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Animal Models of Hypoxic-Ischemic Brain Damage in the Newborn

Jerome Y. Yager

ontroversy continues over which animal model to use as a reflection of human disease states. With respect to
erinatal brain disorders, scientists must contend with a disease in evolution. In that regard, the perinatal brain is
t risk during a time of extremely rapid development and maturation, involving processes that are required for
ormal growth. Interfering with these processes, as part of therapeutic intervention must be efficacious and safe.
o date, numerous models have provided tremendous information regarding the pathophysiology of brain damage
o term and preterm infants. Our challenges will continue to be in identifying those infants at greatest risk for
ermanent injury, and adapting therapies that provide more benefit than harm. Using animal models to conduct
hese studies will bring us closer to that goal.
2004 Elsevier Inc. All rights reserved.
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HE SERIES of papers presented in this is
of Seminars in Pediatric Neurology pertain to

he clinical entity of cerebral palsy (CP), a group
isorders of the central nervous system manife
y aberrant control of movement or postu
resent since early in life and not the result o
ecognized progressive disease.1 Prevalence rate
or this disorder continue to be 1.0 to 2.4/1000
irths. Therefore, despite a continuing drop
erinatal deaths and sharp decreases in “birth
hyxia,” there has been no substantive declin

he occurrence of CP among term infants.2,3 More-
ver, despite the fact that the prevalence of C

ncreasing in the infant born prematurely (in la
art due to their greater survivability), term infa
ontinues to represent more than 50% of the p
lation of children with CP.4

The purpose of this review is to highlight tho
odels currently in most common use for study
erinatal asphyxia. Clearly, the outcome of CP
ny of the developmental disabilities (ie, men
etardation, specific learning problems, atten
eficit disorder, pervasive developmental disord

anguage delay) may or may not have their orig
n an asphyxial event. Nonetheless, intrapar
sphyxia, resulting in hypoxic-ischemic encep

opathy, remains an important contributor to
evelopmental disabilities and cerebral pals5,6

adawi et al5 found that intrapartum hypoxia alo
orrelated with a picture of moderate to sev
eonatal encephalopathy in 4% of their serie
64 term encephalopathic infants; however, h
xia was a compounding feature for the produc
f neonatal encephalopathy (NE) in an additio
5% of cases. Others have suggested that
xposure to asphyxia may be as high as 23% o
regnancies.7

Significant sequelae of term neonatal hypo

schemia have been documented in as many as

eminars in Pediatric Neurology, Vol 11, No 1 (March), 2004: pp 31-46
0% to 75% of children,8 and as much as 10%
ases of idiopathic mental retardation may be re
o intrapartum asphyxia.9 Interestingly, most infan
ith mild NE appear to develop normally, w
nly those with moderate to severe encephalop
xhibiting significant neurologic morbidity.10-14

ence Robertson et al14 studied 145 8-year-o
hildren, all of whom had experienced NE (ba
n Sarnat staging) after term birth asphyxia,

ound a mortality rate of 13% to age 8 years. T
ncidence of impairment, classified as CP, bli
ess, cognitive delay, epilepsy, and severe he

oss, was 16%. Among those children categor
s “nonimpaired,” the percentage with mode
ncephalopathy who tested more than one sc
rade level below expected was an additional 2
hereas 100% of survivors in the severe NE
gory tested below grade level. Moster et15

imilarly found significantly higher incidences
eurodevelopmental impairment and learning
culties at adolescence among term infants
ere born with evidence of a hypoxic-ischem
ncephalopathy at birth but did not develop C
Of the antepartum events that have been fo

o contribute significantly to the risk of NE, fe
rowth restriction (FGR) ranks high.16 A large
opulation-based, case-controlled study suppo

he contention that infants with birth weights le
han the third percentile have a substantially
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32 JEROME Y. YAGER
reased relative risk for NE (adjusted odds ratio of
8.23).17 The role of FGR as it relates to outcome
s poorly understood. Although FGR is a common
isk factor for NE, whether it contributes to poor
dverse neurologic morbidity remains to be deter-
ined. Furthermore, whether FGR, either in isola-

ion or in combination with hypoxia at birth, is
etrimental to outcome is also unknown. As a
ingle indicator of moderate to severe NE, FGR
as the most strongly associated “marker” found

n the population-based study of Badawi et al.17

ther studies have clearly shown a relationship
etween FGR and learning deficits and behavioral
roblems of inattention and anxiety in 48% of
hildren assessed between age 9 and 11 years,18

nd poor school performance at age 12 and 18
ears.19 Strong associations between FGR and CP
alsy have also been demonstrated.20,21

