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Abstract Despite advances in neonatal intensive care, survi-
vors of premature birth remain highly susceptible to unique
patterns of developmental brain injury that manifest as cere-
bral palsy and cognitive-learning disabilities. The developing
brain is particularly susceptible to cerebral white matter injury
related to hypoxia-ischemia. Cerebral white matter develop-
ment in fetal sheep shares many anatomical and physiological
similarities with humans. Thus, the fetal sheep has provided
unique experimental access to the complex pathophysiologi-
cal processes that contribute to injury to the human brain
during successive periods in development. Recent refinements
have resulted in models that replicate major features of acute
and chronic human cerebral injury and have provided access
to complex clinically relevant studies of cerebral blood flow
and neuroimaging that are not feasible in smaller laboratory
animals. Here, we focus on emerging insights and methodol-
ogies from studies in fetal sheep that have begun to define
cellular and vascular factors that contribute to white matter
injury. Recent advances include spatially defined measure-
ments of cerebral blood flow in utero, the definition of cellular
maturational factors that define the topography of injury and
the application of high-field magnetic resonance imaging to
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define novel neuroimaging signatures for specific types of
chronic white matter injury. Despite the higher costs and
technical challenges of instrumented preterm fetal sheep mod-
els, they provide powerful access to clinically relevant studies
that provide a more integrated analysis of the spectrum of
insults that appear to contribute to cerebral injury in human
preterm infants.
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Overview of the Clinical Problems Accessible in Preterm
Fetal Sheep

The last decade has seen a resurgence of interest in instru-
mented preterm fetal sheep preparations to study the com-
plex pathophysiological processes that contribute to brain
injury in the preterm infant. The merits of a large pre-clinical
animal model have become increasingly recognized, as it
has become apparent that rodent models have significant
limitations to study injury to the developing human brain
[1]. Not only do preterm fetal sheep preparations closely
replicate major features of acute and chronic human preterm
brain injury, but they also provide access to complex, clin-
ically relevant studies of cerebral blood flow and neuro-
imaging that are not feasible in smaller laboratory animals.

Fetal sheep preparations have provided powerful access
to large animal pre-clinical testing of neuroprotective agents
for the treatment of neonatal encephalopathies related to
hypoxia-ischemia or maternal fetal infection. It is increas-
ingly recognized that the selection of appropriate animal
models is critical to identify promising therapeutic agents
and to reduce false negative outcomes [2]. The substantial
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translational advantages of studies in a large preclinical
animal model are exemplified by pre-clinical studies in near
term fetal sheep [3] that lead to the head cooling trials for
neonatal encephalopathy, and the implementation of cere-
bral hypothermia protocols in neonatal intensive care units
worldwide [4].

In recent years, studies of hypoxic-ischemic injury to the
developing brain have yielded an increasingly complex and
controversial set of observations related to the pathogenetic
mechanisms that result in injury to white and gray matter
structures within the neuraxis. We will focus on approaches
to study cerebral white matter injury (WMI), the major form of
brain injury, and the leading cause of chronic neurological
disability in survivors of premature birth [5]. The broader
questions of the pathogenetic mechanisms that relate WMI to
cortical and subcortical gray matter injury have been recently
reviewed [6].

Brain injury in preterm survivors has an unexplained pre-
dilection for cerebral white matter. The period of highest risk
for WMI is ~23 to 32 weeks postconceptional age. Although
major advances in the care of premature infants have resulted
in striking improvements in the survival of very low birth
weight infants (<1.5 kg), improved survival has been accom-
panied by a significant increase in the number of pre-term
survivors with long-term neurological deficits [7]. The major
consequences of this injury are permanent motor impairment
(i.e., cerebral palsy [CP]) ranging from mild to profound
spastic motor deficits [8—13], as well as a broad spectrum of
cognitive, social behavioral, attentional, visual, and learning
disabilities that manifest by school age in 25 to 50% of
children [14-18]. In preterm survivors, magnetic resonance
image (MRI)-defined WMI, but not gray matter injury man-
ifests in the first months of life as abnormal movements that
are predictive of CP [19-21]. The impact of WMI can be
appreciated from a recent large population-based study of
children with CP. Perinatal WMI (including periventricular
leukomalacia) was the most common finding, which was seen
in almost half (42.5%) of the affected children [22]. WMI is
not exclusively associated with prematurity and it is increas-
ingly appreciated in term infants [23-25]. Infants with com-
plex congenital heart disease are at particular risk for WMI
and delayed brain maturation [26-28]. Because very low birth
weight infants comprise approximately 1.5% of the 4 million
live births in the United States alone each year, the worldwide
social and economic burden is considerable. The average
lifetime costs per person with CP is estimated to be ~1 million
dollars in the United States. [29]. An understanding of the
cellular and molecular basis of preterm WMI is thus urgently
needed to develop effective interventions to prevent these
lifelong neurological disabilities. Hence, there continues to
be a critical need for suitable animal models that permit
hypothesis-driven studies of the pathogenesis of WMI in
human preterm survivors.
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Advantages and Disadvantages of the Fetal Sheep
to Model WMI

