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Spatial Heterogeneity in Oligodendrocyte Lineage
Maturation and Not Cerebral Blood Flow Predicts Fetal
Ovine Periventricular White Matter Injury
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Although periventricular white matter injury (PWMI) is the leading cause of chronic neurological disability and cerebral palsy in
survivors of premature birth, the cellular-molecular mechanisms by which ischemia-reperfusion contributes to the pathogenesis of
PWMI are not well defined. To define pathophysiologic relationships among ischemia, acute cerebral white matter damage, and vulner-
able target populations, we used a global cerebral ischemia-reperfusion model in the instrumented 0.65 gestation fetal sheep. We
developed a novel method to make repeated measurements of cerebral blood flow using fluorescently labeled microspheres to resolve the
spatial heterogeneity of flow in situ in three-dimensional space. Basal flow in the periventricular white matter (PVWM) was significantly
lower than in the cerebral cortex. During global cerebral ischemia induced by carotid occlusion, flow to all regions was reduced by nearly
90%. Ischemia of 30 or 37 min duration generated selective graded injury to frontal and parietal PVWM, two regions of predilection for
human PWMIL. Injury was proportional to the duration of ischemia and increased markedly with 45 min of ischemia to extensively
damage cortical and subcortical gray matter. Surprisingly, the distribution of PVWM damage was not uniform and not explained by
heterogeneity in the degree of white matter ischemia. Rather, the extent of white matter damage coincided with the presence of a
susceptible population of late oligodendrocyte progenitors. These data support that although ischemia is necessary to generate PWMI,
the presence of susceptible populations of oligodendrocyte progenitors underlies regional predilection to injury.
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Introduction

Periventricular white matter injury (PWMI) is a common and
leading cause of chronic neurological disability in survivors of
premature birth that manifests as cerebral palsy and cognitive
impairment (Back and Rivkees, 2004). Two potential mecha-
nisms for PWMI are cerebrovascular immaturity (Greisen and
Borch, 2001; Volpe, 2001) and maternal-fetal infection (Hagberg
et al., 2002). The timing of appearance of late oligodendrocyte
progenitors (preOLs) coincides with the high-risk period for
PWMI (Back et al., 2001). Early PWMI lesions display significant
lipid peroxidation injury that results in pronounced degenera-
tion of human preOLs (Haynes et al., 2003; Back et al., 2005).
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These findings are consistent with a role for ischemia-reperfusion
injury in the pathogenesis of PWMI. However, the extent to
which susceptible preOLs define the magnitude and distribution
of injury is unclear.

Current measures of global cerebral blood flow (CBF) lack the
spatial resolution to define cerebral hemodynamics in human
periventricular white matter. Moreover, previous experimental
models have not established a relationship between PWMI and
perturbations in periventricular blood flow. Small fetal and neo-
natal animal models have been uninformative because of a pau-
city of cerebral white matter, a propensity for mixed gray and
white matter injury, and the technical limitations of invasive
blood flow measurements (Back, 2001). In contrast, the imma-
ture ovine fetus (0.65 gestation) is a widely studied preparation
that displays cerebral hemodynamics similar to human and per-
mits repeated physiological measurements in utero in the unanes-
thetized state (Hagberg et al., 2002). The immature ovine brain is
similar to preterm human between 24 and 28 weeks in terms of
the completion of neurogenesis, the onset of cerebral sulcation,
the detection of the cortical component of the auditory and so-
matosensory evoked potentials, and an increased predilection for
white matter injury (Penning et al., 1994; Reddy et al., 1998).
Thus, the cephalically hypotensive immature ovine fetus appears
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to be particularly susceptible to hypoxia-ischemia, but previous
studies provided no data regarding blood flow to periventricular
white matter.

To study the pathophysiologic relationships among ischemia,
acute cerebral white matter damage, and vulnerable preOLs dur-
ing prematurity, we developed a new method to repeatedly mea-
sure cerebral blood flow using fluorescently labeled microspheres
to resolve the spatial heterogeneity of fetal blood flow in situ in
three-dimensional (3D) space. Because preOLs are the oligoden-
drocyte (OL) lineage stage most susceptible to hypoxia-ischemia
(Back et al., 2002b), we hypothesized that cerebral ischemia is
necessary but not sufficient to cause white matter damage and
that the magnitude and distribution of damage is related to the
distribution of preOLs. When the immature ovine fetus was sub-
jected to global cerebral ischemia, relatively selective graded ce-
rebral white matter damage resulted that was proportional to the
duration of ischemia. The distribution of damage was not uni-
form, although no significant differences were observed in white
matter ischemia. Rather, the heterogeneity in distribution of
white matter damage coincided with the extent to which suscep-
tible preOLs were present. These data support that ischemia is
necessary, but not sufficient, to generate PWMI and that the
presence of susceptible preOLs is related to the regional predilec-
tion to injury.

Materials and Methods

Surgical procedure. This instrumented fetal cerebral hypoperfusion prep-
aration (Reddy et al., 1998) and the general surgical procedures (Chao et
al,, 1991) were described previously. Time-bred sheep of mixed Western
breed (8891 d gestation; term, 145 d) were studied. Twin pregnancies
were studied so that each experimental fetus had a twin control. Fetuses
were operated with sterile technique under general anesthesia (1% halo-
thane in O, and N,O). Vinyl catheters were placed in the amniotic cavity
and into a fetal axillary artery and fetal hindlimb vein. To confine the
cerebral blood supply to the carotid arteries, the vertebro-occipital anas-
tomoses were ligated bilaterally. These anastomoses connect the verte-
bral arteries, supplied by the thoracic aorta, with the external carotid
arteries that are fed by the brachiocephalic (Baldwin and Bell, 1963).
Hydraulic occluders (SILASTIC; Dow Corning, Midland, MI) were
placed on each carotid artery. After closure of the uterus, the lines were
externalized, and 1 million units of penicillin G were infused into the
amniotic cavity. Postoperative housing was on clean dry bedding in an
individual cage with free access to food and water and close visual contact
with other sheep.

Cerebral hypoperfusion studies. A total of 37 animals (see Results for the
number dedicated to each experiment) were studied on the second or
third postoperative day. Pressure transducers and a strip-chart recorder
(TA 6000; Gould Instruments, Valley View, OH) recorded mean arterial
blood pressure in the fetal artery relative to amniotic fluid pressure. Fetal
heart rate was calculated from triplicate measurements of the arterial
pressure pulse intervals over a continuous recording of >20 s. Fetuses
were studied only if they demonstrated normal oxygenation (>6 ml
0,/100 ml blood) and blood indices, as described previously (Chao etal.,
1991). Sustained cerebral hypoperfusion of 30, 37, or 45 min duration
was initiated by bilateral carotid artery occlusion after inflation of the
carotid occluders. Cerebral reperfusion was established by deflation of
the occluders and was studied at either 15 or 60 min of restored flow.

