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Abstract

The cellular basis of myelin deficits detected by neuroimaging in long-term survivors of
periventricular leukomalacia (PVL) is poorly understood. We tested the hypothesis that
oligodendrocyte lineage (OL) cell density is reduced in PVL, thereby contributing to sub-
sequent myelin deficits. Using computer-based methods, we determined OL cell density
in sections from 18 PVL and 18 age-adjusted control cases, immunostained with the
OL-lineage marker Olig2. Myelination was assessed with myelin basic protein (MBP)
immunostaining. We found no significant difference between PVL and control cases in
Olig2 cell density in the periventricular or intragyral white matter. We did find, however, a
significant increase in Olig2 cell density at the necrotic foci, compared with distant areas.
Although no significant difference was found in the degree of MBP immunostaining, we
observed qualitative abnormalities of MBP immunostaining in both the diffuse and necrotic
components of PVL. Abnormal MBP immunostaining in PVL despite preserved Olig2 cell
density may be secondary to arrested OL maturation, damage to OL processes, and/or
impaired axonal-OL signaling. OL migration toward the “core” of injury may occur to
replenish OL cell number. This study provides new insight into the cellular basis of the
myelin deficits observed in survivors of PVL.

INTRODUCTION

Periventricular leukomalacia (PVL) is the principal form of brain
injury in the premature infant and the predominant pathologic
finding underlying cerebral palsy. The pathogenesis of PVL likely
involves multiple factors in the critically ill premature infant,
including cerebral ischemia/reperfusion caused by impaired cere-
brovascular autoregulation (24, 49) and inflammation triggered by
maternofetal infection (12, 16, 17, 24, 50). During the period when
infants are at greatest risk for PVL, that is, 24-32 post-
conceptional (PC) weeks, premyelinating late oligodendrocyte pro-
genitors (04" and O1") (preOLs) predominate in the human cere-
bral white matter (3). We have shown previously that these preOLs
undergo oxidative and nitrative stress in PVL (19), suggesting that
they are vulnerable to free radical injury.

Lethal injury to preOLs in the immature (non-myelinated) cere-
bral white matter has been postulated to be a key feature of PVL
(18, 41, 49), resulting in hypomyelination, as documented by neu-
roimaging studies (11, 13, 14, 21, 32). Two neuropathologic studies
suggest a loss of preOLs in PVL (6, 19); however, the overall
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number of PVL cases studied in these two reports is limited.
Although an earlier study by lida et al (20) reported a loss of
oligodendrocyte lineages (OLs) in a larger PVL dataset, this was
determined using a non-specific OL marker, ferritin. The analysis
of preOLs in human PVL has been hampered by the lack of immu-
nological markers that can be applied to formalin-fixed and
paraffin-embedded tissue (6, 19). Olig2 is a basic helix-loop-helix
transcription factor, essential for OL development (42). Expression
of Olig2 in the vertebrate brain appears to be the earliest indicator
of OL differentiation, and it continues to be expressed in many OLs
ofthe adult brain (2, 29). Thus, Olig2 serves as a marker of the OLs
throughout their lineage, including mature [myelin basic protein
(MBP) positive] myelinating OLs, notably in archival tissue (27,
28).

In the following study, we tested the hypothesis that the density
of Olig2 cells is reduced in PVL and that this reduction occurs in
association with increased cell death. We further hypothesized that
the severity of OL loss is dependent on the distance from the
necrotic periventricular focus, that is, the closer to the focal core,
the greater the reduction in OL cell density, given that the necrotic
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focus represents the most severe degree of tissue damage. In addi-
tion, we hypothesized that there is a reduction in the degree of MBP
immunostaining in PVL cases compared with controls, which
reflects in turn the putative reduction in Olig2 cell density. We
recognize that the use of the Olig2 marker does not establish the
specific stage of OL injury, that is, if the putative OL cell loss
specifically affects O4, O1 and/or MBP-positive OLs. Therefore,
we also assessed the density of O4-positive OLs in an initial study,
with the hypothesis that there is a reduction in O4-positive OLs in
PVL.