Fetal sheep preparations require substantial cost and infra-
structure to support the surgical instrumentation and post-
operative care of large laboratory animals. Fetal sheep
studies require a highly skilled surgical team, a large animal
operating facility suitable for sterile operations, specialized
veterinary care, and access to reliable breeders. Despite
these challenges, many preparations have yielded very re-
producible results with low morbidity and mortality, thereby
limiting the number of animals required. Presently, the ovine
genome has not been fully sequenced and the molecular
tools available to study ovine brain injury are more limited
than in rodents. The rodent models, including transgenic
rodents, are ideal to provide more rapid, cost-effective ac-
cess to cellular and molecular mechanisms, which can be
validated subsequently in a large pre-clinical animal model,
such as the instrumented fetal sheep.

The in utero nature of the instrumented fetal sheep prep-
aration offers some practical advantages relative to other ex
utero models with a gyrencephalic brain (e.g., the piglet and
nonhuman primate). To our knowledge, viable preterm fetal
piglet models have not been achieved. Even in neonatal pig-
lets, studies to date have only achieved relatively brief survival
[30]. Instrumentation of the preterm nonhuman primate fetus
carries a high risk for premature birth. Although controlled
preterm delivery of the nonhuman primate fetus is feasible,
neuropathological studies in preterm animals require ventila-
tor support in an intensive care setting [31]. During prolonged
ventilation, preterm baboons, for example, sustain disturban-
ces in brain growth and development that make the interpre-
tation of neuropathological studies more challenging [32-34].
A limitation of the instrumented fetal sheep preparation is that
animals are not studied under ex utero conditions where the
animals breathe room air.

Preterm (0.65 gestation or 95 days) fetal sheep models
have multiple distinct advantages relative to small fetal and
neonatal animals, which are limited by a lissencephalic
brain that does not resemble the nascent gyrencephalic
human cerebrum. In terms of its neurodevelopment, the
immature ovine brain is similar to the preterm human brain
between approximately 24 to 28 weeks in terms of the
completion of neurogenesis, the onset of cerebral sulcation,
and the detection of the cortical component of the auditory
and somatosensory evoked potentials [35-38]. The long
gestation of fetal sheep (145 days) allows selection of an
appropriate developmental stage during which brain insults
can be induced and evaluated.

The abundance of cerebral white matter and its anatomic
similarities to that of the preterm infant make the fetal sheep
ideal for neuropathological correlation with humans [39,
40], whereas rodents have a paucity of cerebral white matter
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that differs markedly from humans. White matter maturation
in fetal sheep can be defined relative to humans through an
assessment of oligodendrocyte lineage progression and
myelination (Fig. 1). Oligodendrocyte development in the
0.65 gestation sheep fetus is similar to that of the 24- to 28-
week preterm human infant [41]. The late gestation ovine
fetus (0.9 gestation; 135 days) displays oligodendrocyte de-
velopment similar to the term human [42]. Thus, the investi-
gator can choose the appropriate developmental timing for the
insult to be evaluated. Although in both humans and sheep,
myelination begins prenatally, a notable difference is that
myelinogensis progresses more rapidly in sheep [41] than in
humans [43], which continues to progress for months after
term birth [44]. By contrast, the rodent displays accelerated
white matter maturation and myelination that occurs entirely
postnatally [45]. In neonatal rats, for example, the progression
from human preterm equivalent to near-term equivalent oli-
godendrocyte maturation occurs rapidly during the first 5 days
after birth [44].

The preterm fetal sheep is susceptible to acute [41] and
chronic [46] WMI, which is very similar to humans in histo-
pathological features. The fetal sheep cerebrum has a predi-
lection for relatively selective WMI under conditions of
moderate cerebral ischemia [41], whereas rodents have a
propensity for mixed cerebral injury such that substantial gray
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Fig. 1 Summary diagram that compares the timing of appearance of
human versus ovine immature oligodendrocytes (04 + O1+). The
human is depicted during the latter half of gestation (20-40 weeks)
and is based on data previously reported [133]. The progression of the
oligodendrocyte lineage in fetal sheep white matter development has
been previously described [41, 42]. The period shown (~70-145 days)
roughly corresponds with the fetal human during the latter half of
gestation. Solid lines indicate the developmental period when each
oligodendrocyte lineage stage predominates. The dotted lines indicate
the period when these stages are a minor population. Note that in many
studies hypoxia-ischemia (H/I) (arrow) is administered at 90 to 95 days,
which coincides with the high-risk period for periventricular white
matter injury (PWMI) at ~23 to 32 weeks. preOLs = late oligodendro-
cyte progenitors