Blood analysis. One milliliter blood samples taken anaerobically from the
fetal axillary artery were analyzed for arterial p,H, P,O,, P,CO, (corrected to
39°G; IL Synthesis 10 pH/Blood Gas Analyzer; Instrumentation Laboratory,
Lexington, MA), hemoglobin content (Thb), arterial oxygen content
(Ca0,), arterial oxygen saturation (SatO,, IL 682 Co-Oximeter; Instrumen-
tation Laboratory), and hematocrit (capillary microfuge). Fetuses were only
studied if they demonstrated normal fetal oxygenation, defined as >6 ml
0,/100 ml of blood, at a 24 h recovery from the operation.

Microsphere injection protocol. Fetal brain blood flow was measured
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spatially by the fluorescent microsphere distribution and reference sam-
ple method (Bernard et al., 2000). Fluorescent microspheres with four
different colors (15 wm diameter; F-17047, F-17048, F-17048, F-17050;
Invitrogen, Eugene, OR) had the following peak excitation and emission:
green (450/480), yellow (515/534), red (580/605), and scarlet (650/685).
Approximately 3 X 10° microspheres suspended in 1 ml of saline with
0.05% Tween 20 were sonicated and then injected over 30 s into the fetal
hindlimb vein followed by a 2 ml flush with saline. Starting just before
and continuing 2 min after each injection, a reference blood sample was
drawn at 0.75 ml/min into a syringe mounted in a syringe pump (Har-
vard Apparatus, Dover, MA).

Tissue handling. At 24 or 72 h after cerebral reperfusion began, the ewe
and fetuses were killed by intravenous injection of the ewe with Euthasol
(Virbac, Ft. Worth, TX). Fetal brains were immersion fixed at 4°C in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 2 d and then
stored in PBS. The brains to be analyzed for microspheres were subse-
quently immersed in 20% sucrose until they sank and then were rapidly
frozen in OCT.

Acquisition of microsphere distributions with the Imaging CryoMic-
rotome. Fluorescent microsphere detection and localization was per-
formed with the Imaging CryoMicrotome (ICM; Barlow Scientific,
Olympia, WA) (Kelly et al., 2000), which combines fluorescence digital
imaging of frozen tissue together with serial cryostat sectioning to deter-
mine the 3D location of every microsphere. The accuracy of the ICM
approach for measurement of regional blood flow versus radioactive and
standard fluorescence microsphere methods has been validated (Bernard
et al., 2000). The entire frozen fetal brain containing microspheres was
mounted in the ICM and serially sectioned to yield ~1000 38-um-thick
sections. Fluorescence images of the microspheres in the tissue block face
were acquired at 25 wm resolution. At regular intervals, adjacent sections
were retrieved from the ICM for histological analysis. Fluorescent micro-
spheres in reference blood samples were counted so that the distribution
of blood flow could be related to absolute blood flow for each color. A
hole drilled into a block of frozen OCT was filled with blood that had
been sonicated to disperse microspheres, and the sample was frozen
rapidly. An aliquot of each reference sample was serially sectioned and
imaged as for the tissue samples.

Image analysis for regional blood flow. ICM-acquired fluorescence im-
ages were preprocessed to correct for variations in illumination intensity
and detector response. The images were analyzed as described previously
to distinguish microspheres from background tissue fluorescence and to
determine the 3D location of each microsphere (Bernard et al., 2000).

Measurement of regional cerebral blood flow. Unbiased in situ measure-
ments of blood flow were made in frontal and parietal cortex and
periventricular white matter (PVWM) in a blinded manner by digital
dissection of anatomically defined regions (Gluckman and Parsons,
1983; Vanderwolf and Cooley, 1990). ICM tissue block face images and
the corresponding digitized images of the Nissl sections were imported to
Amira 3D image analysis software (TGS, San Diego, CA). All regions
were sampled in the coronal plane and contained within a region that
extended 4300 wm posterior to the genu of the corpus callosum (frontal
blood flow) or posterior to the level of the ventral thalamic nucleus, tail of
the caudate, and mammillary bodies (parietal blood flow). The 3D re-
gions of interest (ROIs) were created by systematically outlining anatom-
ical boundaries ascertained from coregistered Nissl sections at both ex-
tents and the middle of the sample region. The ROI volumes were =35
mm?>. Two-dimensional (2D) ROI boundaries were checked in every
10th slice for edge alignment and an interpolation algorithm applied to
define volumetric ROIs encompassing the 110 slices before the incorpo-
ration of blood flow data. Hence, ROIs were defined from the histological
data sets before coregistration with the microsphere data set. Therefore,
the operator was masked to the blood flow data set to ensure completely
unbiased data analysis. The number of microspheres within the ROIs was
then determined. Blood flow was calculated from the number of micro-
spheres in the ROI per unit volume, the reference sample withdrawal
rate, and the number of microspheres in the reference sample. Blood flow
is reported as milliliters per minute per 100 g of tissue based on a tissue-
specific gravity of 1.02.

Appropriate anatomical boundaries were systematically defined in the



Riddle et al. » Ischemic Fetal White Matter Damage

b04/01

PVWMm

100%
g [IPreOL

80% HIimmOL

60%

40% s

20%

% A h o

PVWMm PVWM! b04/01 ,PVWM[ Y |

Figure 1. Spatial heterogeneity of OL maturation in 0.65 gestation ovine brain. Top left, A

representative frontal section from the ovine brain shows schematically the approximate
boundaries of the medial (PYWMm) and lateral (PVWM/) regions of the frontal PVWM. See
Materials and Methods (Measurement of regional cerebral blood flow) for the definition of the
boundaries of the PYWM analyzed for cell counts and blood flow measurements. A—Cshow the
differences in OL maturation between the PYWMm and the PVWM/ by immunohistochemical
double labeling with b04 (red) and 01 (green) antibodies. A, The PVWMm contains few imma-
ture OLs (arrows) (04, 01+) and numerous single-labeled preOLs (arrowheads) (04+,
01—). B, The PVWM/ contains more differentiated cells with larger, more developed processes.
The majority are immature OLs (arrows), and the minority are preOLs (red; arrowheads). C,
Consistent with the more mature state of the white matter in the PYWM/, numerous 01-labeled
myelinated axons (arrowheads) are also seen in association with the immature OLs (arrows)
and the smaller population of preOLs (red). The graph (bottom left) shows the relative percent-
ages of preOLs and immature OLs in the PYWMm and the PYWM!. PreOLs predominate in the
PVWMm, composed of >84% of the total OLs, and immature OLs composed the remaining
16%. In the PYWM/, immature OLs are markedly increased and comprise ~62% of total OLs
(*p < 0.001 preOLs vs immature OLs for PYWMm and PYWMI; *p < 0.001 preOLs in PVWMm
vs PVWM]; unpaired two-tailed ¢ tests). CC, Corpus callosum; LV, lateral ventricle. Scale bars:
A-C, 200 .

