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A History of Our Understanding of
Cerebral Vascular Development and Pathogenesis
of Perinatal Brain Damage Over the Past 30 Years

Sachio Takashima, MD,* Masayuki ltoh, MD," and Akira Oka, MD*

This article reviews our studies focusing on cerebral vascular development, the pathogen-
esis of subependymal/intraventricular hemorrhage (SEH/IVH), periventricular leukomalacia
(PVL), and pontosubicular neuron necrosis (PSN). Their pathogenesis consists of predis-
posing developmental and causal factors. SEH/IVH may be caused by reperfusion or
overperfusion following ischemia in the subependymal germinal matrix with characteristic
vasculature. The cause of PVL is multifactorial (ie, ischemia and inflammation), predis-
posed by the maturational status of the vasculature and oligodendroglia in the white matter.
Focal PVL is ischemic necrosis, and diffuse PVL or white matter injury may include
cytotoxic damage. PSN has an apoptotic character, and may be induced by ischemic and
oxidative stress on specific immature neurons. Further studies on preventive and thera-
peutic measures are necessary in clinical, pathologic, and experimental fields. The moni-
toring and control methods of brain hemodynamics and cellular stability should be more

developed to prevent brain damages.

Semin Pediatr Neurol 16:226-236 © 2009 Elsevier Inc. All rights reserved.

Per‘ma[al brain damage is caused by hemorrhagic, hypoxic—
ischemic, infectious, metabolic, toxic, or traumatic events
during the prenatal or neonatal period. Some of the perinatal
brain diseases are caused by genetic abnormalities. These
perinatal brain injuries lead to cerebral palsy, intellectual
disabilities, and epilepsy. Recently, psychiatric disorders, at-
tention deficivhyperkinetic disorders, or learning disabilities
in survivors ol high-risk neonatal periods have received in-
creasing attention in both the medical and educational fields.
Understanding the pathogenesis and prevention of these
events is of great importance. Immature structure and func-
tion of the developing cerebral vasculature may play a central
role in these different etiologies. This article reviews our stud-
ies on cerebral vascular development, the pathogenesis of
perinatal brain damage, and the areas of controversy over the
past 30 years, focusing on subependymal/intraventricular
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hemorrhage (SEH/IVH), periventricular leukomalacia (PVL)
and pontosubicular neuron necrosis (PSN).

Neuropathology of
Fetuses and Neonates

Neuropathology of stillbirths often provides insight into
the pathogenetic mechanisms leading to neurologic disor-
ders in liveborn infants. A variety of abnormalities are
found in the brains of stillbirths, the most common in-
cluding PVL, SEH/IVH, cerebral infarcts, PSN, and spinal
cord or brainstem necrosis.

On the other hand, the neuropathology of neonates shows
both greater range and extent of brain abnormalities than in
the fetus, and all lesions described in the fetopsies may also
be seen in neonatal autopsies. The prenatal insults may be-
come a predisposing factor for postnatal severe brain dam-
age. Recently, the incidence of SEH/IVH has been markedly
reduced, but perinatal hypoxic-ischemic encephalopathy
(HIE) remains the most important cause of cerebral palsy and
intellectual disabilities. Brain lesions of perinatal HIE consist
of cortical laminar necrosis, cerebral infarct, basal ganglia
necrosis, PYL, Ammon’s horn necrosis, PSN, and brainstem
necrosis. The pathogenesis of each lesion type may be differ-
ent. Despite advances in perinatal intensive care, these vari-
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ous lesion types continue to be identified in recent cases of
cerebral palsy. Induced hypothermia in infants with severe
HIE is a recently developed intervention aimed at decreasing
the incidence and severity of neurological sequelae. Recent
advances in neuroimaging, including diffusion tensor MRI,
are promising for the early diagnosis and intervention of
these lesions.

Cerebrovascular,
Neuronal, and Glial
Development in the Human

rain

Perinatal brain lesions occur age-dependently in specific
sites, and their pathogenesis consists of a causal factor and
predisposing factors, such as vascular, glial, or/and neuronal
development.

The structural and functional development of the brain
vasculature is closely associated with regional cerebral blood
flow and metabolic demand, and in its underdeveloped state
forms a very important predisposing factor for regional brain
damage in hypoxia—ischemia. In particular, fetal and neona-
tal leukomalacia is still an important cause of cerebral palsy
and intellectual impairment.

On the other hand, neuronal development is also related to
the vulnerability of the neonatal brain. For example, PSN is
often found in autopsied fetal and neonatal brains, and shows
a characteristic apoptotic feature of neuronal karyorrhexis
and distribution in the pontine basis and subiculum.!

Characteristic Angioarchitecture
in the Cerebral Hemisphere

In the cerebral hemispheres, the perforating arteries branch-
ing from the leptomeningeal arteries supply the cortex to the
deep white matter as cortical, subcortical, and medullary
branches. Most of the perforating branches are short in the
second trimester and develop with gestational age (Fig 1).
The ventriculofugal arteries, which are found in some parts,
are end branches of the lateral striatal, choroidal, or other
perforating arteries,>? and remain short in the premature
fetus.? However, there is a controversy over the importance of
ventriculofugal arteries in the brain injury in premature in-
fants.* Nelson et al® have studied the vascular development of
the fetal telencephalon and found perforating vascular chan-
nels freely anastomosing with each other at deeper levels of
the cerebral hemisphere.