matter injury accompanies WMI [47-52]. This shortcoming,
for example, limits the relevance of rodent hypoxia-ischemia
models for the study of myelination disturbances associated
with chronic human WMI. Necrotic injury to cerebral gray
matter contributes substantially to neuro-axonal degeneration
as a cause of dysmyelination, which is not a prominent feature
of WMI in either fetal sheep [53] or contemporary human
cases of WMI [54]. The basis for this difference in suscepti-
bility to gray matter injury in rodents relative to sheep and
humans is likely to be multifactorial. The cerebrovascular
supply of rodent white matter is structurally and physiologi-
cally very dissimilar to humans and sheep [55, 56]. In addi-
tion, the timing of expression of the subtypes of glutamate
receptors appears to differ between rodents and both humans
and sheep [57-59], which may further contribute to the pro-
nounced susceptibility of neonatal rodent cerebral gray matter
to excitotoxic injury [60]. However, there are unex-
plained differences in glutamate transporter expression
between sheep and humans during preterm white matter
development where EAAT1 expression predominates in
sheep [61], whereas EAAT2 expression predominates in
humans [62].

The size of the preterm sheep fetus allows for chron-
ic instrumentation to enable hemodynamic measure-
ments, repeated access to blood and cerebrospinal
fluid, and chronic electrophysiological recording of the
fetal electroencephalogram [63]. In contrast to fetal
sheep preparations, the small size of rodents is a major
technical limitation for a wide range of invasive phys-
iological measurements, as well as for studies that seek
to achieve high resolution neuroimaging by using MRI
[46, 64]. Thus, it is feasible to study well-defined brain
insults in fetal sheep with reliable measurements of
blood pressure (BP), oxygenation, cerebral blood flow,
and metabolism. Chronic instrumentation also allows a
wide range of practical and clinically pertinent cerebral
insults to be administered. These include global cephalic
ischemia [65], systemic hypotension or hypoxemia
[66—68], single or repeated cord occlusion [69-71], in-
creased intracranial pressure [72], and administration of
infectious agents or exogenous inflammatory mediators
[73-75]. These insults can be graded in intensity and
duration to mimic the human situation. In each case, the
stressor can be well-described, if not regulated, by con-
ventional monitoring measurements. Thus, a wide range
of pathogenetic events can be evaluated physiologically
and correlated neuropathologically with the distribution
and extent of white matter damage. Moreover, the nat-
ural progression of various types of WMI can be evaluated in
a time frame ranging from days to weeks to months after the
insult. From a practical standpoint, the availability, cost, and
ease of breeding the sheep makes it a more practical large
animal model than the nonhuman primate. In addition, the size
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and docile nature of the sheep supports the feasibility of either
in utero or ex vivo neuroimaging studies [46, 76].

Hypoxia-Ischemia in Fetal Sheep Generates Pathological
Features of WMI

The ovine fetal sheep offers significant advantages to analyze
systemic hemodynamic disturbances that regulate cerebral
blood flow and metabolism in preterm cerebral white matter.
The sheep fetus displays cerebral hemodynamics similar to
humans and permits repeated physiological measurements in
utero in the unanesthetized state. Importantly, similar to the
human fetus [77-80], the fetal sheep displays a very limited
range of cerebral autoregulation under normal conditions and
a pressure-passive cerebral circulation when subjected to sys-
temic hypoxia and associated hypotension [66, 8 1-84]. More-
over, measurements of BP, electroencephalography, blood
oxygenation, and other vital variables can be correlated with
acute changes in cerebral blood flow and metabolism.
Multiple lines of evidence support a role for cerebral
ischemia in the pathogenesis of WMI in very low birth
weight human infants [5, 85, 86]. Given the limitations of
human studies to directly link blood flow disturbances with
WM, studies in fetal sheep have greatly strengthened our
understanding of the contribution of cerebral hypoxia-
ischemia to WMI. These experimental studies support that
a complex interplay of factors related to cerebrovascular
immaturity predispose preterm cerebral white matter to in-
jury from hypoxia-ischemia. Studies of global cerebral
hypoperfusion found that the mid-gestation animal dis-
played a predilection to subcortical WMI, whereas the near
term animal displayed predominantly parasagittal cortical
neuronal injury [65, 87]. A variable degree of WMI was
also detected after systemic hypotension arising from inter-
mittent or partial umblical cord occlusion [88, 89]. By
contrast, in the near term animal, repeated umbilical cord
occlusion produced injury to both the periventricular white
matter and the cerebral cortex [90]. Systemic hemorrhagic
hypotension in the 0.75 gestation fetus resulted in mostly
necrotic WMI with focal necrotic lesions or axonal swellings
in the periventricular white matter [91]. Preterm ovine white
matter lesions were also detected after repeated systemic fetal
endotoxin exposure that triggered both transient hypoxemia
and hypotension [92, 93]. The importance of cerebral ischemia
is supported by studies where WMI was detected only infre-
quently in models of hypoxemia in which a restriction in
uteroplacental blood flow resulted in decreased oxygen deliv-
ery and mild acidemia to the fetus without systemic hypoten-
sion or cerebral hypoperfusion [67, 94, 95]. A model of fetal
metabolic acidemia induced by maternal hypoxemia similarly
produced mild-to-moderate injury in mid-gestation and near-
term sheep [96]. Hence, cerebral hypoperfusion in conjunction
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with hypoxia appears to be a critical factor to generate signif-
icant WMI in the preterm fetal sheep.