Nissl sections at each level. The frontal PVWM was defined as the region
bounded by the apex of the lateral ventricle and three major dorsal sulci:
the diagonal, ectomarginal, and cingulate sulci. Within this region, a line
was drawn between the depth of the ectomarginal sulcus and the apex of
the lateral ventricle that divided the PVWM into the medial and lateral
PVWM. The midpoint of this line was used to define a standard region of
the PVWM that was sampled in all images. This region comprised the
central 50% of the PVWM. Hence, this region did not contact the sub-
ventricular zone (SVZ), the cortical mantle, the white matter adjacent to
the depths of sulci, or the superficial white matter (SWM) contained
within the gyri. Parietal PVWM was defined as the region bounded by the
lateral aspect of the lateral ventricle because it extends between the caudal
ectosylvian sulcus and the marginal sulcus. Within this region, a line was
drawn from the depth of the caudal ectosylvian sulcus and perpendicular
to the lateral ventricle. The midpoint of this line was used to define a
standard region that comprised the central 50% of the parietal PVWM.
ROIs of the frontal cortical mantle were outlined on the dorsal surface of
three primary gryi present at 0.65 gestation: the marginal, ectomarginal,
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Table 1. Fetal MABP, HR, p,H, blood gases, arterial oxygen content, and Hct 10 min
before ischemia (basal), at 30 min of ischemia, and 15 min after ischemia

Basal Ischemia 15 min after ischemia

HR 197 =16 196 = 23 206 = 24
MABP 364 37+4 35+4
p,H 7.39 £ 0.03 7.39 = 0.02 7.38 = 0.03
p,C0, (mmHg) 46 £ 3 45+ 4 47 =4
p,0, (mmHg) 2%+ 28 + 3% 5+3
HCO;™ (mmol/L) 28+2 27 2 21+2
THb (mmol/L) 10 +1 10 *+1 9+1
Sat0, % 3E7 81 = 5* 73+£9
(a0, (Vol%0,) 9+2 10 £ 1% 9+1
Hct % 29+4 303 28+4

Data are mean == SD. Basal, n = 33; ischemia, n = 28; 15 min after ischemia, n = 33 (*p < 0.001 vs control;
one-way ANOVA with post hoc Bonferroni for multiple comparisons). Hct, Hematocrit; HR, heart rate; MABP, mean
arterial blood pressure; THb, hemoglobin content.

and rostral suprasylvian gyri. ROIs of the parietal cortical mantle were
outlined on the dorsal surface of the marginal, ectomarginal, and caudal
suprasylvian gyri.

Generation of 2D blood flow images. The discrete locations for fluorescent
microspheres were visualized as a 2D spatial probability distribution using
image convolution (Russ, 1999). The detailed methods can be viewed on-
line (available at www.jneurosci.org as supplemental material).

Immunohistochemical studies. Fixed fetal brains were coronally sec-
tioned into serial 6-mm-thick blocks of tissue with a matrix tissue slicer.
Tissue blocks were serially sectioned free-floating (50 wm) in PBS with a
Leica (Nussloch, Germany) VTS-1000 vibrating microtome. The de-
tailed immunohistochemical protocols to visualize specific cell types
were described previously (Back et al., 2001). OL lineage cells were visu-
alized with the O4 and O1 monoclonal antibodies. Fluorescent double
labeling to distinguish preOLs (O4+O01—) and immature OLs
(O4+01+) used a biotinylated O4 antibody and the O1 antibody. As-
troglia were visualized with a rabbit anti-bovine glial fibrillary acidic
protein (GFAP) antisera (Z-0334; DAKO, Carpinteria, CA) or with a
mouse anti-human vimentin antibody (Clone V9, V6630; Sigma, St.
Louis, MO). Microglia and macrophages were visualized with the Ban-
deiria griffonia isolectin B4, biotinylated (1:100; Sigma). Axons were
visualized with mouse monoclonal antibodies Sternberger Monoclonals
Incorporated (SMI) 312 and SMI 31 (1:1000; Covance, Berkley, CA). Dr.
Anu Srinivasan (Idun Pharmaceuticals, La Jolla, CA) generously pro-
vided the anti-activated caspase-3 antibody (CM-1). Dr. Greg M. Cole
(UCLA, Sepulveda, CA) generously supplied Fractin rabbit antisera. For
fluorescent immunohistochemical studies, tissue sections were counter-
stained with Hoechst 33324.

Quantification of the density of TUNEL-labeled nuclei. Degenerating
nuclei in frontal and parietal tissue serial adjacent sections were visual-
ized by a terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL) method for fluorescent in situ end-
labeling of double-stranded DNA fragmentation (Back et al., 2002b).
Sections were counterstained with Hoechst 33324 to delineate regional
boundaries. Several strategies were done systematically to avoid intro-
duction of counting bias. Fluorescent counterstain of nuclei was used to
avoid overlapping fields. A field was not counted if it contained a tear or
cerebral vessel that comprised more than ~5% of the field. Cell counts
were not done within fields adjacent to edges of the tissue section to avoid
potential “edge artifacts,” with the exception of the SVZ, where the struc-
ture is narrow and adjacent to the third ventricle. Every field containing
TUNEL-labeled nuclei within the cerebral cortex, PVWM, SVZ, caudate,
putamen, or hippocampus was photographed at 20X or 40X magnifica-
tion [Hammamatsu (Shizuoka, Japan) Orca ER cooled CCD camera and
Improvision (Lexington, MA) Openlab 4.0.2] by A.R. Between 20 and 80
images were counted by M.M. in a blinded manner in each of two adja-
cent sections. It should be noted that absolute stereologic methods were
not feasible because of the uneven thickness inherent in the vibrating
microtome-cut serial sections used for TUNEL and O4 counts and the
limited penetration of antibodies into the ~50-um-thick sections
(Guillery and Herrup, 1997). Free-floating sections were not subjected to



3048 - J. Neurosci., March 15, 2006 - 26(11):3045-3055

freeze-thaw or dehydration with alcohols,
which yielded optimal immunohistochemical
localization of the O4 and O1 antibodies in pre-
term brain (Back et al., 2001). Under the isch-
emic conditions and survival times analyzed,
there were no cystic or necrotic lesions that re-
sulted in significant tissue distortion or shrink-
age (see Results).

Generation of composite pseudocolor TUNEL
maps. The distribution of cerebral lesions was B
plotted in the same regions from which digi-
tized images of TUNEL-labeled nuclei were ac-
quired. Two sections at frontal and parietal lev-
els were analyzed in each of four animals »,*
subjected either to 30, 37, or 45 min of ischemia :
(i.e., eight sections were used to generate each
composite image of the distribution of lesions
for the four animals in each experimental
group). The detailed methods for generation of
these maps can be viewed on-line (available at
www.jneurosci.org as supplemental material).