Perhaps of even greater importance is the fact
hat FGR places the infant at a much higher risk for
ntrapartum asphyxia than infants of appropriate
eight for gestational age. In one study, 35% of
GR infants exhibited fetal heart rate characteris-

ics indicative of distress; other studies have shown
ignificant increases in acid-base abnormalities and
erum lactate concentrations.16,22-24 More insight
nto the role of hypoxemia as a confounding factor
or newborns with FGR has come from the Na-
ional Collaborative Perinatal Project.25 Assess-
ent at age 7 years revealed that in the absence of

ypoxia-related factors, neither symmetric nor
symmetric FGR children were at higher risk for
eurologic morbidity compared with those without
GR. In the presence of hypoxia, however, FGR
hildren were more likely to be neurologically
bnormal (CP or mental retardation) compared
ith controls, and children with symmetric FGR

in which body and brain weight are reduced com-
ared with brain weight being preserved) were at a
reater risk than those with asymmetric FGR.
Increasingly, the literature is reporting a very

trong role for chorioamnionitis as a frequent cause
f acquired brain damage in the perinatal period.26

recent meta-analysis of chorioamnionitis and CP
ndicated a positive association among preterm and
ull-term infants, with a relative risk of 4.7 for the
atter group.27 Similarly, maternal fever has been
inked with an increased incidence of neonatal
ncephalopathy.28,29 Nelson et al30 examined the
lood of 31 children known to have CP and found
ignificantly higher concentrations of interleukin

IL)-1, -6, -8, and -9; tumor necrosis factor (TNF), f
nd various other cytokines compared with con-
rols. Reviews of the epidemiologic and cytokine
iterature by Dammann and Leviton31,32 clearly
upport a role for inflammation/cytokines in neo-
atal brain injury.
Recognizing that the underlying causes of CP

nd the developmental disabilities are not com-
letely understood, the aforementioned predispos-
ng conditions (ie, antepartum and intrapartum as-
hyxia plus or minus FGR and infection) have
learly been identified as risk factors for perinatal
eurologic morbidity. Each of these conditions is
eflective of an underlying cerebrovascular com-
romise to the brain, alone or in conjunction with
dditional complicating factors. Each of these con-
itions also has a spectrum of severity and, in turn,
anifests phenotypic outcomes ranging from pro-

ound mental retardation and spastic quadriplegia
o poor school performance and attention difficul-
ies.

Models of perinatal injury are therefore meant to
imic this broad and as-yet poorly understood

ondition of the newborn human infant. In doing
o, the goals of an animal models are to (1)
ontribute to our knowledge of the underlying
echanisms of injury, (2) improve our understand-

ng of the evolution of injury and its outcome, and
3) provide a template on which to develop and test
herapeutic strategies. To adequately meet these
oals, the animal model must have certain charac-
eristics reflective of its target. For the newborn
nfant who has experienced a cerebrovascular com-
romise to the brain, models should (1) mimic the
tiological basis through which these injuries oc-
ur, (2) reflect the histopathologic spectrum of
njury to the developing brain, and (3) ideally
xpress the functional outcomes seen in the human
ewborn infant and child. That the immature brain
s in constant biologic evolution during its poten-
ial exposure to cerebrovascular compromise
learly complicates the development of animal
odels reflecting this human condition.
Accordingly, the goals of this article are to (1)

eview some of the relevant aspects of development
s they pertain to models of perinatal hypoxic-
schemic brain damage, (2) review commonly used
odels of hypoxic-ischemic injury to the newborn

rain, and (3) suggest future directions of investi-
ation that may help provide answers to an area of
ediatrics whose consequences have such a pro-

ound effect on families and society in general.
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33HYPOXIC-ISCHEMIC BRAIN DAMAGE IN THE NEWBORN
THE HUMAN NEWBORN CONDITION

Development of the Newborn Brain

An understanding of normal human brain devel-
pment is essential to evaluating the validity of
nimal models developed to study the pathogenesis
f cerebrovascular compromise to the newborn
rain. In circumstances whereby the immature
rain is rapidly evolving, assimilating this knowl-
dge with research relating to the development of
he animal model allows us to better correlate the
mportance of our findings as they relate to the
uman newborn.
The major events of neurulation (occurring at 3

o 4 weeks gestation), neuronal proliferation and
igration (at 3 to 5 months gestation), organization

at 5 months to years), and myelination (at birth to
ears), are well outlined in many texts and review
rticles33,34 and thus are not detailed here. This
art of the review focuses on those aspects related
o neocortical development that may be influenced
y or altered in the pathogenesis of hypoxic-isch-
mic brain damage.

Fig 1. Comparison of several parameters of brain develop
iming being in months for the human and sheep and days f
etails regarding other parameters.
In humans, developmental processes in the ner- i
ous system occur over periods of weeks to
onths;35,36 in comparison, in the rodent the same

rocesses occur in a matter of days (Fig 1). Pro-
iferation and migration of neurons in the human
rain occurs between 4 and 24 weeks of gestation
ie, in midgestation), with neurogenesis occurring
rst in the spinal cord and brain stem structures
nd progressing rostrally thereafter, having been
argely completed by midgestation. The same
vents in the rodent progress over a period of days
gestational day 11 to 16) for the spinal cord and
rain stem, but extend to postnatal day 15 for the
eocortical and limbic system and hippocampal
tructures.37 In humans, synaptogenesis, the neu-
obiological substrate for cell-to-cell communica-
ion, begins gradually during the first few months
f gestation but does not reach its peak until the
rst 1 to 2 years of life, and matures over several
ears to adolescence.38 In rodents, this process
ccurs somewhat rapidly during the later part of
estation through to the first 3 weeks of postnatal
ife, corresponding to weaning of the rat pup from