Fetal sheep have also provided an important model to define
mechanisms of oxidative injury from cerebral hypoxia-
ischemia. In part, this is due to the large fetal cerebral hemi-
spheres, which permit blood sampling from the venous sagittal
sinus and placement of intracerebral probes for dialysis studies.
Initial studies found that reperfusion after cerebral ischemia
was an important source of free radical formation in the near
term fetal sheep brain [97]. Partial umblical cord occlusion
resulted in a delayed increase in lipid peroxidation in the
frontal and parietal white matter in near term fetal sheep [98].
Dialysis studies in near term [99] and preterm [100, 101] sheep
have demonstrated that the enhanced generation of reactive
oxygen species does not occur during the immediate ischemia-
reperfusion period, but it is observed after a significant delay.

Pathophysiological Mechanisms of WMI Related
to the Brachiocephalic versus Carotid Occlusion Models
of Global Cerebral Ischemia

We have used 2 different approaches to achieve global cerebral
ischemia. The first is to place an occluder on each of the carotid
arteries in the neck. The second is to place a single occluder
around the brachiocephalic artery in the chest. The relative
advantages and disadvantages of each approach are discussed
below. To confine the cerebral blood supply to the carotid
arteries for both approaches, the occipito-vertebral anastomosis
(OVA) are ligated bilaterally. These anastomoses connect the
vertebral arteries, supplied by the thoracic aorta, with the
external carotid arteries that are fed by the brachiocephalic
[102].

The dominant factors related to the generation of WMI in
most, if not all, models are: 1) the content of oxygen and
glucose in the blood, 2) the driving or perfusion pressure
and hence cerebral blood flow (CBF), and 3) the duration of
the insult. In preterm fetal sheep, it is often feasible for these
important variables to be manipulated and measured, either
in groups of animals or in single individuals. The patho-
physiological disturbances associated with these factors are
variously weighted, depending on the model being used.

With models of maternal hypoxemia (e.g., high altitude
or a low inspired oxygen fraction), fetal oxygenation falls
while BP rises transiently, but then returns to normal, and
then falls below normal [67, 68, 96, 103—106]. Perinatal
hypoxic-ischemic encepatholpathy models that involve the
entire body frequently use umbilical cord occlusion and are
accompanied by reduced systemic fetal arterial oxygen ten-
sion and content [70, 107, 108]. Injury in the umbilical cord
occlusion models can be modulated by adjusting the duration
of occlusion relative to the onset of systemic hypotension. In
cord occlusion models, BP initially increases to compensate
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for diminished oxygenation, but as systemic and cardiac hyp-
oxia progressively intensify, hemodynamic and cardiac de-
compensation occurs with a resultant fall in BP. It appears that
significant brain damage occurs only when the hypoxia and
hypotension are allowed to progress until near death condi-
tions occur. However, as cardiovascular compensation fails
with time, substantial albeit variable reductions in BP occur.
The residual brain blood flow has seldom been measured, but
for brain injury to occur, pressures must fall below one third of
normal for at least 10 to 15 minutes, depending on the ani-
mal’s age and the model being used [41, 109]. The importance
of the central autonomic system and adrenal stress hormones
remains unclear, as well as the systemic blood concentrations
of metabolic substrates, such as glucose and products such as
lactate. The fetal sheep brain, in particular when immature and
hypoxemic, has essentially no ability to autoregulate [81-83].
Hence, in umbilical cord occlusion models, the fall in BP
exacerbates the fetal brain hypoxia with a consequent reduc-
tion in CBF that leads to partial ischemia. Thus, occlusive
cerebral ischemia models differ from systemic hypoxic-
ischemic encepatholpathy models in several significant ways.
A major practical advantage of the occlusive models is that the
heart is largely unaffected. Essentially, cerebral damage can be
reliably generated without the significant fetal deaths and
morbidity that are inherently associated with other models
that require near death conditions to ensure brain damage.
Unlike in utero systemic hypoxemia or asphyxia models,
the models that use carotid or brachiocephalic artery (BCA)
occlusions cause an immediate fall in perfusion pressure and
CBF, and thus have a well-defined onset of the insult [41, 65,
110]. Cerebral ischemia in these models is generally global
and severe but not complete, especially when collateral circu-
lation is left intact (discussed as follows). Importantly, some
CBF persists and the oxygenation and glucose levels of this
residual flow have important influence on the extent of dam-
age. The residual blood flow is the most difficult parameter to
quantify. Even in fetal sheep models, CBF is only infrequently
measured and BP is often used as a surrogate marker of CBF.
There are a number of considerations that guide the selec-
tion of a model that uses carotid versus common BCA occlu-
sion. However, the differences between bi-carotid and BCA
occlusion are not as great as the difference between either of
those models and cord occlusion models. The carotid arteries
in the 0.65 sheep fetus are small and there is a relatively greater
risk that commercially available occluders can inadvertently
obstruct flow chronically if placement and routing techniques
are not optimal. By contrast, the BCA is a larger and much
more stable vessel for the placement of a single occluder [84,
103]. In sheep, the BCA supplies the entire head, including the
carotids, as well as both axillary arteries, which supply the
forelegs. The BCA is the only major artery that supplies the
upper body. Occlusion of the BCA is similar to bilateral carotid
occlusion in terms of perfusion to the head and brain, but