MATERIALS AND METHODS

Clinical database

A total of 36 cases were collected from the autopsy services of the
Departments of Pathology at the Children’s Hospital Boston and
Brigham and Women’s Hospital, Boston, MA, according to the
guidelines of the Human Protection Committees at each institution.
All cases were processed for standard histological examination (eg,
hematoxylin and eosin/Luxol fast blue staining) to assess the clas-
sification of cases as PVL or control. Gestational ages of the fetuses
were determined by clinical assessment prior to death. Age was
expressed as PC weeks (gestational plus post-natal age).

Determination of histopathology

We define PVL based upon a combination of “focal” and “diffuse”
components (24). The focal component is comprised of periven-
tricular necrosis in which cellular constituents are destroyed. The
diffuse component is comprised of reactive gliosis and microglial
activation in the deep white matter surrounding the necrotic foci.
Acute PVL is identified by coagulative necrosis with nuclear
pyknosis of all cell types and axonal swellings (spheroids), and is
typically observed 8-24 h following injury (24). Subacute PVL
develops between 3—5 days following the insult, and is identified by
focal tissue cavitation with macrophages in association with
diffuse astro- and micro-gliosis in the surrounding white matter
(24). Chronic PVL is identified by cystic cavitation or glial scar
formation within weeks to months following the insult (24). In the

Table 1. Antibodies and lectin used in this study.
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control cases, there was no PVL, little or no reactive gliosis in the
cerebral white matter and no significant pathological findings else-
where in the brain.

Single-labeling immunocytochemistry

Samples of the frontal, parietal and/or occipital lobes were ana-
lyzed using antibodies presented in Table 1. Tissue was formalin-
fixed and paraffin-embedded, and cut at 4 um. To identify OLs and
the myelin sheath of mature myelinating OLs, single-labeled
immunocytochemistry (ICC) with the Olig2 and MBP antibodies
were used, respectively (19). Although MBP is an indicator of
mature myelinating OLs, it labels the myelin sheath and not the cell
body, thereby making quantitation of the percentage of mature
Olig2*/MBP* OLs impossible. Of note, other antibodies such as
CNPase, Rip, MOG, and PLP were also trialed for quantitation of
mature OLs without success in our archival tissue. Activated
microglia and reactive astrocytes were identified using the CD68
and the glial fibrillary acidic protein (GFAP) antibodies, respec-
tively. Detection of apoptotic cells was performed utilizing the
active caspase-3 antibody (technical and tissue limitations pre-
vented the specific identification of these apoptotic cells). Of note,
both TUNEL and in situ end labeling techniques were attempted
for identification of apoptosis but without successful or replicable
results. For all ICC experiments, microwave techniques (10 mM
citrate buffer for 10-20 minutes) were used to enhance antigenicity,
and primary antibodies were diluted in blocking buffer (phosphate-
buffered saline/5% goat serum/0.1% Triton-X) and incubated over-
night at 4°C. Staining was visualized with the chromagen 3,3’-
diaminobenzidine. A light methyl green or haematoxylin
counterstain was applied to each section. Negative control sections
omitted the primary antibodies.

Double-labeling immunostaining in
formalin-fixed and paraffin-embedded tissue

To determine the specificity of the Olig2 antibody in our tissue,
double-labeling ICC or immunofluorescence was performed in
four PVL and four control cases. The antibodies used in conjunc-
tion with Olig2 (1:20 000) were as follows: Adenomatous Polypo-

Antibody/lectin Dilution Source/catalog

Adenomatous polyposis coli (APC) (anti-mouse) 1:25 Calbiochem (OP80)
Caspase-3 (anti-rabbit) 1:20 000 BD PharMingen (5651150)
CD68 (Kp-1) (anti-mouse) 1:50 Cell Marque (CMC 321)

Glial fibrillary associated protein (GFAP; anti-mouse) 1:10 000 Covance (SMI-22R)

GFAP (anti-rabbit) 1:200 DakoCytomation (Z0334)