39

rom the above species. Note the difference in duration, with
at. *Brain Growth Spurt adapted from Dobbing. See text for
ment f
or the r
ts dam.
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34 JEROME Y. YAGER
Recently, attention has focused on the subplate
euron. Subplate neurons are situated beneath the
ortical plate and are among the first cells formed
n neocortical development. Because they form a
opulation of cells at the interface of the develop-
ng cortex with the intermediate zone (ie, primor-
ial white matter), the subplate neurons are in a
osition to interact with later-generated neurons as
hey migrate into the cortex, and also to act with
any of the afferent projections to the neocortex as

hey grow through the subplate layer. Several stud-
es have provided evidence that subplate neurons
eceive temporary synaptic connections and serve
s guides to thalamocortical axons during develop-
ent, and also to cortical efferents. Finally, given

ts unique position in the developing nervous sys-
em, the subplate neuron may be only transiently
unctional and may no longer play a role postna-
ally.40 In humans, subplate neuron development
eaks at around 24 weeks gestation and declines
hereafter. In rats, this event corresponds more
losely to the end of gestation and the early post-
atal days of life to approximately postnatal day
0, at which point the number of cells has reduced
y slightly less than half.40,41

The process of myelination deserves particular
ention, given the sensitivity of the oligodendro-

yte to vascular compromise42-44 and the preva-
ence of periventricular leukomalacia (PVL)
mong preterm infants. Differentiation of oligo-
endrocytes lags substantially behind the initial
aves of neurogenesis and follows axonogenesis.

n humans, myelination begins in midgestation and
rogresses over a protracted period to late child-
ood and early adolescence. In rats, this process
ccurs during the first 2 days of life and extends to
ell beyond weaning.45-48 In contrast studies of

heep fetus suggest that myelination begins in
idgestation and is very near completion by

erm.49,50

Ontogenesis of Neurotransmitters

Neurotransmitters have qualitatively different
unctions in the newborn brain during development
han in the adult brain. In the adult, neurotransmit-
ers are traditionally thought of as mediating or
odulating synaptic transmission between cells. In

he maturing nervous system, however, these same
eurotransmitters play fundamental roles in the
ormal physiological processes of brain growth
nd differentiation (Fig 2). Their role is no less

mportant in the pathophysiology of injury to the d
ewborn brain51-53 and presents a complicated sce-
ario in the development of therapeutic interven-
ions for neonatal hypoxic-ischemic encephalopa-
hy.

In humans, development of the excitatory amino
cid receptor (NMDA) begins in the region of the
ippocampus and enterhinal cortex at midgestation
nd peaks quickly at around 24 weeks, to levels
bove those normally found in adults.54,55 In rats,
his corresponds to a 150% to 200% overshoot in
MDA receptor binding sites at 6 to 14 days
ostnatal development.56-58 The non-NMDA bind-
ng sites in humans also begin to develop in the
ippocampus, neocortical, and basal ganglia re-
ions around 24 weeks of gestation and peak above
ormal adult levels near term, after which they
ecline and remain at adult levels.34 In rats, the
uinolinic acid receptor develops early and reaches
dult levels by 7 days postnatal age. The kainate
eceptor, on the other hand, does not begin to
evelop significantly until around 10 days postna-
al age, and gradually increases until 21 days,
here it attains adult values.
�-aminobutyric acid (GABA), the predominant

nhibitory neurotransmitter in the brain, begins to
how expression in humans as early as 17 weeks,
nd rapidly increases in density during midgesta-
ion to reach around 60% of adult concentrations at
erm.59 Both excitatory and inhibitory GABA re-
eptors have been identified in rats. Hence, during
estation, activation of GABAA receptors causes

Fig 2. Graph depicting the timelines for the development
f excitatory amino acid development in the human and rat
sing birth as a reference point. Adapted from Hattori et al,
anchez et al, and Rice and Barone. See text for details. Note

he shift to the right for neurotransmitter development in the
at compare to human.
epolarization. This maturational excitatory func-
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35HYPOXIC-ISCHEMIC BRAIN DAMAGE IN THE NEWBORN
ion persists for the first postnatal week and is
radually transformed the more mature hyperpo-
arizing function over the first 3 weeks of life.60

Neuropathology of Perinatal Asphyxia

What we know of the human newborn condition
tems largely from neuroradiologic investigations
f preterm and term infants who sustained asphyx-
al events,61-63 as well as from necropsy studies of
ewborns who did not survive.64-66 From this in-
ormation, it is quite clear that the pattern of injury
een in human newborns is highly dependant on
he gestational age and on the duration and severity
f the insult. Hence we see a continuum of neuro-
athologic lesions in the immature brain ranging
rom periventricular white matter injury in the
reterm infant to parasagittal cerebral injuries in
he more mature term infant (Fig 3A and B).
elective neuronal necrosis involving all regions of

he brain can occur regardless of gestational age.33

Involvement of the deep cortical gray-matter
tructures and brain stem pathology appears to
epend on the severity of injury. In that regard,
asternak and Gorey67 reviewed their cases of
cute near-total asphyxia in term infants and found