different in that forelimb perfusion is also reduced, which does
not occur if flow to both carotids is completely restricted.

One important consequence of the BCA occlusion model
is that proximal BP to the rest of the fetal body and the
placental circulation is subject to an elevated pressure. This
probably results in an increase in umbilical flow that causes
a moderate but significant rise in arterial oxygenation. The
same effect probably occurs with bi-carotid occlusion, but it
would be expected to be smaller. Either preparation can be
coupled with a lowered maternal inspired oxygen fraction to
counteract elevations in arterial oxygenation or even generate
a fetal hypoxemia in addition to cerebral ischemia.

The OVA is small but potentially important in models
where cephalic occlusions are studied [65, 102]. They provide
an important anastomosis between the anterior circulation
provided by the carotid arteries and the posterior circulation
derived from the vertebral arteries. The OVAs are likely to be
variable in size from animal to animal, perhaps linked to
variations in anatomy related to their supply at or near the
Circle of Willis. They connect to the carotids near the lingual
branch, and therefore they are distal to the BCA occluder, and
to all but the most rostral placements of the carotid occluders.
Hence, they act to support brain blood flow when systemic
pressure is normal but BCA or carotid occlusions are used.

Hence, in both the bi-carotid and BCA occlusion models, it
is important to ligate the OVAs to achieve near complete
global cerebral ischemia. The exact amount of flow they
provide, especially to the preterm fetus, has not been carefully
determined. In normally oxygenated sheep, it is not clear
whether there is a net flow and if there is, then in what
direction. During either carotid or BCA occlusions, flow is
certainly from the vertebrals to the carotids distal to the site of
placement of the occluders. The amount of flow in the OVA,
while likely to be variable from animal to animal, is clearly
sufficient to cause variability in brain damage in the cephalic
ischemia models, unless they are ligated.

Role of Vascular End Zones in Cerebral WMI

The role of cerebral vascular immaturity in the pathogenesis
of WMI has been difficult to study in preterm infants.
Analysis of the vascular supply to the periventricular white
matter has yielded controversial results. The periventricular
white matter has 2 major blood supplies. Perforating arteries
branch from leptomeningeal arteries, penetrate the cerebral
cortex, and terminate as capillary beds adjacent to the ven-
tricles. Branches of choroidal and striate arteries project
toward the lateral ventricles and then deviate away from
the ventricle toward their final termination in vascular capil-
lary beds in the periventricular white matter. Although these
vascular beds may collectively form vascular end zones and
border zones that render the periventricular white matter
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particularly susceptible to ischemia, physiological studies in
support of this concept are lacking. Hence, existence of these
border zones remains controversial [111-113]. The presence
of these vascular zones would provide a mechanism for WMI
based on the notion that when periventricular white matter
flow falls below a critical threshold, this region would display
greater susceptibility to WMI relative to the better-perfused
cerebral cortex.