Quantification of the density of O4-labeled
cells. The total density of O4-labeled cells in the
medial and lateral PVWM followed the proto-
col, described above, for TUNEL counts. Cells
were counted in a blinded manner in a mini-
mum of three serial adjacent sections. Cell pro-
files that contained a nucleus, visualized with
Hoechst 33324, were counted with a 20X
(0.125 mm?*/field) objective equipped with a F 120-
counting grid. The profiles of both intact-
appearing and degenerating O4-labeled cells % #
were counted and together comprised the cal-
culation of total density of O4-labeled profiles.
Degenerating O4-positive cells were confirmed to
contain a degenerating nucleus. For each lesion, a
minimum of 40 fields was counted. A minimum
of 60 fields was counted for each control region.

Statistical analysis. Data analysis was per-
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formed using SPSS (Chicago, IL) 12.0 statistical 0
software. Blood flow data were expressed as
mean * 1 SEM. Comparisons between regions
or between basal flow and occlusion were per-
formed using paired two-tailed ¢ tests. Blood gas,
hemodynamic data, and regional TUNEL indices
were analyzed using ANOVA for repeated mea-
sures with post hoc inference testing done with
Bonferroni or least significant difference (LSD)
tests. Cell counts and time course TUNEL data
were analyzed with unpaired two-tailed ¢ tests us-
ing SPSS prescribed corrections for equal or un-
equal variances where appropriate.

CTX

Figure 2.

Results

Ovine OL lineage progression at 0.65 gestation coincides with

human during the high-risk period for PWMI

We first determined whether cerebral white matter maturation in
the 0.65 gestation sheep is similar to that of human preterm infants at
risk for PWMI. Because preOLs predominate in human PVWM
during the high-risk period for PWMI (Back et al., 2001), we deter-
mined the distribution of OL lineage stages in the 0.65 gestation
sheep. Figure 1A—C compares the distribution of somata labeled
immunofluorescently with a biotinylated O4 (bO4; red) and the O1
antibody (O1; green) in the medial and lateral frontal PVWM
(PVWMm and PVWMI). We studied frontal PVWM, because this is
aregion of particular predilection for PWMI in survivors of prema-
ture birth (Kinney and Back, 1998). We first confirmed that the total
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Quantification of fetal cerebral blood flow in situ under conditions of basal cerebral blood flow and global ischemia.
A, Nissl-stained coronal frontal section that corresponds to the ICM image (middle) and convolved image of blood flow (right).
B-E, The center image represents a 3D surface reconstruction (Amira; TGS) of magnetic resonance images of a 0.65 gestation
ovine control brain that indicates the frontal and parietal levels at which the blood flow analysis was done in BE. B, C, Repre-
sentative pseudocolor basal flow images show higher blood flow (light blue) in cortical gray matter areas (arrowheads) and lower
flow (dark blue) in the PYWM (arrows). The pons (C, double arrowheads) had higher basal flow rates than any region of the
cerebrum. D, E, During global ischemia, blood flow was dramatically reduced in all regions and approached zero (dark blue/black)
inthe PYWM (arrows). F, G, Blood flow measured by digital dissection in the frontal (F) and parietal (G) cortex (CTX) and PYWM
during basal blow and ischemia. *p << 0.001, basal flow versus ischemia; “p << 0.001, basal flow CTX versus basal flow PYWM;
T p < 0.001, ischemia CTX versus ischemia PYWM; paired two-tailed t tests.

density of preOLs (O4+O1—) and immature OLs (O4+O1+) (de-
fined as total O4-labeled cells) was similar in the PVWMm1 (496 = 59
cells/mm? mean = SD) and the PVWMI (471 =+ 60 cells/mm?). OL
lineage maturation was markedly less advanced in the PVWMm
than in the PVWMLI. PreOLs comprised 84 * 2% of the total O4-
labeled cells in the PVWMm, but in the PVWMI comprised only
39 * 1% (mean * SEM; n = 4; p < 0.001). Therefore, there was
approximately a threefold greater number of immature OLs in the
PVWMI than in the PVWMm. Parietal PVWM had less regional
variation in OL lineage maturation than frontal PVWM. PreOLs
comprised 68 * 8% of the total O4-labeled cells in the parietal
PVWM. Hence, OL lineage maturation in the PVWMm and parietal
PVWM of the 0.65 gestation fetal sheep is similar to human pre-
term PVWM in that preOLs were the major OL stage present.
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(Fig. 2D, E). In the frontal and parietal ce-
rebral cortex, flow decreased significantly
to 10 = 2 ml/min/100 g (14 * 4% of basal
flow; p < 0.001) and 10 = 2 ml/min/100 g
(13 £ 3%; p < 0.002), respectively (Fig.
2F,G). When compared with cerebral cor-
tex, the PVWM decreased to a similarly

low percentage of basal flow (frontal, 15 =
2%; parietal, 16 * 4%). However, the ab-
solute flow during ischemia was signifi-
cantly lower in PVWM than in cerebral
cortex in both frontal (5 = 1 ml/min/100
g p < 0.001) and parietal (5 = 1 ml/min/
100 g; p < 0.02) PVWM.

Figure 3.

A, B, insets, 30 m.

Basal cerebral blood flow is low in the PVWM

Because the developmental predilection for PWMI appears re-
lated to vascular anatomic immaturity of human PVWM (Volpe,
2001), we quantified regional cerebral blood flow by in sifu anal-
ysis of fluorescent microsphere distributions. Table 1 demon-
strates that under basal conditions, the fetuses exhibited normal
physiological parameters (mean = SD). By 30 min of ischemia,
there was a small but consistent increase in P,0,, SatO,, and
Ca0,. At 15 min after reperfusion, all blood gas and hemody-
namic values returned to basal levels.

Figure 2 demonstrates our approach to obtain high-
resolution spatial blood flow measurements from animals sub-
jected to 45 min of ischemia (1 = 8). Figure 2 A shows represen-
tative data obtained after the entire fetal brain, containing
fluorescent microspheres, was frozen, mounted in a cryomic-
rotome, and serially sectioned. A Nissl section is shown alongside
a corresponding raw fluorescence ICM image that shows the lo-
cation of microspheres and a reconstructed map of blood flow for
the same region (Flow). Figure 2 B—E shows convolved maps of
frontal and parietal blood flow under basal and ischemic condi-
tions. Figure 2, Band C, shows that basal blood flow in the frontal
and parietal PVWM (arrows) was markedly lower than several
adjacent regions, particularly the cerebral cortex (dorsal arrow-
heads) and the pons (ventral arrowheads). Figure 2, F and G,
shows data obtained by query of anatomically defined ROIs and
calculation of the mean blood flow for these ROIs through post
hoc digital analysis. Mean basal flow rates measured in frontal and
parietal cerebral cortex were 84 * 13 and 86 = 11 ml/min/100 g,
respectively. In contrast, basal flow rates were significantly lower
in the frontal and parietal PVWM (33 * 4 and 26 = 4 ml/min/100
g, respectively, p < 0.001).