On the other hand, venous drainage in the cerebral mantle
is divided into 2 pathways, in the meningeal direction from
the cortex and superficial white matter (cortical and subcor-
tical veins), and in the ventricular direction from the deep
white matter (medullary veins).® The medullary veins in the
deeper cerebral white matter are more developed than are the
veins in the subcortical white matter. These characteristics of
the developing vascular structure may be predisposing fac-
tors for perinatal brain damage.”

Additionally, there are the developmental characteristics
of vessel density in the human brain. In the cerebral cortex
and subcortical white matter, the vessel density is low at

Subependymal matri

Figure 1 Development of the arterial and venous architecture in the
human cerebrum. TV: Terminal vein. Numerous small venules are
present with the appearance of a bamboo bush, on the ventricular
side of the terminal vein. SEH originates in this bush-like venous
structure, which drains the terminal branches of the thalamostriatal
arteries. SEH may then progress to IVH by rupture through the
ependyma. (Color version of figure is available online.)

16-28 GW, and then increased after 36 GW. In the deep
white matter, the vessel density is high in the middle fetal
period (16-24 GW), transiently decreases at 28-36 GW, and
then increases after 39 GW. In the putamen, the vessel den-
sity is high at 20-21 GW, remains high throughout the fetal
period, and then rapidly increases after birth. In the basis
pontis, the number of vessels increases after 28 GW, and after
32 GW is greater than in the pontine tegmentum. These
alterations in vessel density may play a role in the pathogen-
esis of perinatal hypoxic—ischemic brain injury.5?

Glial Development in
the Cerebral White Matter

In the cerebral white matter, microglial as well as astroglial
activation with myelination glia precedes the myelination of
normal development and becomes a predisposing factor for
leukomalacia. The number of microglia increases slightly and
transiently between 25 and 40 GW (Fig 2).1°

Using immunoperoxidase methods in normal infants, glia
that are positive for glial fibrillary acidic protein (GFAP) are
found first in the deep zones of white matter, and with in-
creasing age they become more prominent in the subcortical
zone. This shifting, transient increase of GFAP-positive glia
in cerebral white matter may be another predisposing factors
leading to perinatal leukomalacia.!! 12

Myelin transcription factor 1 (MyT1) is expressed in early
progenitors of oligodendrocytes, and has been examined in
the developing human brain. MyT1-positive glial cells are
first detected at 19 GW and then gradually increase until
26-29 GWs. Then, they decrease and become very rare at 1
year of age. The expression of MyT1 immunoreactivity shifts
from the nucleus to the cytoplasm of the glial cells in the
developmental time course.?
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Figure 2 Development of Ibal-1 positive microglia in deep white
matter in normal and PVL brains. Microglia are increased in PVL
cases, releasing cytokines. (Color version of figure is available on-
line.)

Pathogenesis and
Complications of IVH

The incidence of intracranial hemorrhage is markedly re-
duced with recent advances in obstetric and neonatal inten-
sive cares. However, SEH/IVH remains a significant problem
in extremely low birth weight infants and fetuses.

Pathogenesis of SEH and IVH

In the pathogenesis of SEH/IVH, there are predisposing
factors and causal factors. One of the predisposing factors, is
that the microvascular architecture of the subependymal
matrix in preterm infants is characteristic in the end zone of
thalamostriatal arteries and in the bamboo bush-like venule
structure zone on the ventricular side of terminal vein.® Hy-
potension or hypoxemia may induce focal hypoxic—ischemic
changes in the characteristic arterial end zone within the
subependymal germinal matrix, and with reperfusion or
overperfusion following ischemia, venous hemorrhage may
occur in the subependymal germinal matrix, with its paucity
of supportive connective tissue.” Monitoring of intracranial
microcirculation should be a goal for future management of
the high-risk newborn.

Complications of IVH
with Irreversible Brain Damage

Periventricular white matter hemorrhage (PWMH) occurs as
hemorrhagic infarction in the territory of the medullary veins
that are tributaries of the terminal vein. PWMH, with or
without intraventricular rupture, is found at the deep arterial
border zones of the frontal or occipital lobes. The ischemic
tissue damage induced by hypoperfusion may be a predis-
posing factor for PWMH. Also, the high incidence of intra-
vascular thrombi and the fan-shaped appearance of hemor-
rhage suggest venous thrombosis with coagulopathy, which
may be another important factor for the pathogenesis of
PWMH.

Posthemorrhagic hydrocephalus is caused by stenosis at
cerebral aqueduct or cerebellar foramina, because astroglio-
sis with ependymal cell deletion is induced by hemosiderin
deposits. Subarachnoid hemorrhage (SAH) in the cerebrum
induces absorption disturbance of cerebrospinal fluid, result-
ing in communicating hydrocephalus.’