To address this controvery, we developed methods to spa-
tially quantify CBF, because large differences in flow in small
regions can be obscured when averaged with larger unaffected
regions, as is the case with more global measures of cerebral
blood flow [41]. To be able to analyze CBF disturbances in
regions of periventricular white matter vulnerable to hypoxic-
ischemic injury, we developed a novel method to achieve high
resolution spatial blood flow measurements on the brains of
immature fetal sheep. This was achieved by determining the
location in the fetal brain of thousands of individual fluores-
cently labeled microspheres [41, 109]. This high resolution
blood flow technique is illustrated in Fig. 2. Basal or control
blood flow in 2 of 16 “virtual” 2-mm thick coronal sections of
a 0.65 gestation fetal sheep brain are shown. The image in the
upper left represents a three-dimensional reconstruction of the
approximately 1000 Imaging CryoMicrotome images (Barlow
Scientific, Olympia, WA) obtained to define the location of
each microsphere. Two coronal two-dimensional virtual sec-
tions, at the level of the (image 1) parietal and (image 2) frontal
white matter (Fig. 2), where white matter damage was ob-
served, show the two-dimensional representation of blood flow
under basal conditions. Blood flow is displayed as a “con-
volved” image of the density of microsphere distribution and
quantified (ml/min) in the pseudocolor scale shown. Basal
blood flow was particularly high, for example, in the thalamic

Fig. 2 Quantification of fetal
cerebral blood flow in situ
under conditions of basal flow.
The top image represents a
three-dimensional surface
reconstruction (Volocity,
Improvision, Lexington, MA)
of fluorescence images of a
0.65 gestation ovine control
brain that indicates the frontal
and parietal levels to which the
lower blood flow images
correspond. Representative
pseudocolor basal blood flow
images show higher blood flow
(arrows) in the pons (image 1)
and subcortical gray matter
(image 2), and lower flow (dark
blue) in the periventricular
white matter (PVWM)
(arrowheads)
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nuclear groups in the midbrain (Fig. 2, image 1, arrow) relative
to the parietal cortex. By contrast, the basal blood flow of the
parietal and frontal periventricular white matter was markedly
lower (Fig. 2, arrowheads). Cortical blood flow is much higher
than periventricular white matter flow. This degree of spatial
resolution can only be achieved in brains at least the size of the
immature fetal sheep.

To seek evidence for vascular end and border zones in fetal
cerebral white matter, we measured blood flow in histopatho-
logically defined regions of injury in cerebral cortex and white
matter in preterm fetal sheep [109]. Although white matter
blood flow was lower than cerebral gray matter, there was no
evidence for pathologically significant gradients of fetal blood
flow within the periventricular white matter under conditions of
global partial ischemia or reperfusion. White matter lesions did
not localize to regions susceptible to greater ischemia, nor did
less vulnerable regions of cerebral white matter have greater
flow during ischemia. An alternative explanation for the topog-
raphy of cerebral white matter lesions is the distribution of
susceptible cell types (described as follows), particularly late
oligodendrocyte (OLs) progenitors (preOLs) that are particu-
larly susceptible to hypoxia-ischemia.

Relative Contributions of Hypoxia-Ischemia and OL
Lineage Immaturity to Acute WMI

The preterm fetal sheep (0.65 gestation) displays heterogeneous
OL lineage maturation in frontal periventricular white matter
[41], which allowed us to define the relative contributions of
oligodendroglial maturational factors and vascular factors to
acute WMI. OL lineage maturation in medial periventricular
white matter (PVWM) was similar to that of a human (~23—
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28 weeks gestation) in that preOLs were the major OL stage
present. By contrast, lateral PVWM was more differentiated
and contained predominantly pre-myelinating and early myeli-
nating immature OLs. Surprisingly, we found that moderate
cerebral ischemia did not uniformly damage the PVWM. The
medial and lateral PVWM sustained differing degrees of acute
injury, even though they sustained a similar degree of low flow
during prolonged ischemia-reperfusion. Hence, while global
ischemia was necessary for WMI, no regional differences in
blood flow were found within the PVWM under basal or
ischemic conditions to account for the differences in cell death
between medial and lateral PVWM. Rather, differences in the
topography of WMI were closely correlated with the distribu-
tion of vulnerable preOLs. Interestingly, in regions of preOL
degeneration, other neural cell types (astrocytes, microglia, and
axons) were markedly more resistant to injury.

In a fetal rabbit model of placental insufficiency, signif-
icant global fetal hypoxia-ischemia caused minimal WMI at
fetal day 22, but a similar insult 3 days later in gestation
caused pronounced WMI [114]. The relative susceptibility
of the white matter at these 2 developmental ages coincided
with the timing of appearance of susceptible preOLs. Taken
together, these findings suggest that perturbations in cere-
bral blood flow are necessary, but not sufficient to explain
the distribution of WMI. The developmental predilection for
WMI appears to be related to both the timing of appearance
and regional distribution of susceptible preOLs.