Ki67 (anti-mouse) prediluted Zymed Laboratories (08-0156)
Ki67 (anti-mouse) 1:50 Novocastra Laboratories (NCL-Ki67-MM1)
Microtubule associated protein-2 (MAP-2); (anti-mouse) 1:200 Sigma (M-9942)

Myelin basic protein (MBP) (anti-mouse) 1:5 000 Covance (SMI-99)

Olig2 (anti-rabbit) 1:40 000 Dr C. Stiles, Boston, MA

04 (anti-mouse) 1:1 000 Dr S. Pfeiffer, Farmington, CT
Tomato lectin (biotinylated) 1:200 Vector Laboratories (B-1175)
Vimentin (anti-mouse) 1:500 Chemicon (MAB 3400)

154

Brain Pathology 18 (2008) 153-163

© 2007 The Authors; Journal Compilation © 2007 International Society of Neuropathology



Billiards et al

sis Coli (APC), CD68, GFAP, vimentin (a marker of immature
astrocytes), microtubule associated protein-2 (a neuronal marker)
and tomato lectin (a marker of resting and activated microglia). The
nuclear marker, DAPI (0.5 pg/mL), was used in all experiments.
Specificities of each antibody were confirmed by processing
control sections without primary antibodies.

Assessment of proliferating cells

To determine the density of proliferating cells, single-labeled ICC
was performed using the Ki67 antibody. To identify proliferating
cells, the Ki67 antibody was incubated with Olig2, GFAP and/or
tomato lectin. Quantitation of the number of proliferating cells
that were oligodendrocytes, astrocytes and/or microglia was not
performed.

Quantitation of Olig2 density

To quantify Olig2 density in PVL and control tissue, the Neurolu-
cida software program was used which utilizes a motorized x-y
stage (MicroBrightField, VT, USA). The spatial distribution of OL
cell density was determined with two-dimensional graphic plots.
At low magnification (20x), the boundaries of the cerebral cortex,
white matter, ventricular border and necrotic periventricular foci
were outlined. Because we were interested in the relationship
between OL cell density and anatomical location of the OLs rela-
tive to the necrotic foci, a grid system was used. This system
consisted of a grid with six squares (where possible), each 1 mm?,
which was placed over the section using the Neurolucida program.
In the PVL cases, the first box was placed within the focal periven-
tricular necrosis, with subsequent squares stepping away from it
(Figure 1). The grid system was used in multiple tangents with no
significant difference found in Olig2 cell density between tangents.
For the control cases, the grid(s) were placed in the periventricular
white matter in the same region as the typical necrotic foci in PVL
(Figure 1). In addition, for both PVL and control cases, an analysis
with the grid system was used in the intragyral white matter, that is,

Figure 1. Neurolucida images of Olig2 cell density analysis in a 40 post-
conceptional (PC) week periventricular leukomalacia (PVL) case (A) and a
40 PC week control case (B) (identical counting methods were used for
caspase-3 and Ki67). At low power (20x) the boundaries of the white
matter (in blue) and the cerebral cortex (CC) (in red) were outlined. A
boundary was then drawn around each necrotic focus (arrows; A). Using
a grid system of six 1 mm? boxes (where possible), with the first box
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the most distant spatially from the necrotic periventricular foci
(Figure 1). Cell counting was performed at 200x and the same
counting technique was applied to tissue sections stained with Ki67
and caspase-3.

Quantitation of VIBP, CD68 and GFAP

To assess the degree of MBP staining, a semiquantitative
score was given based on staining intensity and distribution.
The degree of MBP staining was assessed at 400X magnification
and given a score of 0-3. A 2-year old control case with histo-
logically “mature” myelin was arbitrarily given the score of 3 and
was used as the standard reference for comparison; in this case,
myelin was visible to the naked eye and was dark and dense; a
Grade 0 =no MBP staining; Grade 2 = scattered MBP-positive
axonal segments detected with the light microscope; Grade
1 =scattered but more prevalent fragments of MBP staining
detected with the light microscope; Grade 2 = light staining
visible to the naked eye that is less than a grade 3. This grading
system is a modification of the one used previously by us (8, 25).
We also counted the number of OLs that expressed MBP immun-
ostaining in the perikaryon in the central white matter of both
PVL and control cases.

