP have been derived from human studies as
well as from a number of animal models including mice, rats
and sheep. Cerebral ischemic insult to infants at risk for PVL
may result from low systemic perfusion due to hypovolemia,
venous infarction or intraparenchymal hemorrhage. Some
investigators believe that the main pathogenic factor in PVL,
particularly in the premature infant, is cerebral ischemia and
perfusion failure, combined with a presumably cell-specific
loss (due to particular vulnerability of oligodendrocyte
precursors to ischemia). This concept has been presented in
detail by Volpe [5]. According to this hypothesis, both the
focal and the diffuse components of PVL relate in part to the
development of the vascular supply to the cerebral white
matter. This supply consists principally of the long
(ventriculofugal) arteries, also called long medullary
penetrating arteries, and short ventriculopetal (or short
recurrent collaterals, also known as transventricular) arteries
[8]. The focal component of PVL would occur in end-zones
distribution regions of the long penetrators in the white
matter. The distal fields of these vessels are thought to be not
fully developed in the premature infant. Therefore, decrease
in cerebral blood flow may result in severe ischemia in these
areas leading to necrosis of all cell types. The diffuse
component of the PVL would result from less severe
ischemia in the border zones between long penetrators and in
the end-zones of short penetrators, specifically affecting the
‘sensitive’ oligodendroglia. Impairment of cerebral blood
flow was suggested to take place in the context of
compromized cerebro-vascular autoregulation or pressure-
passive cerebral circulation in a subset of ventilated
premature infants. This vascular hypothesis has been
questioned by others who disputed the presence of
ventriculofugal arteries and consequently the validity of the
watershed mechanism in this region [9].

Presumed oligodendroglial sensitivity is based on
observed vulnerability of cultured oligodendroglial
precursors to free radicals. Oxygen free-radicals have been
shown to increase after cerebral hypoxemia. Elevated free-
radical products have been found in the cerebrospinal fluid
of very low birth weight infants with PVL [10]. The role of
nitric oxide (NO) has been controversial, some data even
suggesting a protective role to oligodendroglial precursors
under conditions of oxidative stress. Vulnerability is also
thought to be related to the absence of antioxidant
maturation. Excitotoxic substances such as glutamate are
increased in ischemic brains, and are thought to contribute to
oligodendroglial death.

The special vulnerability of pre-oligodendrocytes as a
basis for the development of PVL lesions has, however, been
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disputed [6]. In addition, in most affected children,
particularly those born at term and who develop CP later, the
disorder cannot reasonably be ascribed to hypoxia/ischemia
insult during delivery or to birth trauma [11-13]. Although
oligodendroglial cell death seems to play an important role in
the pathophysiology of CP/PVL, it may not occur as an
independent mechanism. For example, lipopolysaccharides
(LPS) have been shown to induce oligodendroglial cell death
only in presence of microglia [14], supporting the hypothesis
of involvement of other cells in the pathogenesis of white
matter damage.

Role of Infection and Immune/Inflammatory
Mechanisms

In the last decade, there has been mounting evidence
from clinical, epidemiological, experimental, and
pathological studies suggesting that maternal/neonatal
infections and inflammatory conditions (whether infective or
noninfective) are implicated in the pathogenesis of PVL
lesions [15-18]. Furthermore, clinical and experimental
studies showed that many biological mediators of immune-
inflammatory processes, the so-called ‘pro-inflammatory
cytokines’, were detected in association with CP or PVL [19-
21]. These cytokines are produced by hematic and neural
cells. They can induce expression of adhesion molecules
such as ICAM-1 and VCAM-1 in brain parenchymal and
vascular endothelial cells, and can promote microglial
activation and demyelination [22]. Pro-inflammatory
cytokines were detected in the amniotic fluid [20,21] and
neonatal blood [19] of neonates with PVL, and high levels of
cytokines, mainly TNF-a, IL-1b, and IL-6, in neonatal blood
of children developing spastic CP [15].

Whereas epidemiological studies showed that perinatal
infections, chorioamnionitis and early onset sepsis are
associated with an increased risk of PVL, experimental
studies showed that injection of infectious agents caused
fetal or neonatal brain white matter lesions [23,24].

Several issues have been addressed with regard to the
role of the different molecular and cellular components
involved in infectious/inflammatory mechanisms that are
implicated in PVL. These include characterization of the
different proinflammatory cytokines at play, their site of
production and targets, interactions with other cytokines and
non-cytokine agents, feto-maternal interactions and
involvement of different age groups.