Global ischemia severely and proportionally reduced cerebral

blood flow

We next determined the effect of global ischemia on blood flow in
selected regions of the immature ovine cerebrum. By 30 min of
ischemia, blood flow decreased markedly throughout the brain

Histopathological features of PVWM lesions generated after global ischemia of 37 or 45 min duration, as visualized
with isolectin B4. 4, After 37 min of ischemia, activated microglial were localized to a lesion at the apex of the lateral ventricle (LV;
arrows). The typical morphology of the activated microgliais shownin the inset at the top right. The inset at the bottom left shows
the typical morphology of ramified microglia and resting macrophages in control PYWM. A focal collection of reactive macro-
phages/microglia localized to the lateral body of the corpus callosum (arrowheads) is shown. B, After 45 min of ischemia, activated
microglia were diffusely localized to a lesion at the external angle of the lateral ventricle (arrows). Focal collections of reactive
phagocytic macrophages/microglia localized to medial and lateral regions in the PVWM (arrowheads). The typical morphology of
the reactive phagocytic macrophages is shown in the inset at the bottom right. Note the presence of a focal lesion in the caudate
nucleus (CN; arrowheads). €, D, After 45 min of ischemia, large lesions were also generated in the SWM (C, arrowheads) and in the
cerebral cortex (CTX) (D, arrowheads). A detail of the cortical lesion is shown in the inset. Scale bars: 4, B, 500 wm; €, D, 300 pum;

Cerebral cortical and subcortical gray
matter were less vulnerable to ischemic
injury than the PVWM

Figure 3 shows representative histopatho-
logical findings for early PVWM lesions
identified at 24 h after an ischemic insult of
30, 37, or 45 min duration with the micro-
glial/macrophage markers, isolectin B4 or
Ham 56. Although 30 min of ischemia in-
frequently generated small focal lesions
(data not shown), two types of PVWM le-
sions were commonly identified at 37 and 45 min (Fig. 3A, B)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Focal lesions contained numerous reactive mi-
croglia and phagocytic macrophages visualized with both isolec-
tin B4 and Ham 56. Diffuse white matter lesions mostly
contained numerous reactive microglia. After 37 min of isch-
emia, PVWM lesions were typically more circumscribed and ac-
companied by limited gray matter injury. However, after 45 min
of ischemia, PVWM lesions were more extensive and accompa-
nied by significant lesions in the superficial white matter (Fig.
3C). In addition, large lesions in the basal ganglia (Fig. 3B) and
cerebral cortex (Fig. 3D) were common.

Distribution of cerebral lesions identified by TUNEL staining
To quantify cell degeneration in the PVWM, we first determined
the survival time after ischemia when TUNEL staining was
greater. We determined the mean density of TUNEL-labeled nu-
clei from frontal or parietal lesions in animals that survived for 24
or 72 h after 30 or 45 min of ischemia. Animals that survived for
24 h consistently had a higher mean TUNEL density in both the
PVWM and cerebral cortex compared with survival for 72 h (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material).

We next generated frequency maps of the distribution of
TUNEL-labeled nuclei in frontal and parietal lesions from ani-
mals that survived for 24 h after 30 min (n = 4), 37 min (n = 4),
or 45 min (n = 4) of ischemia (Fig. 4). In these maps, the fre-
quency of a lesion in any location is designated by color, with no
overlap in the location of lesions among animals depicted in
green and the most overlap in red. After 30 min of ischemia,
injury to frontal (Fig. 4B) and parietal (Fig. 4F) PVWM was
limited and infrequently detected. After 37 min of ischemia,
greater PVWM injury was consistently generated (Fig. 4C,G,I,
yellow-to-red regions). In most animals, lesions were infre-
quently detected in superficial white matter, cortical gray matter,
or SVZ. One exception was a predilection for neuronal injury in
both frontal and parietal deep cortex. In addition, superficial
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white matter lesions occurred at the depth
of the cortical gyrus adjacent to the most
vulnerable region of the PVWM. Small
discrete or confluent lesions of the caudate
nucleus were detected in all animals. Hip-
pocampal lesions were not detected.

After 45 min of ischemia, cerebral le-
sions were more extensive (Fig. 4D, H,L).
Confluent lesions were commonly ob-
served that involved both the PVWM and
the superficial white matter. There was a
striking increase in the extent of neuronal
injury to both the cerebral cortex and the
basal ganglia. Interestingly, large confluent
lesions of the caudate nucleus were ob-
served in all animals, whereas the putamen
and SVZ were mostly spared. Lesions were
also uncommon in the hippocampal for-
mation (Fig. 4H). Thus, prolonged isch-
emia generated pronounced injury to both
cerebral gray and white matter structures.
However, cerebral ischemia of 37 min du-
ration generated mostly selective injury to
the PVWM.

Graded PVWM injury was proportional
to the duration of global ischemia

We next quantified the density of TUNEL-
labeled nuclei in frontal PVWM lesions
from animals that survived for 24 h after
30 min (n = 4), 37 min (n = 5), or 45 min
(n = 4) of ischemia compared with control
(n = 5). Consistent damage of graded se-
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verity was generated between 30 and 45
min. After 30 min, the density of TUNEL
labeling in frontal PVWM was signifi-
cantly increased (110 * 13 nuclei/mm?)
versus control (35 = 7; p < 0.001; one-way
ANOVA with post hoc Bonferroni). The
density of TUNEL-labeled nuclei in the
PVWM increased to 151 *+ 17 nuclei/mm?
after 37 min of ischemia and to 294 * 32
nuclei/mm? after 45 min (p<0.05; 37 vs
45 min). Likewise, in frontal cortical le-

Figure4. Regional distribution of TUNEL-labeled nuclei in cerebral lesions at 24 h after 30, 37, or 45 min of global ischemia. A
and E show major anatomical structures at frontal and parietal levels of the PVWM. B—D and F~H show composite pseudocolor
TUNEL maps of the distribution of TUNEL-labeled nuclei plotted in two sections from each of four animals. The pseudocolor
probability scale (1-7) in H indicates the number of sections in which overlapping lesions were found for any given region. Note
that at 30 and 37 min, cerebral injury was mostly restricted to cerebral white matter. However, at 45 min, injury to the cerebral
cortex and basal ganglia greatly increased, but the SVZ and hippocampus remained relatively spared. /-L show representative
examples of the magnitude and distribution of TUNEL-labeled nuclei in cerebral lesions after either 37 min (I-K) or 45 min (L) of
ischemia. I, Large numbers of TUNEL-labeled nuclei were typically localized to the PYWM even after 37 min of ischemia. J, Within
the SVZ, TUNEL-labeled nuclei typically localized to the dorsal extent of the SVZ (arrows) and to small extensions of the SVZ
(arrowheads) into the adjacent caudate nucleus. K, Focal cortical lesions were uncommon after 37 min of ischemia. L, Large
cortical lesions were common after 45 min of ischemia and contained a high density of TUNEL-labeled nuclei. CC, Corpus callosum;
(N, caudate nucleus; CL, claustrum; EC, external capsule; HIP, hippocampus; I, internal capsule; LV, lateral ventricle; PU, puta-

sions, mean TUNEL densities increased
from 185 = 60 after 37 min ischemia to
798 *+ 223 nuclei/mm? after 45 min (p < 0.05; 37 vs 45 min).
Similarly, TUNEL density in the caudate nucleus increased from
227 = 26 nuclei/mm? at 37 min to 723 * 235 nuclei/mm? at 45
min ( p < 0.05).