Olivocerebellar transsynaptic degeneration is a unique
phenomenon in the low birth weight infant. Cerebellar SAH
or ischemia may lead to Purkinje cell and granular neuron
loss, with gliosis in the inferior olivary nuclei.!* Although
Bergmann's glial cells have glutamate transporters that re-
move glutamate from the extracellular space surrounding
Purkinje cells during the early stage of brain hypoxia—isch-
emia, the expression of the EAAT4 and GLAST glutamate
transporters is decreased in the cerebellar cortex underlying
SAH, and the immature glia are delayed in their clearance of
glutamate (Fig 3). These characteristics of glutamate transport-
ers in immature cells may predispose to cell death and olivocer-
ebellar degeneration.!”!® This transsynaptic degeneration is
found in other perinatal brain injuries. These systemic brain
damages through transneuronal connection and function may
be important, although its clinical significance is not clear.

Pathogenesis and
Prevention of PVL

White matter injury in fetuses as well as in preterm infants is
related to cerebral palsy and intellectual impairment. Perina-
tal leukomalacia may be categorized, according to its distri-
bution, severity, and age at onset. PVL occurs in the deep
white matter of preterm infants, and subcortical leukomala-
cia in the superficial white matter of term or older infants.!®
The pathogenesis of these 2 types of white matter lesions may
be different.?® PVL is regarded as a major cause of motor
sequelae in infants born prematurely, and the development
of techniques for its prevention of major importance.

Pathology and Brain Imagings of PVL

Histologic examination of PVL in the acute stage in neonates
reveals characteristic features of multiple foci with axonal

Atrophy of interior olivary nucleus

Figure 3 Purkinje cell death and olivocerebellar degeneration fol-
lowing subarachnoid hemorrhage. (Color version of figure is avail-
able online.)
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swellings, microglial activation, and reactive astrocytosis. At
the remote stage of PVL in preterm-born children, there are
multiple foci of fibrillary gliotic or cystic changes in the cen-
ters of the lesions, which are surrounded by areas with astro-
gliosis and loss of myelination, resulting in focal atrophy of
the affected white matter and leading to an irregular ventric-
ular wall and ventricular dilatation.! In terms of reactive
vascular changes with PVL, neovascularization appears around
foci of necrosis. The expression of vascular endothelial
growth factor in both astrocytes and endothelial cells in ves-
sels plays an important role in embryonic angiogenesis as
well as in neovascularization around foci of necrosis.?!

Axonal injury is a major feature of PVL pathology in the
prenatal or neonatal brains. Amyloid precursor protein (APP)
immunohistochemistry conspicuously demonstrates focal le-
sions with swollen axons in the periventricular white matter,
and is useful to detect the distribution of the lesions, which is
predominant in the posterior regions of the cerebral hemi-
spheres.?2** Of note, the lesions in near-term neonates tend
to be well localized, often as multiple foci, whereas they are
typically widespread in very preterm neonates (Fig 4). Based
on the evaluation in autopsied cases, we classified the pattern
of PVL distribution into 3 types, ie, focal, widespread, or
diffuse types. Focal PVL often occurs frequently in near-term
neonates, and widespread PVL more frequently in preterm
infants.?

Beta-APP immunoreactive axons are found in the acute
stage of prenatal PVL, coinciding with other early features,
such as coagulation necrosis, microglial activation, axonal
swelling, or astrogliosis. In addition, beta-APP immunoreac-
tivity is also observed in pyramidal neurons in the fifth layer
of the cerebral cortex, corresponding to the beta-APP positive
axons in PVL lesions. This immunoreactivity becomes unde-
tectable in the later stage of prenatal PVL, indicating that
beta-APP accumulation is an early phenomenon. Because
beta-APP is a substrate of the axonal transport system, the
early induction of beta-APP immunoreactivity in neurons in
the cerebral cortex as well as in axons may indicate the dis-
turbance of axonal flow, ie, axonal dysfunction.?

Widespread

Figure 4 APP-positive axons in PVL. (Color version of figure is avail-
able online.)

Figure 5 Brain imaging and histologic findings in PVL. (Color ver-
sion of figure is available online.)

In terms of neuroimaging, ultrasonography has been the
most widely used bedside technique for the detection of
white matter lesions. Persistent high echodensity defined as
higher density than the choroid plexus (grade 3), or cystic
changes on ultrasonography, leads to the diagnosis of PVL.
These ultrasonographic findings are well correlated with leu-
komalacia on brain pathology, particularly in the more severe
cases with multicystic encephalomalacia. With echodensity
similar to the choroid plexus (grade 2), there is a less but still
fair correlation (about 40%) with the neuropathology of PVL
(Fig 5).