consistent pattern of injury in the subcortical
rain nuclei, including the thalamus, basal ganglia,
nd brainstem, with almost complete sparing of the
ortical gray- and white-matter structures. In con-
rast, infants with injury predominantly to cortical
ray- and white-matter structures tend to have
nsults characterized by partial or prolonged hypoxia-
schemia. Hence Sie et al63 reviewed the records
nd magnetic resonance imaging (MRI) studies of
04 children with hypoxic-ischemic brain damage,
nd found 3 different patterns of MRI images: (1)
VL in preterm infants experiencing subacute or
hronic hypoxia-ischemia, (2) basal ganglia and
halamic lesions in infants who experienced an
cute profound asphyxial event, and (3) multicystic
ncephalopathy in term infants with perhaps pro-
onged mild to moderate hypoxia-ischemia super-
mposed by an acute or subacute event. Others
ave found similar patterns of injury based on the
iming and duration of the insult.68,69

Recent advances in MRI have provided impor-
ant information on injury to the newborn brain,
articularly in relation to white matter injury. Inder
t al70 studied 34 infants (20 preterm and 14 term)
nd reported for the first time the association be-
ween white-matter injury and a reduction in cor-

ical gray-matter volume, suggesting an anatomical t
orrelate for the intellectual deficits often seen in
hildren with PVL. Subsequent studies have con-
rmed not only the sensitivity of MRI in detecting
hite-matter lesions,71-73 but also the efficacy of
RI techniques in correlating injury with intellec-

ual and behavioral outcome.74,75 Others have re-
orted on advanced MRI techniques using the
pparent diffusion coefficient (ADC) (the amount
f water movement) and anisotropy (the direction
f water movement) to determine abnormalities of
hite-matter development in prematurely born in-

ants.76 Miller et al76 studied a cohort of 23 new-
orns, of whom 11 were classified as normal, 7 had
inimal white-matter injury, and 5 had moderate
hite-matter injury. They found significant abnor-
alities in ADC in those infants with moderate

njury compared with the other 2 groups, and in
nisotropy in the frontal white matter in both
roups with white-matter damage. Importantly,
his study demonstrated the sensitivity that these
echniques can achieve in detecting injury in chil-
ren previously thought to be normal. The findings
re in keeping with recent reports indicating that
nfants born prematurely are at higher risk not only
or abnormalities in motor function (eg, CP), but
lso for the more subtle abnormalities of learning
nd behavior. Bhutta et al77 published a meta-
nalysis that reviewed the literature on the effect of
reterm birth on cognition and behavior. Their
esults indicated that of the 1556 cases reviewed,
hildren born prematurely were at twice the rela-
ive risk for developing attention deficit hyperac-
ivity disorder (ADHD) and had significantly lower
ognitive scores compared with controls.

ANIMAL MODELS OF INJURY

The study of perinatal brain injury has seen
remendous advances, and numerous models have
een adapted in the pursuit of enhancing our
nowledge, particularly at the biochemical and
olecular levels (Fig 4). In discussing this broad

nd complicated area, my intention is not to be
ll-inclusive, but rather to focus on those models
hat appear to comprehensively cover the topic.

Monkey

The classic studies of Myers et al78-80 catego-
ized the patterns of neuronal injury and correlated
hem with systemic, perhaps causative, abnormal-
ties. Importantly, these investigations were done
n primates. Term monkey fetuses were exposed to

rue asphyxia (cessation of respiratory gas ex-
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36 JEROME Y. YAGER
hange) by covering the head with a rubber sac and
lamping the umbilical cord at delivery. This led to
n immediate rise in fetal blood pressure due to an

Fig 3. (A) Cartoon depicting the evolution of neuropatholog
hat white matter injury in the form of “periventricular eukoma
eep grey matter structures are more prone to injury later in g

n topographical sensitivity of the newborn brain to hypo
nhancement of white matter adjacent to lateral ventricles. (b
f deep grey matter nuclei (b) and peri-rolandic fissure (c),
Photographs courtesy of Dr. J. Cure MD and Dr. A.J. Barkov
ncrease in peripheral vascular resistance, followed p
ithin 20 seconds by profound fetal bradycardia
nd an accompanying decline in arterial pressure.
he blood pressure slowly dropped to become

y during the latter half of pregnancy in human newborn. Note
ypically occurs in the premature infant, whereas cortical and
n. (B) MRI images depicting evolution of damage and change
emic injury. (a) DWI image of premature infant depicting
T1 weighted images of term infant indicating hyperintensity
ing with hypoxic-ischemic injury to the more mature brain.
).
ic injur
lacia” t
estatio

xic-isch
and c)

in keep
ressure-passive at about 12 to 14 minutes postin-
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37HYPOXIC-ISCHEMIC BRAIN DAMAGE IN THE NEWBORN
ult. Despite this, the fetal heart rate remained at
pproximately 60 beats per minute for up to at least
5 minutes. In conjunction with these changes
ere a rapid decline in fetal oxygen content, a rise

n carbon dioxide, and a fall in pH to approxi-
ately 6.9 during the first 12.5 minutes. Interest-

ngly, fetuses resuscitated after 20 minutes had
xtremely high mortality. However, at least 12
inutes of total asphyxia was required to produce

ny signs of neuropathologic injury. These results
oincide with the findings from clinical studies that
xamined the duration of prolonged fetal heart rate
eceleration required for neurologic morbidity and
ound that a period of at least 17 minutes was
equired for morbidity to occur.82 Neuropathologi-
ally, these monkey fetuses displayed damage pre-
ominantly within the brainstem.
In models of partial ischemia, monkey fetuses

emained in utero, and mothers were manipulated
uch as to render them hypotensive. These studies