A group from our laboratories therefore carried out a
series of studies to look for possible in situ cytokine
immunoreactivity in human brains with PVL. These studies
were designed to (i) investigate and characterize the
expression of various cytokines, adhesion molecules, and the
associated inflammatory cells at the different stages during
the evolution of PVL lesions; (ii) define the temporal
expression of these inflammatory molecules; (iii) see if
clinically proven infection modifies the expression of these
cytokines in the brain; and (iv) compare the
immunohistochemical and inflammatory characteristics of
PVL brains with matched-controls without evidence of other
neuropathologic findings. These studies showed
inflammatory reaction in PVL brains starting at the very
early stage of these lesions (coagulative necrosis stage) and

extending until the latest phase of cystic cavitation [25]. This
reaction was characterized by prolonged (but declining)
levels of cytokines, with high TNF-a and to a lesser extent
IL-1b expression. Cytokine immunoreactivity was detected
in PVL cases both with and without infection. However,
cytokine production was higher with infection. A different
pattern of cytokine expression was observed in anoxic brains
without PVL in which TNF-a immunoreactivity was
significantly lower than the PVL group. Whereas previous
animal and human studies showed elevation of IL-6 in
amniotic fluid and blood, we did not detect any IL-6 in situ
in PVL brains, suggesting that elevated systemic IL-6 does
not cross into the brain. It was therefore inferred that an
immune-mediated inflammatory process could play an
important role in the pathogenesis of PVL.

In vitro studies in cell culture showed that TNF-a induces
myelin degeneration and oligodendrocyte apoptosis [26-28].
TNF-a could also have deleterious effects on pre-
oligodendrocyte maturation by inhibiting differentiation
[29]. Moreover, overexpression of brain TNF-a may cause
inflammatory demyelination with oligodendrocyte apoptosis
and myelin vacuolation [30]. Furthermore, in a model of
excitotoxic lesions in newborn rodents, pretreatment with
TNF-a and IL1-b, increased the white matter damage
induced by intracerebral injection of a glutamatergic agonist
[31]. This supports the idea that the high level of TNF-a we
detected may have mediated damage to oligodendrocytes,
which are the main cellular target in PVL. “Other animal
studies also support the role of excitotoxicity and free
radical-related damage [32-34]. These avenues pave the way
for neuroprotective intervention”.

We also found that IL-2 is expressed in the white matter
lesions of human PVL brains [35], in parallel with high
levels of pro-inflammatory cytokines particularly TNF-a. On
the other hand, other studies showed that IL-2 could induce
the production of potentially neuro-toxic pro-inflammatory
cytokines namely TNF-a and IL-1b [36], which are known to
inflict deleterious effects on the maturation of
oligodendrocytes precursors, to induce myelin degeneration,
and to trigger oligodendrocyte apoptosis. These findings
might therefore establish a link between the upregulated
cerebral expression of IL-2 we documented in PVL brains,
and between the elevated pro-inflammatory cytokine levels,
namely TNF-a and IL-1b, reported in the brain in this
pathology. In addition, it was reported that IL-2 can, in
certain circumstances, be directly myelinotoxic and might
thus damage the white matter. IL-2 was shown to be toxic to
oligodendrocytes in vitro [37] as well as in vivo in rodents.
This is consistent with a possible role for IL-2 in the cascade
of events implicated in the pathogenesis of PVL. “IL-2 is
exclusively produced by activated T lymphocytes. It plays a
crucial role in immune responses, mainly in clonal T cell
proliferation after specific antigenic activation. However,
very few CD3 positive lymphocytes were detected in the
cerebral lesions we studied [35], suggesting that in situ
detected IL-2 did not arise from local synthesis, but rather
through diffusion from the blood compartment”.

Duggan et al. [38] recently showed that higher
concentrations of pro-inflammatory cytokines (especially
TNF-a) and T lymphocyte marker CD45RO in umbilical
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blood predicted cerebral lesions detected by magnetic
resonance imaging (MRI) very soon after delivery. These
findings further support the involvement of an immune-
mediated mechanism in perinatal white matter damage. They
also suggest that these immune mediators might originate as
a reaction to a systemic immune stimulation, which later
propagates to the brain. Heightened maternal C-reactive
protein was also shown to be related to the abnormal brain
MRI. These results suggest that the fetus responds in utero to
an antigenic-induced T cell activation and produces pro-
inflammatory mediators. This immune-inflammatory
reaction therefore seems to start outside the brain (e.g.
chorioamnionitis) and spread to involve the brain, in contrast
to cerebral ischemia, where the inflammatory reaction is
initiated inside the brain. Damman et al. [39] also favor this
concept of a primary systemic immune response that
subsequently propagates to the brain to cause white matter
damage, proposing that the most harmful component of the
systemic fetal inflammatory response is activated white
blood cells that cross the blood-brain barrier and cause
damage either directly or by activating local cells such as
microglia and astrocytes. Cytokines within the brain tissue
might then inflict direct deleterious effects, for instance on
oligodendrocytes, as TNF-a and IL-2 can induce
oligodendrocyte apoptosis and myelin degeneration.