Before the MRI era, brain CT showed periventricular low-
density areas, irregular ventricular wall, and reduced white
matter volume in children with PVL. Currently, MRI is cen-
tral to the evaluation of PVL, and periventricular hyperinten-
sity on T2-weighted and FLAIR sequences is closely related to
PVL. MRI can significantly predict neurological outcome.?”-8
Furthermore, earlier stage PVL lesions have been observed
routinely by early MRI, which delineates the precise site and
extent of PVL.?% Recent developments in MRI, such as diffu-
sion tractography or fractional anisotrophy maps, have ad-
vanced the assessment of the cerebral white matter, allowing
enhanced evaluation of axonal damage in infants with PVL.

Pathogenesis of PVL

Immature Cerebrovascular
Development as a Predisposing Factor to PVL
The developmental status of the cerebral vasculature is a
critical predisposing factor in the pathogenesis on PVL. The
topographic predilection of white matter injury is distinct
between immature and mature brains, because regional ce-
rebral blood flow and metabolic demand are rapidly chang-
ing during the perinatal period. In the immature brain, the
end-zones of perforating arteries through the cerebral cortex
are located in the periventricular white matter, which is a
watershed area vulnerable to PVL.

The ontogeny of the developing cerebral vasculature as
studied by collagen type 6 immunoreactivity, indicates a dis-
crepancy between arterial and venous development in the
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deep white matter.*® Collagen type 6 immunoreactive ves-
sels, which are mainly medullary veins, terminal branches of
internal cerebral veins, already appear from 21 to 29 GW in
the deep white matter, whereas cortical and subcortical veins
as well as perforating arteries lack the immunoreactivity. The
positive vessel number increases with maturation. Therefore,
the developmental discrepancy between the later maturation
ol arteries and the earlier maturation of veins in the deep
white matter may be an important predisposing factor for
PVL and PWMH.

Furthermore, in white matter with PVL lesions, collagen
type 6-positive vessels with abnormally thick walls are found
predominantly in the deep white matter. The immunoreac-
tivity is markedly increased in remote PVL lesions, exhibiting
abnormal vessels with thick collagen 6-positive walls. The
distribution of the lesions with abnormal vessel changes, de-
pends on the gestational age, e, it is very widespread in the
cerebral white matter of extremely preterm infants less than
24 GW, relatively widespread in very preterm infants of
26-29 GW, and focal in preterm or term infants of more than
34 GW 2! These results are consistent with the notion that the
distribution of white matter injury in PVL is well correlated
with the development of perforating arteries in the cerebral
white matter.

Glial Development and Activation in PVL Pathology
GFAP immunoreactive glia, including myelination glia in
normal brains, are temporarily increased in deep white
matter during the late fetal period, and in subcortical
white matter during the postnatal period. PVL and subcor-
tical leukomalacia occur in the white matter with develop-
mentally upregulated glia during these periods, and the
number of these glia is markedly increased in the lesions of
leukomalacia.!!*?

Therefore, the increase of GFAP-positive glia shifts from
deep white matter to subcortical white matter in the normal
developing brains, and the shift of glial upregulation, as well
as the shift of the arterial border zones, is an important pre-
disposing factor for leukomalacia.

Microglia and reactive astrocytes are identified by immu-
nohistochemistry with Iba-1 and GFAP, respectively. Ibal-
positive microglia transiently increase from 25 to 36 GW in
the cerebral white matter.”® In comparison with the develop-
mental pattern in normal cerebral white matter, Iba-1-posi-
tive microglia and GFAP-positive astrocytes are upregulated
in the early and later stages of PVL lesions, both focal and
widespread.*

The expression of cytokines in PVL has been investigated
extensively, and the immunohistochemistry of TNF-alpha
demonstrates the reactivity of microglia in or around PVL
lesions.!#>3¢ The TNF-alpha expression is surrounded by
GFAP-positive astrocytes. In addition, IL-6-positive glia are
found in PVL lesions. Therefore, the expression of cytokines
by these glia in the lesions as an early phenomenon may be
related to the formation of PVL.

Osteopontin immunoreactivity is detected in axons and
macrophages in the subacute and chronic stages of PVL, in
contrast to its absence in either normal white matter or acute

PVL lesions. The marked reactivity in swollen and calcified
axons bordering the ischemic zone suggests osteopontin is
closely associated with death of swollen axons at the periph-
ery of the ischemic zone, and potentially plays a role in reg-
ulating the calcification seen in some chronic lesions.

Cerebral Hypoperfusion as a Cause of PVL

In addition to predisposing factors of vascular and glial mat-
uration, cerebral hypoperfusion is a causal factor of PVL,
triggered by extracranial conditions, such as systemic hypo-
tension, shock, hypocarbia, bradycardia, or cardiac failure,
and intracranial conditions, such as brain edema or menin-
gitis/encephalitis. From a clinical viewpoint, the role of cere-
bral blood flow regulation is critical for the prevention of
PVL, although this issue remains debated.

Experimental models of PVL have used cerebral hypoper-
[usion as an insult. Yoshioka et al* have reported that liga-
tion of the internal carotid arteries causes multiple necrotic
foci in the deep white matter of puppies. The pathology of
this experimental model is quite similar to that of focal PVL in
human neonates.