Fig 4. Simplified diagram of pathophysiologic mechanism
ypoxia-ischemia which triggers the process leading to cell d
ubsequent phase of recovery during which neuronal and glia
nd Bona et al [1999]).
ndicated that term fetuses can tolerate arterial l
xygen pressure reductions to 30% of normal, but
eductions to 10% of normal for periods of up to 5
ours cause them to become increasingly brady-
ardic and hypotensive. Physiologically, these fe-
uses were profoundly hypoxic and acidemic to
H � 7.0. At birth, they often displayed opistho-
onus and decerebrate posturing as well as gener-
lized convulsions. Pathologically, the brains
howed widespread cortical tissue necrosis, and
hose who survived for longer periods before sac-
ifice displayed evidence of parasagittal infarction,
nd porencephaly.

Based on investigations over 2 decades, Myers
t al78-80 described 4 patterns of brain damage
elating to the degree of hypoxia/anoxia and
hether or not it was combined with acidemia. In

ddition to the cohorts described earlier, fetal term
onkeys exposed to severe hypoxia in the absence

f acidemia developed predominantly white-matter
njury, whereas those experiencing partial pro-

lved in hypoxic-ischemic brain injury. Note the process of
ay take only minutes to hours, whereas reperfusion and the
continue lasts days to weeks (Modified from Vannucci [1990]
s invo
eath m
l injury
onged asphyxia combined with a terminal total
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38 JEROME Y. YAGER
sphyxial event experienced damage focused on
he basal ganglia and thalamus. Thus both the
linical and pathological changes produced in
hese term monkeys by various degrees of intra-
terine asphyxia closely resemble the changes ob-
erved in perinatally damaged humans.

Sheep

ray Matter

The sheep has served as an effective large ani-
al model for the study of perinatal asphyxia.
unn et al83-86 described the neuropathologic con-

equences after umbilical cord occlusion in near-
erm fetal sheep. Brief (10-minute) periods of cord
cclusion resulted in transient asphyxia accompa-
ied by hypotension and bradycardia, together with
rolonged neuronal depression demonstrated on
lectroencephalography. Histologically, areas of
elective neuronal necrosis were found in the hip-
ocampus. These studies were subsequently ex-
ended so that near-term sheep fetuses were ex-
osed to repeated brief episodes of in utero
ypoxia-ischemia for 3 10-minute intervals, sepa-
ated by 1 or 5 hours. The findings were compared
ith results from a single 30-minute episode of
ypoxia-ischemia. Repeated episodes at 1-hour in-
ervals resulted in a greater degree of neuronal
njury; however, episodes separated by 5-hour in-
ervals produced a shifted distribution of injury
nvolving the striatum almost exclusively. When
pisodes were repeated at much shorter intervals
every 2.5 to 5.0 minutes) but far more frequently
until arterial pH reached 6.8), the damage was
iffuse and extensive, causing infarction of the
arasagittal cortex, thalamus, and cerebellum in
0% of the animals and diffuse selective neuronal
ecrosis in the remainder.87

Experiments in which near-term fetal sheep
ere exposed to prolonged hypoxia-ischemia of
0, 60, or 120 minutes’ duration were done to
orrelate the duration of insult with histopathologic
njury.84 Uterine artery occlusion in this setting
roduced severe hypoxemia, hypercarbia, acidosis,
nd bradycardia. Neuronal injury in this model was
nversely correlated with blood pressure during the
nsult, such that the lower the blood pressure, the
reater the damage, but, interestingly, no associa-
ion with hypoxemia was found. Areas of greatest
ensitivity included the parasagittal cortex, the
A1-3 regions of the hippocampus, the striatum,
nd the thalamus. These findings were also con-

83
rmed by Williams et al. f
In a similar model of near-term fetal asphyxia,
agenholm et al88 measured the concentration of

ree-radical production in the venous effluent of
erm sheep exposed to 30 minutes of acute as-
hyxia. They found a more than 2-fold increase in
he production of free radicals during the early
tages of reperfusion compared with nonischemic
ontrol animals.

hite Matter

Recent years have brought an increasing focus
n models of periventricular white-matter damage.
ing et al89 were the first to elucidate this in sheep.
hese investigators developed a model whereby
idgestational (ie, 68 to 85 days gestation) sheep

etuses were exposed to 10% oxygen for 2 hours.
f the 38 fetuses subjected to hypoxia, 29 were

oncomitantly rendered hypovolemic. The ewes
nd fetuses were then allowed to recover for 3
ays, at which time they were delivered and sac-
ificed for neuropathologic assessment. Of the 38
etuses, 10 died before delivery, and only 8 showed
vidence of gross and microscopic brain injury. In
hat regard, the hemispheric white matter was most
everely damaged, with some brains showing evi-
ence of hemorrhage and cystic degeneration. It
hould be noted that damage was also noted in the
asal ganglia of these animals, as well as in the
orsolateral regions of the cortex, although to a
esser extent than white-matter damage. Of partic-
lar note was the finding that only those fetuses in
hich mean arterial blood pressure fell below 30
mHg showed brain damage, whereas none of

hose who maintained their blood pressure did,
rrespective of hypoxia.