We next compared the relative vulnerability of the PVWM
relative to frontal cerebral cortex, caudate nucleus, and the SVZ
by analyzing TUNEL-labeled cells as a percentage of total cells in
each region (Fig. 5). Relative to the other regions, the PVWM
displayed the most significant injury at 30 and 37 min of isch-
emia. After 45 min, the magnitude of injury markedly increased
in a nonlinear manner, and there was a pronounced similar in-
crease in gray and white matter injury.

Differential vulnerability of glia in severe white

matter lesions

To determine the origin of degenerating nuclei in PVWM lesions
from animals that survived for 24 h, we did immunohistochem-

men. Scale bars: A-H, 2 mm; I-L, 200 pm.

ical double-labeling studies for TUNEL and cell type-specific
markers. In agreement with previous studies (Falkowski et al.,
2002), programmed cell death was very low throughout the con-
trol cerebral white matter. When detected, these rare TUNEL-
labeled nuclei typically double labeled with the O1 monoclonal
antibody but not with antibodies against GFAP, vimentin, or
isolectin B4.

After prolonged ischemia (45 min; n = 4), astrocytes visual-
ized with GFAP or vimentin appeared intact and did not double
label with TUNEL (Fig. 6 A, B). Similarly, microglia and reactive
macrophages rarely labeled with TUNEL (Fig. 6C). As recently
reported in early human PWMI lesions (Haynes et al., 2003; Back
et al., 2005), degenerating astroglia and microglia were rarely
detected in ovine white matter lesions after severe ischemia,
which suggests that the vulnerability of these cell types is low at
this time in development.

In contrast to other glial cell types, many TUNEL-labeled nu-
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Figure5. Regional heterogeneity of cerebral injury at 24 h after cerebral ischemia of 30, 37,

or 45 min duration relative to control. Cell degeneration in the PVWM was compared with that
in the cortex (CTX), caudate nucleus (CN), and SVZ by quantification of TUNEL-labeled cells as a
percentage of total cells in each region. *p << 0.05 (PYWM vs CTX; LSD test); # indicates not
significant.

clei colocalized with the O4 antibody, a marker of preOLs and
immature OLs (Fig. 6 D). The degenerating O4-labeled cells were
commonly visualized in animals that sustained 37 min of isch-
emia and were also present at much lower density in mild lesions
after 30 min of ischemia. Because the nuclei of these degenerating
O4-labeled cells often appeared condensed or fragmented when
visualized with Hoechst 33324 (Fig. 6 D, inset), we determined
whether some of these cells might be degenerating via a caspase-
dependent mechanism. We commonly visualized degenerating
O4-labeled cells that double-labeled for activated caspase-3 (Fig.
6E). Caspase activation was confirmed in these cells by colocal-
ization of the O4 antibody with the fractin antibody that detects
caspase-cleaved fragments of actin (Fig. 6 F).

Axonal elements were mostly resistant to ischemic injury in
severe white matter lesions

To determine the susceptibility of axons to degeneration with
increasing duration of ischemia, we first visualized SMI 31, an
antibody against heavily phosphorylated neurofilament proteins,
together with Ham 56 to identify white matter lesions. At survival
times of 24 or 72 h, no degenerating axons were detected after 37
min (n = 4) or 45 min (n = 4) of ischemia relative to controls in
frontal cerebral white matter (Fig. 6G-I). However, using SMI
312, an antibody used to define axonal maturation in human fetal
brain (Ulfig et al., 1998; Back et al., 2002a), we detected rare
degenerating axons in the PVWM of one of four animals sub-
jected to prolonged ischemia (45 min). Degenerating axons dis-
played more intense staining, focal swellings, and a fragmented
staining pattern (Fig. 6J-L).

Differences in the OL maturational state were related to
differential susceptibility to ischemic injury in the PVWM
Because OL lineage maturation was significantly less advanced in
the PVWMm than in the PVWMI, we hypothesized that regional
maturational differences would manifest as different degrees of
susceptibility to ischemia. First, we established that the overall
density of degenerating cells was very similar in selective white
matter lesions (PVWMm and PVWMI combined) when TUNEL
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density (151 * 9; mean * SE; n = 5) was compared with the
density of degenerating O4-labeled cells (158 = 21; n = 4) after
37 min of ischemia. Hence, cell death in white matter lesions was
mostly accounted for by the number of degenerating O4-labeled
cells.

When we compared the percentage of degenerating O4-
labeled cells in the PVWMm (Fig. 7A,B) and PVWMI (Fig.
7C,D), we found that cell death was markedly higher in the
PVWMm. In the PVWMI, many more intact-appearing cells were
visualized. In fact, O4-labeled myelinating cells typically showed
no features of degeneration (Fig. 7D, red arrows). There were
approximately threefold more degenerating O4-labeled cells in
the PVWMm (27 = 1%) versus only 8 = 2% in the PVWMI (Fig.
7E) (p < 0.001). Moreover, relative to control, there was a sig-
nificant, approximately twofold greater reduction in the total
density of O4-labeled cells in the PVWMimn (496 = 10 vs 293 *+ 7)
compared with the PVWMI (471 £ 9vs 369 * 6; p < 0.01) (Fig.
7F). Hence, there was a significant depletion of O4-labeled cells
during the initial phase of ischemic white matter injury that was
particularly pronounced in the PVWMm where preOLs
predominated.

Blood flow in the PVWMm and PVWMI were equivalent
Because we found the magnitude of ischemic damage to the
PVWMm and PVWMI to differ significantly, we determined
whether the difference in susceptibility of these adjacent regions
might be accounted for by intrinsic differences in cerebral blood
flow (Fig. 8). Under basal conditions (n = 8), blood flow to the
PVWMm (32 £ 4 ml/min/100 g) and PVWMI (33 * 4) was
equivalent. During ischemia (n = 7), blood flow decreased sim-
ilarly to 4 = 1 ml/min/100 g in the PVWMm and 6 = 1 in the
PVWML. Even after prolonged ischemia of 45 min duration, at
both 15 min (n = 5) and 60 min (n = 7) of reperfusion, there
were no significant differences in cerebral flow between these two
regions. Hence, the differences in susceptibility of the PVWMm
and PVWM]I to ischemic damage were related to differences in
the maturational state of the OL lineage stages present in these
adjacent regions of the PVWM.

Discussion

We developed a fetal model that yielded the following findings in
support of a significant role for ischemia-reperfusion injury in
PWML: (1) graded white matter injury was generated that was
proportional to the duration of ischemia; (2) selective white mat-
ter injury ranged from discrete focal lesions to diffuse injury sim-
ilar to early PWMI; (3) the PVWM displayed a lower threshold
for injury than cortical or subcortical gray matter or SVZ; (4)
lower blood flows occurred in PVWM than in cerebral cortex but
did not account for the distribution of white matter damage; (5)
the distribution of white matter injury coincided with greater
immaturity of the OL lineage stages present in vulnerable regions
of PVWM; and (6) selective white matter injury spared most glial
cell types and primarily involved premyelinating stages in the OL
lineage.