As an experimental model of PVL in fetuses, repeated um-
bilical cord compression in fetal sheep has resulted in white
matter lesions.® " In this model, bradycardia during the
compression, and hypotension following the compensatory
hypertension, have been demonstrated, suggesting that PVL
may be caused by fetal CNS hypoxia—ischemia due to sys-
temic hypotension.

Fetal or Perinatal Infection and

the Role of Inflammatory Substances

Infection in human fetuses and neonates is frequently accom-
panied by leukomalacia. Gilles et al*! have reported perinatal
telencephalic leukoencephalopathy (PTL) as a kind of leu-
komalacia, which consists of hypertrophic astrocytes, am-
phophilic globules, necrotic foci, and acutely damaged glia,
widely spread in the cerebral white matter of newborns. PTL
is epidemiologically related to bacterial infection. In experi-
mental studies, small doses of endotoxin administered in
kittens and puppies result in necrotic foci, astrogliosis, and
calcification predominantly in the forebrain white matter,
resembling PTL.

In earlier experiments,*** neonatal puppies and rabbits
were administered endotoxin, with monitoring of regional
and serial cerebral blood flow changes. In addition, brain
amino acid contents were at 24 hours and brain histology
examined at 24 or 72 hours after endotoxin injection. Cere-
bral blood flow is slightly decreased in the cerebral cortex as
well as white matter within 45 minutes, and is further down-
regulated in the cerebral white matter at 60 minutes or later.
Several amino acids in brain tissue are increased, compared
with controls, whereas they decrease in brain hypoxia. Thre-
onine, valine, methionine, and histidine are increased in all
areas, and glutamine is increased only in the cerebral white
matter, diencephalon, and brain stem. However, GABA is
decreased only in the cerebral white matter. The brain histol-
ogy shows an increased vascular permeability and multifocal
necrosis in the cerebral hemispheres.*

These results in endotoxin encephalopathy suggest that
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there is different susceptibility to endotoxin among regions of
the brain, and vascular damage, cerebral hypopertusion, and
metabolic activation of glial cells may be important pathoge-
netic factors leading to necrosis.

Clinical studies have documented that intrauterine infec-
tion is frequently found in cases of cystic PVL, " and inflam-
matory cytokines are increased in umbilical cord blood in
patients with PVL.*

Experimental models of white matter injury by intrauter-
ine infection have been developed in sheep and rabbits, and
selective white matter lesions have been demonstrated.** In
these experiments, chronic administration of endotoxin re-
sults in white matter lesions in the absence of hypoxemia and
hypotension. However, further intracranial hemodynamic
studies may be necessary. The white matter injury may be
more related to PTL or to diffuse type PVL.

Oligodendroglial Death,

Hypomyelination and Plasticity in PVL
Following cerebral hypoperfusion, axonal damage, glutamate
increase and oligodendroglial damage appear, while ischemia
induces microglial activation, cytokine release, and astroglial
activation, with an increase of nerve growth factors.* Both the
reparative factors as well as the factors of tissue destruction de-
termine the resulting PVL lesions (Fig 6).

In the progression of PVL pathology, coagulation necrosis
appears at the onset, followed by an astroglial reaction at the
subacute stage and neovascularization and cavity formation
at the chronic stage. In this process, tissue repair is involved
after initial damage, and plasticity may play a role.

Myelination is mainly impaired in the necrotic or gliotic
periventricular white matter of the brain with widespread
PVL. The expression of lipid components is poorer than that
of myelin basic protein, and the number of ferritin-contain-
ing oligodendrocytes is decreased in the necrotic or diffuse
gliotic region of the widespread PVL brains compared with
controls.®® There is a significant relationship between the
number of ferritin-containing oligodendrocytes and the de-
gree of myelination. The impaired myelination in the PVL
brains occurs in the necrotic regions as well as in gliotic
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Figure 8 Pathogenetic factors related to PVL formation and repair.
(Color version of figure is available online.)

chronic PVL

Figure 7 Development of MyT1 immunoreactive oligodendroglia in
the deep white matter, and regeneration of immature oligodendro-
glia in PVL. (Color version of figure is available online.)

regions in the cerebral white matter, related to the decrease of
normal oligodendrocytes.>

MyT1 is a zinc-dependent, DNA-binding protein and is
expressed in the early progenitors of oligodendrocytes.
MyT1-positive glial cells are detected from 19 GW and grad-
ually increased until 26-29 GW in controls. In the chronic
stage of PVL, MyT1-positive cells are significantly increased
around necrotic foci, in comparison with age-matched con-
trols, and some of the regions with increased MyT1-positive
cells show an increased level of myelination (Fig 7). This
result may indicate excessive myelination in response to oli-
godendroglial damage, indicating repair or plasticity around
the PVL lesion.”!