Petersson et al90 detailed the neuropathologic
njury to white matter in 126-day (0.85) gestation
vine fetuses after carotid artery occlusion for 30
inutes and recovery for either 48 or 72 hours.
hese investigators found both gray- and white-
atter involvement, the latter of which was char-

cterized by a reactive gliosis and the loss of
yelin basic protein in oligodendrocytes. Reddy et

l91 compared the neuropathologic consequences
f cerebral hypoperfusion for 30 minutes in 0.65
estation and 0.9 gestation fetal sheep and con-
rmed the topographical specificity of white-mat-

er injury. However, both ages of sheep displayed
arasagittal cortical damage and selective neuronal
ecrosis in the thalamus and striatum. The preterm

etuses developed subcortical infarcts with more
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39HYPOXIC-ISCHEMIC BRAIN DAMAGE IN THE NEWBORN
apidly evolving necrosis of the white matter com-
ared with those closer to term.
Further investigations in the sheep have begun

o outline the pathogenic mechanisms of injury to
he immature fetal sheep brain. Ikeda et al92,93

easured levels of thiobarbiturate-reactive sub-
tances (TBARS) within gray and white matter
fter 60 minutes of umbilical cord occlusion and
ound significantly higher levels in the frontal and
arietal white matter than in gray matter. Signifi-
antly higher concentrations of glutamate were
lso detected using intracerebral microdialysis in
he white matter of fetal sheep at 0.85 gestation
fter repetitive umbilical cord occlusion.94

Most recently, several laboratories have devel-
ped models of white-matter injury in sheep after
ystemic endotoxemia.95,96 In this regard, Mallard
t al96 compared the use of systemic asphyxia to
ndotoxemia for inducing injury resembling PVL
n fetal sheep of age 93 to 96 days (or 0.65 of
estation). Asphyxia was promoted by umbilical
ord occlusion for 25 minutes, whereas systemic
ndotoxemia was caused by intravenous injection
f Escherichia coli lipopolysaccharide. Interest-
ngly, the white matter appeared particularly sen-
itive in both models, as characterized by micro-
lial infiltration, loss of oligodendroglia, and
amage to astrocytes. In contrast, however,
hereas systemic endotoxemia caused selective

njury to white matter, umbilical cord occlusion
as less specific and also resulted in neuronal
ecrosis in subcortical regions including the stria-
um and hippocampus. Duncan et al95 also used a
odel of systemic injection of lipopolysaccharide

ver 5 days in fetal sheep at 0.65 gestation, and
ound that after the injection, particularly over the
rst 2 days, there was an acute decrease in both
ean arterial blood pressure and partial oxygen

ressure. This was accompanied by an increase in
actate and acidosis. Although statistically signifi-
ant only over the first 2 days of injection, these
ata clearly show that these alterations occurred
ver 4 days of injection. Interestingly, the data
ndicate that in fact the endotoxemia model of
hite-matter injury is a model that combines both

nflammation and ischemia as part of its patho-
hysiologic contribution to white-matter injury.
hese investigators also found an elevation of IL-6
uring the first 6 hours of injection, and indicated
similar acute increase in TNF-� within the first 2
ours. Histopathologically, diffuse white-matter

njury was seen in the majority, with specific s
eriventricular involvement occurring in 1/3 of the
nimals. Dalitz et al97 further demonstrated the
ignificant influence of endotoxin by administering
ipopolysaccharide to 11 catheterized fetal sheep at
.7 gestation, then measuring fetal cerebral blood
ow and placental flow using microspheres. Their
ndings showed that although fetal cerebral blood
ow did not decrease, oxygen delivery did. Spe-
ifically, both cortical and white-matter oxygen
elivery decreased by 36% of contral at 4 hours
ostinjection and by 28% of control at 8 hours
ostinjection, and that placental blood flow de-
reased by 54% at 4 hours postinjection and by
3% at 8 hours postinjection. These data clearly
upport the role of infection in causing not only an
nflammatory response, but a hypoxic response as
ell.