A semiquantitative scale identical to one previously published
by us (19) was used to assess the density of CD68 and GFAP
immunopositive cells. The highest number of immunopositive cells
per high power field (hpf) at 400x magnification (0.173 mm?) were
counted following a survey of all fields. The grading system was as
follows: Grade 0 =no cell staining; Grade Y2 = scattered immu-
nopositive cells/hpf; Grade 1 =2-10 immunopositive cells/hpf;
Grade 2 = 11-20 immunopositive cells/hpf; Grade 3 =>20 immu-
nopositive cells/hpf.

Morphologic assessment of 04 OLs

To determine the morphology of developing OLs, the antibody
against O4 (gift from Dr Steven Pfeiffer) was used in free-floating

B. Control

-

placed over the PVL focus and subsequent boxes progressing away
from it, Olig2-immunopositive cells were counted using pre-selected
markers (at 200x). If more than one necrotic focus was found within
each tissue section, a separate analysis was performed, hence the
different markers used for each grid system. Analysis of Olig2
cell density was also performed in the distant intragyral white
matter (*).
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tissue that was fixed in 4% paraformaldehyde and cut at 40-50 pwm.
Six PVL and four control cases were studied. To visualize the O4
immunostaining, a [-chain-specific fluorescein-conjugated IgM
secondary antibody was used as previously described (19).

Statistical analysis for demographics

To compare gestational, post-natal and post-conceptional ages
(PCA), as well as post-mortem intervals, between PVL and control
cases, f-tests were used. A Fisher exact test was utilized to compare
the gender distributions. Analysis of covariance (ANCOVA) was
used to compare brain weight between PVL and control cases,
adjusting for age.

Statistical analysis for Olig2, Ki67
and caspase-3 cell densities

Analysis is described for Olig2, but analysis of Ki67 and caspase-3
data was identical. To test the hypothesis that there is a reduction in
Olig2 cell density in PVL cases compared with controls, two analy-
ses were performed, in which the outcome was Olig2, with diagno-
sis as the main predictor. These models also controlled for age. The
first model was a doubly repeated measures ANCOVA, fit with the
assumptions that (i) boxes within the same tangent and (ii) different
tangents in the same case may be correlated. The interaction
between age and diagnosis were also included in these models
when significant. To test the hypothesis that Olig2 cell density
increases with distance from the necrotic periventricular foci in
PVL cases, we performed the same analysis but box by box. A
repeated measures regression analysis of box number on cell
density was also performed, assuming that tangents within the
same case may be correlated. These analyses also controlled for
age, brain region, the interaction between brain region and
box number, histopathological age of the PVL lesion and the
interaction between PVL histopathologic age and box number, if
significant.

To test for differences between histopathological ages in PVL
cases, repeated measures ANCOVA was used, controlling for age.
First this analysis was performed using all boxes and then it was
repeated only for Box 1 (at the necrotic foci). Repeated measures
ANCOVA, controlling for age, was also used to test for differences
between PVL and control cases in the intragyral region, and for
differences between the intragyral region and other regions in both
PVL and control cases (separately). Finally, repeated measures
regression analyses were performed to test the effect of post-
mortem interval (PMI) on cell number and density. Interactions
between PMI and diagnosis and intragyral/non-intragyral regions
were considered as well.

Statistical analysis for CD68, GFAP
and MBP scores

ANCOVA was used to test for differences between PVL and
control cases in CD68 and GFAP in diffuse white matter and MBP
staining in the central white matter, controlling for age (with a
quadratic term for age, when significant). Paired Wilcoxon tests
were performed to test for differences in CD68 and GFAP cell
density between the focal and diffuse components of PVL, and
between the diffuse white matter and the cerebral cortex in these
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same cases. ANCOVA was used to test for differences between
brain regions in MBP staining, controlling for age. All data are
presented as the mean = SEM. A P-value of less than 0.05 was
considered significant.