Nestin is a protein expressed during the fetal period, and
its immunoreactivity is a marker of multipotential stem cells.
Nestin immunoreactivity is found strongly in the molecular
and superficial layers of cerebral cortices from 12 to 22 GW,
gradually decreasing after 27 GW. The reactivity finally dis-
appears after 2 months postnatal age. In the white matter, it is
seen in glia, axons, and neurons until 26 GW. Nestin immu-
noreactivity may be correlated with the formation and differ-
entiation of neurons and glial cells.

Nestin is reactivated in cells surrounding PVL lesions in
subacute and chronic lesions.” [n the white matter of infants
with PVL who survived for several months, nestin-positive
astrocytes and axons are found in proximity to PVL lesions,
whereas they are not found in the white matter remote from
the lesions. The reactivity of astrocytes and axons reappears
in the chronic stage, {ollowing the gradual attenuation of the
reactivity during acute and subacute stages of PVL. This re-
expression of nestin in astrocytes and axons near PVL lesions
in the chronic stage suggests the occurrence of tissue repair
and synaptic plasticity in the white matter around PVL. These
processes may contribute to a reduction in the size of PVL
lesions, as well as an increase in neural plasticity around PVL
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lesions, possibly minimizing the disabilities of cerebral palsy
and intellectual deficits.

The developmental changes and patterns of the expression
of parvalbumin (PA), a marker of GABAergic interneurons,
during early development correspond to the establishment
of thalamocortical connections, and to the functional mat-
uration of cerebral cortices. In preterm cases with PVL, the
expression of PA is increased in the cerebral cortices with
focal type PVL, whereas it diminishes in the cerebral cor-
tices cotrresponding to widespread or diffuse type PVL.
These results suggest that increased expression of PA in-
dicates neuronal plasticity in the cerebral cortex and that a
reduction of PA reflects the impairment of thalamocortical
neurons.”

Further Perspective

PVL is a major cause of long-term neurological sequelae,
particularly in prematurely born infants, and interventions
for its prevention and treatment are urgently sought. The
neuropathological, experimental, and clinical studies dis-
cussed above, indicate that the pathogenesis of PVL is multi-
factorial, with 2 major factors, being ischemia and infection-
related events. In terms of the latter, the detailed mechanisms
remain to be elucidated. So far, no clinically effective thera-
peutic agents have been identified, and the most logical pre-
ventive measures currently available, including avoidance of
systemic hypotension, hypocarbia, and severe chorioaminio-
nitis. Improved monitoring and management strategies will
be necessary to improve systemic and cerebral hemodynam-
ics, and to ensure cellular stability before prevention of these
brain lesions becomes a reality.

Recent epidemiologic studies suggest the possibility of a
genetic predisposition to PVL, although these findings re-
main preliminary.” To date, several genetic polymorphisms
have been implicated in the cerebrovascular and cellular sus-
ceptibility to PVL. Greater understanding of these predispos-
ing genetic factors as well as of the regenerative tissue reac-
tion to injury and the plasticity response will be essential for
progress in this area.

Pathogenesis and
Prevention of PSN

PSN is typically and frequently found in the pontine nuclei
and hippocampal subiculum of fetal and neonatal brains. The
morphologic study of PSN suggests neuronal apoptosis;
however, its longer term clinical significance in survivors of
prematurity remains unknown. The hippocampus and its
connections, including the subiculum are important for the
consolidation of new and short-term memories. On the other
hand, children bom preterm have an increased incidence of
attention deficit/hyperactivity disorder and learning disabil-
ity, but little is known about the specific nature of their cog-
nitive deficits or the underlying neuropathology. PSN in the
perinatal period may be connected to neurclogical outcome
in preterm children.

Figure 8 PSN: Karyorrhexis and apoptosis of small neurons in the
pontine nuclei and subiculum. (Color version of figure is available
online.)

Neuropathology of PSN

PSN is characterized by selective neuronal karyorrhexis in
the pontine nuclei and in the hippocampal subiculum of the
perinatal brains between 28 GW to 2 months after birth.?
PSN is not visible in gross brain examination. Microscopi-
cally, PSN in the acute stage consists of dying neurons with
karyorrhexis and perikaryal shrinkage. Karyorrhexis is char-
acterized by loss of definition of the nuclear membrane and
disintegration of the nucleus into basophilic granules, in-
cluding complete loss of basophilic material. Thus, PSN has
the characteristics of apoptosis,™ with little astroglial reac-
tion (Fig 8). In the chronic stage of severe cases, there is a
progressive drop-out of neurons together with astrocytic pro-
liferation, migrating microglia, and aggregations of macro-
phages scattered throughout the tissue.

The timing of karyorrhectic neurons is characteristic in
infants delivered at more than 29 GW, but in very low birth
weight infants delivered at younger than 28 GW there is an
extended distribution of neuronal karyorrhexis to the inferior
olivary nucleus, basal ganglia, thalamus, and cerebral cor-
tex.”’

Neuronal karyorrhexis in the subiculum as a part of PSN is
a more frequent finding in the perinatal brain at autopsies
than is Ammon’s horn neuronal necrosis, another hippocam-
pal lesion, seen after perinatal asphyxia.