Role of High-Field MRI to Define Pathological Features
of WMI

Although MRI is the optimal imaging modality to define
WMI in preterm survivors [115-118], the histopathological
features of MRI signal abnormalities have been mostly

Fig. 3 Progressive histopathological and high-field magnetic reso-
nance image (MRI)-defined features of diffuse cerebral white matter
gliosis in chronic lesions generated in the 0.65 gestation ovine brain at
1 or 2 weeks after global cerebral ischemia. (A) Representative ap-
pearance and distribution of diffuse hypointense (D-hypo) lesions seen
on a T,w image at 1 week after injury. (B) Diffuse white matter injury
(WMI) had pronounced astrogliosis defined by immunohistochemical
staining of reactive astrocytes with glial fibrillary acidic protein

defined for WMI where periventricular leukomalacia predom-
inates [64, 119—123]. With the pronounced shift to milder
forms of human WMI defined by quantitative and diffusion-
weighted MR, there is a need to define the cellular features of
these lesions. We have recently analyzed diffuse lesions in a
preterm fetal sheep model where animals survived for 1 or
2 weeks after global cerebral ischemia. This preparation gen-
erated a spectrum of WMI very similar to that observed from
human autopsy studies, as well as a reduction in cerebral WM
volume similar to that observed in preterm survivors
[116-118]. We developed registration algorithms to analyze
the histopathological features of 3 classes of MRI-defined
lesions identified by ex vivo imaging at high field (12 Tesla)
[46]. Each lesion type displayed unique astroglial and micro-
glial responses that corresponded to distinct forms of necrotic
or non-necrotic WMI.

The major type of lesion identied by MRI was a novel
diffuse hypointense signal abnormality (D-hypo) identified on
T2-weighted images at 1 and 2 weeks after global cerebral
ischemia (Fig. 3A). The physical-chemical basis for these
highly hypointense lesions is unclear, but they did not corre-
spond to hemorrhage. These lesions comprised 89% of total
lesion volume at 1 week and corresponded to histopathogically
defined lesions that were highly enriched in reactive astrocytes,
but were only modestly enriched in activated microglia at 1 or 2
weeks (Fig. 3B, C). This diffuse hypointense signal abnormal-
ity, thus appears to be a unique MRI signature for diffuse gliotic
lesions dominated by reactive astrogliosis. Importantly, large
lesions, which comprised 97% of the WMI identified, were
detected with a sensivity of 100% at 1 week and 75% at
2 weeks.

With high-field MRI, we also identifed a second type of
novel focal hypointense signal abnormality (F-hypo) on T2-
weighted images at 2 weeks after global cerebral ischemia
(Fig. 4A). Although these lesions were observed in 50% of
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(GFAP) (green) and a lesser population of Ibal-labeled microglia/
macrophages (red) with a reactive morphology (inset). Nuclei in the
inset are visualized with Hoechst 33342 (blue). Bar=100 um. (C)
Quantification of GFAP-labeled astrocytes and Ibal-labeled microglia
within MRI-defined white matter signal abnormalities at 1 and 2 weeks
after global ischemia. The D-hypo lesions had significantly elevated
GFAP, consistent with a diffuse astrogliotic response to injury. *p<
0.05; n.s. = not significant
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Fig. 4 Histopathological and high-field magnetic resonance image
(MRI)-defined features of microscopic necrosis detected in fetal ovine
cerebral white matter at 2 weeks after global cerebral ischemia. (A)
Representative appearance of a focal hypointense (F-hypo) lesion seen
on a T,w image at 2 weeks after injury. Note the substantial difference
in the F-hypo lesion relative to a diffuse gliotic lesion at 2 weeks,
which appears more hyperintense (D-hyper). (B) A typical microscopic

the animals, they only comprised ~1.5% of total lesion volume
and corresponded to histopathogically defined lesions that were
highly enriched in reactive microglia and macrophages, but
contained a paucity of astrocytes (Fig. 3B, C). Thus, this focal
hypointense signal abnormality corresponded to small discrete
regions of focal microscopic necrosis that were detected at sub-
millimeter resolution. Both the incidence and lesion burden of
these small necrotic foci of WMI were quite similar to that
observed in human WMI [54]. Although these lesions are
readily detected by histopathology, they are not readily detected
by MRI at lower field strength. Hence, high-field MRI provides
a unique signature for microscopic necrosis.

A third class of lesions detected on T2-weighted images by
high-field MRI were focal hyperintense lesions (F-hyper)
(Fig. 5A). These lesions also had low values for fractional
anisotropy and high apparent diffusion coefficient values, con-
sistent with lesions with high water content. In fact, the F-hyper
lesions were defined histologically by a progressive loss of
astroyctes between 1 and 2 weeks and a marked enrichment