RESULTS

Clinical database

A total of 18 PVL and 18 control cases were analyzed in this study.
The PCA range for the PVL cases was 29-95, with a median age of
39 PC weeks. For controls, the age range was 20—144 PC weeks,
with a median age of 36 PC weeks. The mean gestational age (GA)
(PVL: 34.5 = 1.1 weeks; control: 33.6 = 1.7 weeks), post-natal
age (PVL: 7.0 £ 3.5 weeks; control: 9.9 = 6.3 weeks) and PCA
(PVL: 41.5 = 3.5 weeks; control: 43.6 = 7.0 weeks) did not differ
significantly between the two groups. Total mean brain weight
adjusted for age did not differ between the two groups (PVL:
304.9 = 21.5g; control: 343.7 £ 19.6 g; values adjusted for
PCA), nor did PMI (PVL: 19.1 £ 5.7 h, range: 2-89 h; control:
16.8 = 3.1 h, range: 1.5-48 h). Moreover, the different lengths of
PMI did not appear to produce autolytic changes that visually
affected the immunostaining patterns for any of the antibodies
studied.

Neuropathology of cases examined

Of the 18 PVL cases examined, seven had acute foci of periven-
tricular necrosis, 10 cases had subacute necrotic foci, and six cases
had chronic foci with cavitation. There was one case with acute
PVL only, three cases with subacute PVL only, and one case with
chronic PVL only. The remaining 13 cases (72%) had a combina-
tion of two or all three of the histopathologic stages of PVL. There-
fore, a total of 43 necrotic foci were examined, with 15 of them
classified as acute, 15 as subacute, and 13 as chronic. All analyses
treated the histopathological age of the necrotic foci as a factor;
however, because there was no difference between acute, subacute
and chronic necrotic foci for the majority of the parameters exam-
ined, the data were combined, unless stated otherwise. For the
majority of necrotic foci examined, the diameter rarely exceeded
1 mm, and thus could be considered “microcysts”. The finding of
“microcysts” is more prevalent today compared with the larger
cysts observed in the past and hence are more difficult to identify
by imaging techniques. The mean density of activated microglia in
the white matter surrounding the necrotic foci in the PVL cases
(2.35 = 0.20 cells/hpf) was significantly higher than that of con-
trols (1.42 £ 0.19 cells/hpf) (P =0.003). Similarly, there was
diffuse astrogliosis with the mean density of GFAP-positive astro-
cytes being 2.47 = 0.18 cells/hpf in the PVL cases compared with
1.45 = 0.18 cells/hpfin the controls (P < 0.001).

Specificity of Olig2 for oligodendrocytes

No double-labeling of Olig2 with any of the selected markers,
except the cytoplasmic mature OL marker APC, was observed in
the central or periventricular white matter or in the germinal matrix
for either PVL or control cases (Figure 2).
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Figure 2. Double-labeling of Olig2 (nuclear) with the microglial markers lineage (OL) marker Adenomatous Polyposis Coli (APC) (red; F). For
CD68 (brown; A) and tomato lectin (TL, red; D), glial fibrillary acidic images A-E, arrows indicate Olig2 and arrow heads indicate other
protein (GFAP)-positive astrocytes (red; B), microtubule associated markers. For image F, the arrow indicates the mature OL (Olig2+/APC+),
protein-2 (MAP-2)-positive neurons (red; C), and vimentin-positive whereas the arrowhead indicates the immature OL (Olig2+/APC-). All
immature astrocytes (red; E), showed no co-localization. There was images are at 400x magnification. Scale bar =50 um.

co-localization, however, between Olig2 and the mature oligodendrocyte

PCA) in the PVL cases (data not shown) (P =0.02). No effect of
gender on Olig2 cell density in PVL or control cases was found
Visual assessment of Olig2 cell density by light microscopy (data not shown).