Pathogenesis of PSN

Neuronal karyorrhexis in PSN has some characteristics of
apoptosis on developing neurons. The pathogenesis of PSN
consists of predisposing factors and causal factors. The pre-
disposing factors exist in developing neurons, glial cells, and
vasculature. Although the causal factors include ischemia,
hyperoxemia, hypocarbia, and hypoglycemia, the pathogen-
esis of PSN remains unclear.

Slow Neuron Development in the Pontine

Nuclei and Subiculum: A Predisposing Factor

In developmental studies of the pontine nuclei and subicu-
lum, the neurons are small and round. Neuron specific enc-
lase-positive cytoplasm is scanty in fetuses of less than 27
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GW, and thereafter gradually enlarges with increasing age
until 1 month, while the cell density is decreased after 24
GW. Compared with neurons in the facial nucleus and retic-
ular formation of the pontine tegmentum, as well as the py-
ramidal cell layer of the hippocampus, neurons of the pon-
tine nuclei and subiculum show delayed maturation, as
indicated by gradual enlargement of the initially small cyto-
plasm.?° The maturational course of these neurons and the
timing of PSN are consistent.

The developing neuron is very susceptible to toxicity of
NMDA during a restricted developmental period. Mitani et
al® have demonstrated that the susceptibility to NMDA neu-
rotoxicity in pontine nuclei peaks near postnatal day 15 in
rats, and is mediated by NMDA receptor channels that are
relatively insensitive to the normal magnesium blockade of
NMDA channels. Therefore, marurational changes in NMDA-
receptor channels may play a crucial role in the developmen-
tally specific neuronal injury seen in PSN.

Relatively Mature Cerebrovascular

Development in Pontosubicular Regions

There is relatively mature cerebrovascular development in
pontosubicular regions of fetal and neonatal brains. The pons
is supplied by pontine branches of the basilar artery. The
basis pontis is perfused by proximal portions of penetrating
arteries from the pontine branches in the leptomeninges. Ve-
nous angiography shows similar architecture to the distribu-
tion of the arterial vasculature. The arteries and veins are well
developed in the pons of preterm and term infants. The hip-
pocampal subiculum is supplied by proximal branches of the
posterior cerebral arteries. These arteries are abundant and
well developed in this area, compared with those of the tem-
poral lobe. Thus, the developmental discrepancy between
neurons exhibiting late maturation and arteries showing an
early maturation in the basis pontis and subiculum may con-
tribute to the occurrence of of PSN in fetuses and neonates.”

Ischemia, Hypocarbia, Hyperoxygenemia
and Hypoglycemia as a Causal Factor
A stereotypical neuronal response to hypoxia, acute isch-
emia, hypoglycemia, hypocapnia, or hyperoxygenemia in a
critical developmental time frame has been reported.
[mmature developing neurons are more sensitive to isch-
emia than to hypoxia. The frequency of neonates with PSN
who also show karyorrhexis or eosinophilic neurons in other
regions of the brainstem, basal ganglia, and thalamus is
higher than in controls, and acute ischemia may be an im-
portant underlying pathogenic factor.” Several factors may
contribute to the resistance of immature neurons to hypoxia,
such as smaller demands for energy-consuming processes,
capacity for maintaining intracellular energy resources via
anaerobic glycolysis, and capacity for downregulating the
density of sodium channels after prolonged channel activa-
tion, which prevent irreversible functional deficits. On the
other hand, ischemia is a form of multicomponent injury,
including substrate deprivation (starvation), anoxia, and fail-
ure to remove toxic end-products. During starvation, the
immature neurons produce excessive amounts of oxygen
radicals, leading to membrane lipid peroxidation and cell

death. Furthermore, oxygen radicals are produced during
reoxygenation and reperfusion. The well-developed vascu-
larity in the pontine nuclei and subiculum may contribute to
the greater supply of oxygen-derived free radicals and pre-
dispose to the production of PSN.

Ischemia, hypocarbia, and hyperoxemia have been re-
ported to be important factors in the pathogenesis of PSN.
Karyorrhectic neurons are frequently found in neonates who
show hyperoxemia more than 150 mm Hg,*! and hypocarbia
less than 20 mm Hg (Fig 9).%2 Vasoconstriction due to hyper-
oxemia or hypocarbia is speculated to be one of the pathoge-
netic mechanisms of PSN. PSN following hypoglycemia
shows a large number of apoptotic cells and a higher expres-
sion of activated caspase 3.9

Experimental Animal Studies

In experimental models of acute hypoxic—ischemic injury,
neuronal apoptosis and necrosis have been detected in the
brains of newborn piglets®*¢> and immature rats.®® Our ex-
perimental study of newborn rabbits has demonstrated selec-
tive neuron death with karyorrhexis in the subiculum and
CA1 regions of the hippocampus by hyperventilation and
ischemia associated with hypocarbia and decreased intracra-
nial oxyhemoglobin and total Hb concentrations.” The dam-
aged neurons are positive on DNA nick end labeling. A DNA
ladder is detected on electrophoresis with a DNA sample
extracted from hippocampal tissue in the hyperventilation
and ischemia group, but not in the other groups. On electron
microscopic examination, not only condensation of the nu-
cleus but also disruption of mitochondria and the cell mem-
brane are detected. These results suggest that hypocapnia in
the setting of hypotension may cause neuronal cell death in
the hippocampus of the neonatal rabbit. Ischemia with a
metabolic change induced by hypocapnia may contribute to
this apoptotic neuronal cell damage.®’