We took several departures from previous approaches (Pen-
ning et al., 1994; Mallard et al., 1998; Reddy et al., 1998; Matsuda
et al., 1999; Raad et al., 1999; Petersson et al., 2002) to develop a
model of selective PVWM injury. To identify potential target
populations of preOLs, we defined OL lineage maturation in the
immature ovine brain. As in preterm human PVWM (Back et al.,
2001), there were distinct regions of ovine PVWM where at-risk
preOLs predominated. Second, by varying the duration of isch-
emia, we identified a threshold where brain injury transitioned
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from predominantly PVWM injury to ex-
tensive cerebral injury. Third, we com-
bined cell type-specific and cell death
markers to define the relative susceptibil-
ity of glia and axons under conditions of
prolonged ischemia.

Immature ovine ischemia reproduced
histopathological features of

early PWMI

The principal pathologic features of late
PWMI range from focal cystic necrosis
(PVL) to diffuse myelination disturbance
with gliosis (Kinney and Back, 1998). How
these late lesions relate to early PWMI le-
sions is unclear. We recently described a
range of histopathological features in hu-
man early PWMI (Back et al., 2005). The
principal features were diffuse lesions in
the PVWM that contained activated mi-
croglia and focal lesions rich in phagocytic
macrophages. We similarly generated
early ovine PVWM lesions that ranged
from focal to diffuse lesions rich in micro-
glia/macrophages. Although PWMI is of-
ten characterized by selective injury, in
more severe forms it may coexist with cor-
tical or subcortical gray and white matter
injury (Kinney and Back, 1998). With
more prolonged ischemia, we generated
diffuse PVWM injury that was accompa-
nied by lesions in gyral white matter, cere-
bral cortex, and basal ganglia. Similar le-
sions were detected after repeated systemic
fetal endotoxin exposure (Duncan et al.,
2002; Dalitz et al., 2003).

Role of cerebral ischemia in

PVWM injury

In the immature fetus, shorter periods of
ischemia than used here caused damage
primarily to subcortical white matter
(Mallard et al., 1998; Raad et al., 1999).
PVWM lesions were infrequently detected
in midgestation models of hypoxemia,
where a restriction in uteroplacental blood
flow resulted in decreased oxygen delivery
and mild acidemia to the fetus without sys-
temic hypotension or cerebral hypoperfu-
sion (Rees et al., 1997, 1999; Mallard et al.,
1998). Systemic fetal endotoxin exposure
that triggered transient hypoxemia and
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Figure 6. Differential vulnerability of glia and axonsin PYWM lesions at 24 h after ischemia. Although astrocytes and microglia
appeared mostly resistant to injury from prolonged ischemia (45 min; A-C), numerous degenerating OL precursors were detected
aftermore mild ischemia (37 min; D—F). Axons were also mostly resistant to prolonged ischemia (G—L). A, Alesion with numerous
astrocytes visualized by staining for GFAP (red; arrows) that did not overlap with TUNEL-labeled nuclei (green). B, A higher-power
image shows intact-appearing vimentin-labeled astrocytes (red) that did not colocalize with TUNEL-labeled nuclei (green). C,
Most isolectin B4-labeled microglia/macrophages (red) were TUNEL negative (arrowheads), but an occasional shrunken TUNEL-
labeled cell appeared to be degenerating (arrow). D, A low-power image in which many degenerating 04+ cells (red) double
labeled for TUNEL (green; arrows). D, Inset, High-power image shows several degenerating 04+ cells (arrows) with pyknotic
Hoechst 33324-labeled nuclei (blue) that also labeled with TUNEL. Note the intact cells with normal-appearing nuclei (arrow-
heads). E, Low-power image in which many degenerating 04+ cells (green) labeled for activated caspase-3 (red; arrows). E,
Inset, A triple-labeled high-power image shows a degenerating 04+ cell (arrow) that labeled for activated caspase-3 (red) and
had a pyknotic Hoechst-labeled nucleus (blue). An intact cell (arrowhead) did not label for activated caspase-3. F, A low-power
image of 04+ cells (green) in which degenerating cells labeled with the fractin antibody (red). F, Inset, A degenerating cell that
labeled with fractin (arrow). Intact cells had normal-appearing nuclei (arrowheads). -1, Low-power images of SMI 312-labeled
axons (green) and Ham 56-labeled microglia/macrophages (red) in the PYWM from control (G) and animals subjected to 37 min
(H) or 45 min (I) of ischemia. Note the increased labeling for Ham 56 in the ischemic animals relative to control (insets) but the
similar axonal staining pattern for all conditions. J, Apparent degenerating axons were rarely detected in the PYWM after pro-
longed ischemia (45 min). K, L, Higher-power images of the axons in the boxes in J. Note that the degenerating axons had a
fragmented staining pattern and focal swellings (arrows). Scale bars: 4, 200 pem; B, 100 wwm; €, 20 wm; D—F, 100 wm; G-J, 100
pm; K, L, 25 pm.

PVWM may be particularly vulnerable to global cerebral hypo-

hypotension generated superficial and PVWM lesions (Duncan
et al., 2002; Dalitz et al., 2003). We found that selective white
matter injury was lost with more prolonged ischemia. In fact,
prolonged ischemia (>45 min) was associated with extensive
cystic necrotic encephalomalacia (data not shown) as seen in
severe human PVL (Marin-Padilla, 1997, 1999). Focal necrotic
white matter lesions were similarly generated in response to hem-
orrhagic hypotension (Matsuda et al., 1999) that caused an acute
decrease in cerebral blood flow of ~30% in a similar model (Szy-
monowicz et al., 1990). Hence, the neuropathological similarities
of our model to human PWMI supports the notion that human

perfusion (Volpe, 2001).