revealed no obvious difference between the PVL and control cases To test the hypothesis that the putative reduction in Olig2 cell
(Figure 3). In PVL cases, the Olig2 antibody did not appear to label density is greatest in the most severely damaged areas in PVL, we
apoptotic cells (ie, fragmented nuclei) within the periventricular analyzed Olig2 cell density on a box-by-box basis. In contrast to

Olig2 cell density in PVL cases vs. controls

necrotic foci or in the surrounding white matter, that is, similar the expected observation of decreased Olig2 cell density around
staining patterns were observed for both PVL and control cases. the necrotic focus, we found a significant increase in Olig2 density
Quantitative analysis of total Olig2 cell density (all six boxes com- in this area (Box 1) compared with more distant areas (Box 6)
bined), showed no significant difference between PVL (regardless (P=0.003) (Table 2). This preservation of Olig2 cell density
of histopathological age of the lesion) and control cases, adjusting within the necrotic “core” occurred in regions where there was
for age (Figure 4). As with the controls, there was a significant axonal injury as evidenced by the presence of spheroids, and

reduction in Olig2 cell density with increasing GA (and not PNA or occurred for all histopathological stages examined. Previously, we
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Figure 4. Olig2 cell density (cells/mm?) (all six boxes), was not different
between periventricular leukomalacia (PVL) (n =18) and control cases
(n = 18) adjusting for gestational, post-natal and post-conceptional age.
Abbreviation: NS = not significant.

reported that the intragyral (distant) white matter in PVL is rela-
tively spared of gliosis, suggesting that the brunt of the white
matter injury is in the deep white matter (19). We found, however,
no significant difference in Olig2 cell density between the periven-
tricular (127.9 * 11.7 cells/mm?) and the intragyral white matter
(115.8 =+ 12.9 cells/mm?) in the PVL cases (P = NS). In addition,
no significant difference was found in the intragyral Olig2 cell
density between PVL and control cases (data not shown).

Caspase-3 as a marker of apoptosis in PVL

Analysis of caspase-3 cell density revealed no significant dif-
ference between PVL (6.8 = 2.5 cells/'mm?) and control cases
(2.1 £2.6 cells/mm?) in the periventricular white matter
(P =0.21), despite two PVL cases that were “outliers” (24.9+6.3
cells/mm?). Of note, the mean caspase-3 cell density in the PVL
cases was 2.3 = 0.9 cells/mm? without the outliers. Analysis of
caspase-3 cell density on a box-by-box basis, however, revealed
that there was a significantly greater density within the necrotic
foci (Box 1: 9.6 = 2.1 cellsymm?®) compared with distant areas
(Box 6: 2.0 = 1.2 cells/'mm?) (P = 0.001), and compared with the
relative non-necrotic site in controls (Box 1: 0.9 * 2.2 cells/mm?)
(P =0.01). We were unable to identify the cell type of the caspase-3

Table 2. Olig2 cell density (cellsf/mm?) across the six boxes in periven-
tricular leukomalacia (PVL) cases only.

Box PVL (n = 18) (cells/mm?)

138.7 = 16.9
131.4 = 15.6
128.5 = 16.0
127.8 =17.0
1235 =171
111.5+17.0

Do N -

The post-conceptional age-adjusted mean = SEM of Olig2 cell density
(cells/mm?) decreased significantly across the six boxes in PVL cases
(P=0.003). Box 1 indicates the area overlying the necrotic focus,
whereas Box 6 is the most distant (6 mm). P<0.05 is considered
significant.
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immunopositive cells. We found, however, no correlation between
the density of Olig2 cells and caspase-3 immunopositive cells on a
box-by-box basis in PVL cases (data not shown), suggesting that if
Olig2 cell death was occurring, the dying Olig2 cells were being
replenished by inward migration and/or proliferation of OL precur-
sors (NG2*, PDGFRY).