Rats

By far the most commonly used animal for
odels of perinatal asphyxia is the rat. In the

mmature animal, this model was introduced by
annucci’s group in the early 1980s and used the

ombination of unilateral common carotid artery
igation with 8% oxygen98 in a 7-day-old rat pup.
he authors described the pathological conse-
uences of this insult, particularly within gray-
atter structures, as columnar regions of selective

euronal necrosis through to infarction. Chroni-
ally, cystic infarction of the cerebral cortex may
e seen within the distribution of the middle cere-
ral artery territory, resembling the formation of a
orencephalic cyst. Although the myelinogenic
ones of vulnerability were discussed in this report,
ntil recently these findings had largely been ig-
ored.

ray Matter

Perhaps one of the main advantages of the rat
odel is that it has been so well characterized over

he years, largely by Vannucci and colleagues.53 In
his regard, the 7-day-old rat pup has been vari-
usly likened to a 32- to 34-week-old human
nfant. The physiological parameters of the model
ave shown that during the insult, the rat pup
ecomes hypoxic in combination with being hy-
ocapneic as a result of hyperventilation. This
esults in a compensated metabolic acidosis and
llows for a normal pH despite the lactic acidemia.
ean systemic blood pressure declines by approx-

mately 25% during the hypoxic-ischemic epi-
99,100
ode. Regional cerebral blood flow measure-
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ents indicate a reduced blood flow to between
7% and 40% of control, with those areas most
ulnerable to damage displaying the lowest blood
ow.101,102 Cerebral metabolic correlates indicate
depletion of intracellular glucose, accompanying

actic acidosis, and a near-complete loss of high-
nergy phosphates within the hemisphere ipsilat-
ral to the common carotid artery ligation.99,103

uring recovery, adenosine triphosphate replen-
shes rapidly, although a secondary decline occurs
ithin the first 24 to 48 hours of recovery. The
ndings appear consistent with a relative lack of
ubstrate (glucose) compared with oxygen as an
nderlying causative mechanism of cell death, in
eeping with the findings that the contralateral
emisphere appears normal even though it has
een exposed to hypoxia in the absence of isch-
mia.103-107 Others have documented an increase
articularly in the striatum of excitatory amino
cid release,108 and the accumulation of intracel-
ular calcium that arises during the terminus of the
nsult and into recovery.109 Pathologically, cere-
ral edema evolves over a period of several days,
eaking at 72 hours in those animals ultimately
aving the most significant damage.110 Histologi-
ally, a gradation of injury is observed that corre-
ates in a linear fashion with the duration/severity
f the insult.111-113 Hence damage commences
fter 60 minutes of hypoxia-ischemia and
rogresses to produce infarction by 90 minutes.
eocortical damage often appears in a columnar
istribution. There is also evidence of necrosis of
he subcortical gray-matter structures and periven-
ricular myelinogenic foci.

Hagberg et al114 nicely delineated the proinflam-
atory response that occurs during recovery in this
odel. In this regard, a distinctive IL-1 and TNF-�

esponse was seen in the first 24 hours, accompa-
ied by chemokines and macrophage inflammatory
rotein. In the next phase, neutrophils transiently
nvade the lesion between 12 and 24 hours, fol-
owed by microglia/macrophages and astrocytes.
he latter group persists for upwards of 42 days,
ith natural killer cells being evident from 24
ours and lymphocytes beginning to infiltrate at
he end of the first week after the insult.

Several others have developed modifications of
he Rice-Vannucci model. Renolleau and col-
eagues115-117 studied a model of transient unilat-
ral hypoxic-ischemic injury in 7-day-old rats and
ound that with reperfusion, the inflammatory re-

ponse was much more robust and occurred in a m
horter time frame, augmenting the extent of in-
ury. Similar results were reported by Derugin et
l118 and Ashwal et al.119 Schwarz used a model of
ilateral common carotid artery ligation that re-
ortedly produced a more uniform and severe neo-
ortical infarction of greater reproducibility to the
nilateral model. Unfortunately, neuropathology
as described at only 3 days of recovery, and in

his investigator’s experience, the bilateral ligation
odel has an extremely high mortality rate beyond

2 hours (Yager et al, unpublished data).

hite Matter

As for gray-matter injury models, recent years
ave seen the development of numerous rat models
ocusing on white-matter injury. In our laboratory
e have developed a model of transient bilateral

ommon carotid artery ligation for 5- to 10-minute
eriods. Assessment of the neuropathologic find-
ngs at 72 hours of recovery show evidence of
ystic infarction involving the periventricular re-
ions of the brain, reminiscent of those seen in
VL in the human neonate (Fig 5).48 Further elab-
ration of this model has shown that the cells most
ensitive to the ischemic injury are O4 oligoden-
roglial progenitors, which are particularly sensi-
ive to the development of reactive oxygen species
uring reperfusion.
Models of periventricular white-matter injury

nvolving a hypoxic/ischemic insult in rats have
lso come from Uehara et al,120 who induced
hite-matter injury after permanent bilateral com-
on carotid artery ligation in P5 rats, and Cai et

l,121 who studied permanent bilateral artery liga-
ion induced in P1 rats and assessed the neuro-
athologic consequences on days P7 and P14 of
ecovery. The latter group found a reduction in O4
taining cells, an increase in microglia/macro-
hages, and a reduction in myelin basic protein on
7 but not on P14, specifically within white-matter
tructures, again indicating the vulnerability of the
ligodendrocyte to damage from ischemia at this
tage of development.