Fig. 5 Histopathological and high-field magnetic resonance image
(MRI)-defined features of diffuse macroscopic necrosis detected in
fetal ovine cerebral white matter at 1 and 2 weeks after global cerebral
ischemia. (A) Representative appearance from the largest focal hyper-
intense (F-hyper) lesion seen on a T,w image at 1 week after injury.
These lesions typically localized to subcortical white matter. Note the
substantial difference in the F-hyper lesion relative to the diffuse gliotic
lesions, which appears much more hypointense (D-hypo). (B) A
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necrotic lesion defined by a discrete focus of immunohistochemical
staining for reactive microglia and macrophages with Ibal (red; inset)
and a paucity of staining for astrocytes with glial fibrillary acidic
protein (GFAP) (green). Nuclei in the inset are visualized with Hoechst
33342 (blue). Bar=100 pm. (C) F-hypo lesions had markedly in-
creased Ibal labeling and no significant difference in GFAP labeling
versus control. ¥*p<0.05; n.s. = not significant

in reactive micrglia and macrophages (Fig. 5B, C) and features
of acute axonal degeneration, including dystrophic axons and
axonal spheroids (not shown). Thus, these lesions displayed the
characteristic features of a diffuse macroscopic necrotic lesion.
These ex vivo high-field MRI studies suggest that current
clinical MRI field strength may be a limiting factor to detect
diffuse gliosis, as well as microscopic necrosis (discussed as
follows). Additional clinical pathological studies in fetal sheep
or other relevant models are needed to determine whether high-
field MRI can provide greater sensitivity to identify diffuse
WMI than what is currently feasible at lower field strengths.

MRI-Guided Ultrastructural Studies of Axonal
Degeneration in WMI

Axonal degeneration is a common feature of necrotic WMI
and can be detected both within and distal to large necrotic
foci [124]. Whether primary axonal injury occurs in cases of
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typical macroscopic necrotic lesion defined by diffuse dense staining
for reactive microglia and macrophages with Ibal (red; inset) and a
paucity of GFAP-labeled astrocytes. Nuclei in the inset are visualized
with Hoechst 33342 (blue). Bar=100 pum. (C) F-hyper lesions dis-
played a progressive decrease in glial fibrillary acidic protein (GFAP)
staining and markedly increased Ibal labeling for microglia by 2 weeks
after global ischemia. *p<0.05; n.s. = not significant
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diffuse WMI that lack significant necrosis has received
limited study. During the acute phase of WMI, after global
hypoxia-ischemia, fetal sheep that lacked necrotic WMI did
not show evidence of axonal degeneration [41]. We used
quantitative electron microscopy studies in our preterm fetal
sheep model of global cerebral ischemia to define the extent
of axonal degeneration in MRI-defined diffuse WMI [53].
During the chronic phase of WMI from this same fetal sheep
preparation [46] and human [54], microscopic foci of ne-
crosis were observed that were rich in microglia, but lacked
astrocytes or axons. However, no significant axonal degen-
eration, axonal loss or shift in the distribution of axon
calibers was observed by quantitative electron microscopy
studies in preterm fetal sheep [53]. Hence, the contribution
of microscopic necrosis to axonal loss with secondary mye-
lination failure appears to be low, but there is a need for
further human neuropathological studies with sensitive
markers of axonal injury that are applied to cases of diffuse
WMI that lack necrosis.

Final Conclusions

The preterm human infant displays unique patterns of cerebral
injury that can now be closely replicated in the preterm fetal
sheep. Despite the higher costs and technical challenges of
preterm fetal sheep models, they provide powerful access to
pre-clinical questions related to the pathophysiology of WMI.
Recent advances include spatially defined measurements of
cerebral blood flow in utero, the definition of cellular matu-
rational factors that define the topography of WMI, and the
application of high-field neuroimaging to define MRI signa-
tures for specific types of chronic WMI. There is a critical
need to further define the cellular and molecular mechanisms
that mediate the progression of cerebral white and gray matter
injury. Such information is important for the rationale design
of'therapies targeted to block the initial or secondary phases of
injury, and to promote regeneration and repair during the
chronic phase.

With few exceptions, most studies have focused on models
of isolated exposure to cerebral hypoxia-ischemia or maternal
fetal infection. Future models are needed that more closely
reproduce the spectrum of insults that appear to contribute to
cerebral injury in human preterm infants. For example, there
are potential limitations of studies of healthy animals that do
not fully address the impact of clinically common complica-
tions, which influence the response to a single episode of
hypoxia-ischemia. These include the influence of antecedent
recurrent transient or prolonged hypoxia-ischemia, placental
insufficiency, or chronic in utero ischemia. Depending on the
timing of the insult, fetal infection has the potential to either
exacerbate ischemic injury or protect against it via mecha-
nisms that may involve ischemic tolerance. Elegant studies in

neonatal rodents have not been sufficiently replicated in large
preterm models [125—127]. To date there have been virtually
no neurobehavioral studies of preterm fetal sheep that
have sustained WMI. Greater clinical relevance of fetal sheep
models of WMI also may be achieved by addressing common
confounders of neonatal care that include the influence of
nutritional status, stressors, painful exposures, and recurrent
sedative and anesthetic exposure [128—132]. All are likely to
adversely influence neonatal brain development and the im-
pact of WMI on subsequent long-term motor and cognitive
development via mechanisms that are currently not well
understood.
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