This has been documented in several models based on
administration of E. coli or LPS in different species,
including rabbits, kittens and sheep. Exposure to infection
and inflammation contributes to the risk of CP/PVL [40]. On
the other hand, white matter damage in this context can
result from fetal inflammatory response to infection or other
insults that either affect the fetus directly or occur outside the
maternal compartment, including maternal systemic
infections and chorioamnionitis. The majority of CP cases
occur in infants born weighing more than 2500 g. The
estimated proportion of cases that might be attributable to
intrauterine infections (excluding the specific infections in
the TORCH group, i.e. toxoplasmosis, rubella,
cytomegalovirus, and herpes) was 12%, while the risk
attributable to birth asphyxia was estimated to be 6% [41].
Infection in this age group may interact with other factors.
For example, children born to women with intrauterine
infection and potentially asphyxiating obstetrical
complications were at much higher risk than those with only
one of these risk factors, or neither [41]. In premature
infants, infection appeared as an important risk factor for
premature birth, especially before 30 weeks’ gestational age.
As low gestational age is associated with a high risk for CP
and also with indicators of intrauterine infection, it was
tempting to hypothesize that intrauterine infection causing
preterm birth also causes CP in the prematurely born.
However, the association of infection with CP was found to
be different in very premature infants compared with term or
near-term neonates. Thus, in contrast to the observed
association of cytokine concentration with CP in term and
near-term infants, cytokine levels in premature infants with
CP have not differed from premature controls, either in
amniotic fluid [20] or several days after birth, in peripheral
blood [41]. This profile might reflect, differences in
colonizing pathogens, in immune function in mothers and
babies, in maturation of the immune/inflammatory system or

in vulnerabilities of constituents of the developing brain over
the second half of gestation.

Interaction Between Inflammatory Cytokines and
Ischemic Insult

Several possible interactions between infective/
inflammatory conditions and ischemia/hypoxia as
etiopathogenic factors in PVL/CP have been suggested. We
[25] and others [43] found higher cerebral cytokine levels in
infants with PVL and a history of infection than in infants
with PVL only or infants having suffered anoxic conditions
without PVL. Other studies also suggested that children born
in a context of perinatal infections who also had potentially
asphyxiating obstetrical complications had higher risk for CP
than those with only one of these risk factors, or neither [41].
Experimental studies showed that pre-exposure to LPS
enhances effects of subsequent hypoxia-ischemia in neonatal
rat [44] but not sheep [45]. The precise mechanism of this
interaction is not known. Preceding infection with cytokine
production, amplifies the effect of insults such as
hypoxia/ischemia. There have also been suggestions that the
effect of infection may be mediated through
ischemia/hypoxia [11]. However, while systemic LPS
administration to the ovine fetus results in white matter
damage, this injury does not occur as a result of cerebral
ischemia. These latter results therefore suggest that
endotoxin damages the brain by some mechanism other than
cerebral ischemia. As cytokines levels increase within 6
hours of LPS exposure [46], LPS or systemic pro-
inflammatory cytokines could act directly on the brain [47].
Hemodynamic consequences of LPS exposure may then be
less important in the pathogenesis of PVL than the direct
effect of LPS on the brain.

There could also be interactions between excitotoxicity
molecules (triggered by ischemic conditions) and
infection/inflammatory mediators such as cytokines. In this
line, in vitro studies showed that TNF-a exacerbates
glutamate-induced human fetal brain damage [48]. Further,
TNF-a may itself be an inducer of ischemia, as demonstrated
in piglets [49], and the pronounced vasoactive effects of this
cytokine and of other mediators (e.g. NO) released as part of
the inflammatory cascade [50] can increase risk for ischemic
injury. In a mouse model, experimental data suggested that
excitotoxic damage can produce neuropathological changes
that are similar to those observed in CP [31].

Finally, it should be noted that while pro-inflammatory
cytokines are liberated in response to infection, several other
conditions including ischemia, trauma, inflammation and
autoimmunity are also known to cause cytokine production.
These cytokines, could therefore form a “final common
pathway” in the cascade of molecular interactions leading to
brain damage in PVL whether triggered by infection or
ischemia.

CONCLUSION

Data presented in this review underline the importance of
inflammatory processes and in particular of cytokines in the
causal pathways of PVL/CP. Their role along this pathway
remains to be clarified. Whereas they might cause PVL, their
presence in sites of cerebral damage might alternatively be
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secondary to injury. Infections may trigger a chain of
molecular mediators that is detrimental to the developing
brain. It must be borne in mind that infections, including
chorioamnionitis, intrauterine or urinary tract infection, can
be subclinical, lacking the classic manifestations of fever,
leukocytosis or tenderness. In addition to the processes
directly associated with maternal or neonatal infection,
increased cytokine production amplifies the effect of
hypoxia/ischemia in a ‘double-impact’ mechanism to cause
brain damage. Therefore, the context of perinatal,
intrapartum or intrauterine environmental injury should be
expanded beyond pure hypoxic insult in these forms of
neonatal encephalopathy to include intrauterine exposure to
infection or inflammation and the ensuing fetal and neonatal
immune-inflammatory response. These neurobiological
insights into the understanding of the immune responses
implicated in perinatal brain damage, and the
characterization of the various involved cellular and
molecular mechanisms might have major implications in
developing novel approaches in neuroprotection in PVL/CP
as well as therapeutic strategies targeting cytokines or their
receptors [25,35,51]. These might include anti-inflammatory
cytokines, cytokine binding proteins used as blockers,
cytokine receptor antagonists, CAM antibodies and caspase
inhibitors.
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