Back et al45,47,122 has done the important work
f delineating the rat oligodendroglial cell lineage
nd correlating this with the human lineage, to
dentify the correct timing for using this model as
ne of PVL. This group has identified that the
indow of vulnerability for white-matter injury
recedes myelination and coincides with a time
hen the late oligodendrocyte progenitor is the

ajor target. In humans, this coincides with the 24-
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41HYPOXIC-ISCHEMIC BRAIN DAMAGE IN THE NEWBORN
o 32-week time frame during which PVL most
ommonly occurs in humans and the P2 to P5 time
rame for rats, recognizing that white-matter injury
oes occur outside these age groups in both hu-
ans and rats.
Infectious/inflammatory models of PVL have

lso been developed, given the epidemiologic data
uggesting a role for clinical and subclinical cho-
ioamnionitis as an etiological factor in the devel-
pment of cerebral palsy in children.30,123-125

oon et al126 created an ascending infection and
horioamnionitis model using E. coli in timed
regnant (0.70 of gestation) rabbits. White matter
esions were found in about 1/2 of those fetuses
nfected, but in none of those treated with saline.
istologically there was evidence of karyorrhexis

nd disorganization of white matter, along with
vidence of apoptosis. In more recent studies by
ebillon et al,127-129 maternal inoculation of rab-
its with E. coli at 0.80 gestation resulted in
onsistent white-matter injury, with 25% of the
rains exhibiting evidence of periventricular
hite-matter cysts. Interestingly, like Yoon’s ex-
eriments, this study pointed out the importance of
reating the pregnant rabbits with antibiotics, be-
ause mortality was almost 100% if no treatment
as provided. In this model focal white-matter

ysts, accompanied by a robust inflammatory re-

Fig 5. (A) Coronal view of premature 24 week infant with e
osterior coronal views of 7 day old rat model following bilat
aken at 72 hours of recovery. Note cystic evolution of lesions
ashed arrow pointing to region with in the corpus callosum
ponse and diffuse cell death, which mimic the u
hite-matter damage seen in extremely preterm
nfants, occur in the absence of a detectable neo-
ortical inflammatory response.

FETAL GROWTH RETARDATION

Although not specifically the topic of this re-
iew, the contribution of FGR to neonatal neuro-
ogic morbidity is significant and is clearly a major
omplicating feature in those infants presenting
ith a neonatal encephalopathy. FGR also en-
ances the likelihood of asphyxia occurring around
he time of birth. Moreover, clearly one of the
ajor etiologies of FGR is chronic placental insuf-
ciency or hypoxemia. In this regard, Many et
l130 examined the neurologic and intellectual out-
omes of FGR infants born to mothers with and
ithout preeclampsia. They found a significant
ifference between the 2 groups, with average IQs
f 85.5 in the preeclamptic group and 96.9 in the
on-preeclamptic group. Unfortunately, no normal
ontrols were used in this study. Toft et al131

easured gray-matter volumes in FGR infants
ith MRI and found them significantly decreased

ompared with controls.
Several animal models of FGR as it relates to

eurologic outcome have been developed; I will
ouch on a few of these here. Trescher et al132

nduced growth retardation in newborn rats by

periventricular cystic leuckomalacia. (B and C) Anterior and
nsient hypoxia-ischemia for 10 minutes. Pathologic sections
ventricular region, resembling that seen in the human infant.
lid arrow indicating region of myelinogenesis.
vidence
eral tra
in peri
terine artery ligation. Once born, the pups were
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42 JEROME Y. YAGER
llowed to nurse normally with their dam for 7
ays, at which time a hypoxic-ischemic insult was
nduced. These investigators found that the FGR
at pups had less brain damage compared with
ontrols. Unfortunately, once delivered, the pups
ere no longer restricted. In the fetal lamb, Mal-

ard et al133 induced chronic fetal hypoxemia from
estational days 120 to 140. After sacrifice, the
etal brains exhibited evidence of severe gliosis
nd decreased myelination. A reduced number of
urkinje neurons was seen in the cerebellum. This
ame group of investigators then assessed the
earning ability and behavior of the animals be-
ween 2 and 6 weeks after birth.134 In general, the
ow birth weight lambs did more poorly than their
ounterparts, but it was difficult to conclude
hether this was a product of their preterm birth.
In the guinea pig, unilateral uterine artery liga-

ion at 30 days’ gestation (term is 60 days) resulted
n significantly larger cerebral ventricles and re-
uced cortical, striatal, and hippocampal volumes
ompared with controls (the latter of which was
ue to a reduced number of neurons in both the
ippocampi and the cerebellum).135 In the hip-
ocampus, evidence also suggests a decrease in
endritic spine outgrowth as a result of chronic
lacental insufficiency.136 These findings have
aised questions about the possible relationship
etween growth restriction in the newborn and
nset of schizophrenia later in life.137

CONCLUSIONS

Controversy continues over the appropriate
odel to use when attempting to mimic the clinical

nd pathophysiologic aspects of human perinatal
rain injury.138 It is clear, however, that tremen-
ous progress has been made regarding the under-
ying mechanisms of perinatal brain injury, and

hat all models have contributed to this progress. g
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