Quantification of CBF in developing brain

We undertook an integrated analysis of CBF disturbances in regions
of PVWM, where OL lineage susceptibility was defined. Even large
differences in flow in small regions can be obscured when averaged
with larger unaffected regions, as is the case with more global mea-
sures of CBF. This is the first quantitative study of CBF in situ
achieved through digital dissection of CBF in anatomically defined
regions using fluorescently labeled microspheres. Fluorescent mi-
crospheres have replaced radioactive microspheres in many
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Figure7. Differentialinjuryin two adjacent regions of the PYWM, the PVWMm and PVWM/, coincides with the extent of preOL
degeneration. A, Many degenerating 04-labeled cells (arrowheads) localized to the PYWMm. Note the lack of early myelination in
this region. B, High-power image that corresponds to the inset in A shows typical degenerating cells with pyknotic Hoechst-
labeled nuclei (arrowheads). Intact 04-labeled cells are indicated (arrows). €, The low-power distribution of 04-labeled cells and
early myelinated axons in the PYWM/. Note that most premyelinating cells localized to the border of the myelinated tract, where
occasional pyknotic cells (arrowheads) were observed. D, High-power image that corresponds to the inset in € shows a degener-
ating cell (arrowhead) and adjacent intact cells (arrows). Several myelinated axons are indicated (red arrows). E, The percentage
of total OLs degenerating at 24 h after ischemia. The PYWMm had a markedly higher (26 = 1%) percentage of cells that
degenerated than the PYWM/ (8 == 2%). F, The total density of 04-labeled cells at 24 h after ischemia relative to control in the
PYWMm and PYWM!. Note that the total density of OL lineage cells, defined by labeling with the 04 antibody, was very similarin
the control PVWMm and PYWM/. A significant loss of 04-labeled cells of ~40% occurred in the PYWMm, whereas the number of
cells in the PYWMI decreased by only ~20%. *p << 0.001 for control versus 37 min ischemia; “p << 0.01 for ischemia PYWMm
versus PYWM/; unpaired two-tailed ¢ tests. Scale bars: 4, (, 200 wm; B, D, 25 pm. Error bars represent 1 SEM.
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mature fetal sheep did not measure CBF
(Reddy et al., 1998). We found PVWM
flows under both basal and ischemic con-
ditions were lower than in cerebral cortex.
Although CBF in both regions fell propor-
tionally to ~15% of basal flow during isch-
emia, in absolute units, PVWM flow was
very low relative to the cortex. Therefore,
PVWM flow may have fallen below a crit-
ical threshold for hypoxic-ischemic dam-
age, which may explain the overall greater
susceptibility of PVWM relative to the
better-perfused cerebral cortex.

Role of susceptible preOLs in the
pathogenesis of PVWM lesions
Although global ischemia was necessary
for PVWM injury, no regional differences
in blood flow were found between the
PVWMm and PVWMI under any condi-
tions to account for the disparate rates of
cellular degeneration in these regions. Our
data provide the first evidence that re-
gional differences in PVWM injury were
related primarily to the maturational state
of the OL lineage rather than to heteroge-
neity of PVWM flow. Although preOLs are
particularly susceptible to hypoxia-
ischemia, their susceptibility in PYWM
has not been addressed. Almost all cell de-
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Figure 8.  In situ quantification of cerebral blood flow by digital dissection of microsphere
density in the PVWMm and PYWM/. No significant differences in blood flow between the
PYWMm and PYWM/ were detected under conditions of basal flow (n = 8), ischemia (n = 7),
orat15min (n = 5) or60 min (n = 7) of reperfusion. During ischemia, blood flow decreased to
similar levels of 14 == 9% of basal in the PYWMm and 17 = 11% in the PVWM/. After 15 min of
reperfusion, there was a modest hyperemia in both the PYWMm and PYWM(/. By 60 min, blood
flow returned to near basal levels again in the PVWMm and PYWM!. Error bars represent 1 SEM.

laboratories, and there is a high correlation of flows determined by
radio- and fluorescent-labeled microspheres (Glenny et al., 1993;
Bernard et al., 2000). Under basal conditions, our blood flow mea-
surements in white and gray matter agreed closely with those ob-
tained with radioactive microspheres (Szymonowicz et al., 1988,
1990; Gleason et al., 1989).

Previous studies with this global hypoperfusion model in im-

generation seen in ovine PVWM lesions

was accounted for by OL lineage degener-
ation. Conditions that produced significant preOL degeneration
caused limited injury to adjacent gray matter structures. This was
unexpected, because in perinatal rodents, preOL degeneration in
white matter was accompanied by extensive cortical-neuronal
degeneration (Back et al., 2002b) and substantial SVZ lesions
(Levison et al., 2001; Plane et al., 2004). Selective degeneration of
preOLs in ischemic ovine PVWM is consistent with human stud-
ies that OL progenitors are depleted in early PVWM lesions that
sustain pronounced oxidative damage (Haynes et al., 2003; Back
et al., 2005). Moreover, the PVWM of near-term sheep demon-
strates increasing developmental resistance to ischemic injury
(Penning et al., 1994; Reddy et al., 1998). Future studies are
needed to define the role of acute preOL degeneration in chronic
myelination disturbances. Because OL progenitors have other
potential fates in gliogenesis and neurogenesis (Kondo and Raff,
2000; Belachew et al., 2003), it will be of interest to determine
other potential roles of these cells in white matter regeneration
and repair.

Another unexpected difference between perinatal rodents and
fetal sheep is the predominant mechanism of preOL death. In a
perinatal rodent model of hypoxia-ischemia, the majority of pre-
OLs degenerated by a mechanism that did not involve apparent
caspase-3 activation (Back et al., 2002b). In contrast, ovine preOL
degeneration commonly involved activation of caspase-3. Simi-
lar observations were made in late-gestation sheep (Cao et al.,
2003; Castillo-Melendez et al., 2004). We speculate that the se-
verity of the insult in our fetal model may be less than that sus-
tained in perinatal rat models and, thus, favors a greater degree of
apoptotic death. However, the relative extent of apoptotic and
necrotic preOL degeneration remains to be determined.
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Clinical Implications

Although premature infants display a particular predilection for
PWM]I, recent studies support a widening spectrum of pathology
associated with this injury that includes PVL and diffuse myeli-
nation disturbances characterized by reactive gliosis. One fre-
quent sequela of PWMI in chronic survivors of premature birth is
volume loss of cortical and deep nuclear gray matter (Inder et al.,
2005). The neuropathological basis for these reductions in gray
matter volume is unknown. Although small and discrete, we ob-
served that lesions to the caudate nucleus were the most consis-
tently observed gray matter pathology seen in association with
moderate ischemia. In contrast, ovine cerebral cortex was rela-
tively resistant to ischemia-reperfusion injury that damaged
PVWM. Our data suggests that significant cortical and subcorti-
cal volume loss may arise in the setting of more severe ischemia
and that there is a narrow threshold for a nonlinear increase in
neuronal injury. Future studies are needed, however, to deter-
mine whether cortical or deep nuclear volume loss is related to
delayed neuronal death, axonal degeneration, or depletion of
subplate neurons or neural stem cells. In perinatal rats, subplate
neurons are markedly more susceptible to hypoxia-ischemia than
other neuronal populations (McQuillen et al., 2003), but we
rarely detected degenerating cells in the ovine subplate. We also
detected limited damage to SVZ progenitors.

Our data predict that those infants with earlier or more exten-
sive OL differentiation and myelination would be less susceptible
to PWML. In fact, a more variable degree of white matter injury
was detected in near-term sheep after several insults (Clapp et al.,
1988; Penning et al., 1994; Mallard et al., 1998; Ikeda et al., 1999;
Ohyu et al., 1999; Raad et al., 1999). Future studies are needed to
determine whether acceleration of OL differentiation might be a
feasible strategy to reduce the incidence and severity of PWMI.
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