Oxidative Stress and Apoptosis

During acute stage of PSN, an astroglial reaction is uncom-
mon; during the later chronic stage, microglial activation and
astrocytic reaction become evident.%® Ferritin-positive glial
cells are not increased in cases of selective karyorrhexis, but

Vessels of oxygen
supply are well
developed in
subiculum and
pontine base.

Figure 8 PSN is often found in neonates with hypocarbia and hyper-
oxygenemia just after birth. (Color version of figure is available
online.)
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are increased in cases of karyorrhexis with spongy changes
and gliosis. Iron may be released to the damaged pontine
tissue as a catalyst, and microglia may play an important role
in the repair of the tissue.®®

The immunoreactivities of apolipoprotein E and copper/
zinc superoxide dismutase are increased in preserved neurons
and glia of neonates with PSN.7%-"! Four-hydroxynonenal (an
important marker of radical-induced lipid peroxidation) im-
munohistochemical study reveals that karyorrhectic cells in
the pontine nuclei with PSN are positively stained, and that
oxidative stress is present in these neurons. This oxidative
stress may contribute to karyorrhectic neuronal death.”

The vulnerable neurons undergo karyorrhectic condensa-
tion, and exhibit in situ end labeling for DNA fragmentation
leading to apoptosis in PSN. Neuronal apoptosis in PSN is
accompanied by a pronounced activation of caspase-3.73
Caspase activation plays a central role in apoptosis, and
caspase-3 appears to be an especially important effector en-
zyme in neuronal apoptosis. Numerous CM1 (a specific
marker of caspase-3 activation)- and fractin (a marker of
caspase-like proteolytic activity). immunoreactive neurons
are seen in the pontine nuclei and subiculum.”™

Neurons of both PSN and control brains show expression
of the Fas receptor, and the expression is significantly in-
creased in degenerating neurons of PSN cases. In the devel-
oping human brain; cells expressing Fas receptor may be
susceptible to undergoing apoptosis.’> These results also sug-
gest a potential role for caspase-inhibitors as an important
element in the development of more effective neuroprotec-
tive strategies for asphyxiated infants (Fig 10).

Evolution of PSN and Plasticity

In the acute stage of PSN there is neuronal degeneration with
little glial reaction, but microglial and astrocytic activation
appears in spongy tissues with marked neuronal loss.

The expression -of neuron-type glutamate: transporters
(EAAC-1)," AMPA glutamate receptor: subunits (GluRl and
GluR2/3); polyadenosine (5 diphosphate-ribose) polymer-

SN)

tschemin, Hyperoxemia, Hypocapnia
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Figure 10 Pathogenesisand plasticity of PSN. (Color version of figure
is available online:)

ase (PARP), and transforming growth factor-beta 1 (TGFb1)
has been investigated in cases of PSN and age-matched con-
trols. Developmental immunoreactivities of EAAC-1, GluR1,
and GluR2/3 appear in the neurons of the pontine nuclei at
29-30 GW in controls, and then gradually increase with age.
However, these activities are decreased in the pontine nuclei
of patients with PSN, suggesting early degeneration of neu-
rons. Although PARP and TGFb1 immunoreactivities are in-
significant or very weak in the pontine nuclei at any ages in
controls, PARP is markedly expressed in karyorrhectic neu-
rons of the pontine nuclei in patients with PSN more than in
controls. TGFb1 is expressed in remained cells and may play
a role in the protection and repair of damaged neurons.”

Nestin is an intermediate filament protein, expressed in
neuroepithelial stem cells of the developing central nervous
system. The reexpression of this protein has been observed
following pathologic situations in the central nervous system,
including ischemia. This reexpression has been considered
for the repair of neuronal processes and the synaptic plastic-
ity. In our data, normal hippocampi express mild nestin im-
munoreactivity at neurons only in preterm infants of less than
27 GW. Nestin reactivity is increased in the brains of infants
with PSN'compared with control preterm brains. Further-
more, these increases are not only seen in the damaged re-
gions, but also in those regions with otherwise preserved
microanatomy.  Additionally; nestin reactivity is more in-
creased in subiculum and Ammon’s horn'that is more widely
damaged. Nestin reactivity of neurons is increased only in the
preterm infant, in contrast to the finding that only glial cells
are increased in the term infants. Nestin, abundant in multi-
potential stem cells, is reactivated in surrounding cells of
subacute and chronic lesions.. Thus, local plasticity may be
activated both in necrotic and ‘apoptotic cell death, and the
period of regeneration may be important for future treatment
and rehabilitation strategies.
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