Proliferation in PVL and controls

Proliferating cells in both the periventricular necrotic focus
(Box 1) and more distant “spared” areas (Box 6) in PVL cases,
and in the comparable region in controls, were identified as OLs
(Olig2*) and microglia, but not astrocytes (data not shown). In
addition, these cells, based on morphological assessment, did not
appear apoptotic. Analysis in the periventricular white matter (all
6 boxes) showed that while there appeared to be a higher density
of proliferating cells in the PVL cases (7.7 = 2.1 cells/mm?)
compared with age-adjusted controls (6.4 = 2.0 cells/mm?), this
was not significant (P = NS). There was also no significant differ-
ence in proliferating cell density in PVL cases when analyzing
boxes from within (Box 1) and progressing away from the
necrotic foci, that is, the density of proliferating cells in Box 1
(7.46 = 2.03 cells/mm?) was not significantly different to Box 6,
the most distant area from the necrotic foci analysed (7.07 = 1.87
cellsymm?). No significant difference in Ki67 cell density was
found between PVL (3.1 = 1.2 cellssmm?) and controls
(4.6 £ 1.1 cells/mm?) in the intragyral white matter. There was
no effect of age on the density of proliferating cells in PVL cases
(data not shown).

MBP staining patterns

Little or no MBP immunostaining in the central white matter in
PVL cases less than 30 PC weeks (n=2) or in control cases less
than 35 PC weeks (n = 8) was found, supporting previous observa-
tions. By 40 PC weeks, however, nearly all cases examined in this
dataset had some degree of myelin [PVL: n=9/10 cases (90%);
control: n = 8/9 cases (89%)], with the timing of appearance occur-
ring first in the parietal white matter, followed by the occipital and
then frontal white matter. We found no significant difference in the
overall degree of MBP immunostaining in central white matter
between PVL (0.74 = 0.10) and control (0.79 £ 0.10) cases,
adjusting for age. There was, however, a significant increase in
MBP degree with increasing GA for both groups (P < 0.0001),
consistent with the progression in myelination over time in both
PVL and control cases (data not shown).

Despite similar age-related degrees of MBP immunostaining
between PVL and control cases in the central cerebral white
matter in association with maintained Olig2 cell density
(Figure 5), we observed striking qualitative abnormalities in the
patterns of myelin staining in the PVL cases. First, there was an
increased number of OLs expressing MBP in the perikaryon in
the diffuse component of PVL cases (5.20 £ 0.53 cells) com-
pared with controls (0.00 = 0.00 cells) (P <0.0001) (Figure 6).
Additionally, we observed abnormal MBP immunostaining
within the organizing and chronic necrotic foci, in association
with axonal injury (spheroids) and maintained Olig2 cell density.
In many instances, the degree of MBP immunostaining was
intensely present in the necrotic foci, in contrast to the lack
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Figure 5. A. Neurolucida image of Case 14 (44 post-conceptional weeks) with a subacute (organizing) necrotic focus (*) located in the optic radiation
(highlighted by the black outlined box). Olig2 (B) and myelin basic protein (C) immunostaining were detected within this necrotic focus (*). Images are

at 200x magnification. Scale bar = 100 um.

of MBP expected for age in the surrounding diffuse white matter
(8, 25) (Figure 7). Of the 43 necrotic foci examined, there was
no abnormal MBP immunostaining in the acutely necrotic foci
(n=0/15), while abnormal MBP immunostaining was present in
73% of subacute PVL foci (n=11/15) and in 62% of chronic
PVL foci (n = 8/15).

04 cell morphology

In two of the six cases of PVL analyzed, we found O4-positive OL
soma without processes (Figure 8). Of the four controls studied, no
abnormalities in OL-process morphology were noted (Figure 8).

DISCUSSION

It has long been postulated that hypomyelination in PVL is caused
by lethal injury to preOLs and subsequent reduction in mature
myelinating OLs (18, 38, 41, 49). Nevertheless, verification of this
hypothesis by a systematic quantitative analysis of OLs in a large
dataset of PVL cases at all histopathologic stages and in conjunc-
tion with MBP assessment, has been lacking. Using the antibody to
Olig2, a transcription factor expressed throughout the entire OL
lineage, we did not find the postulated reduction in total OL cell

Ay N T

ES

e W

Figure 6. Increased number of oligodendrocytes (OLs) (observed quali-
tatively) with myelin basic protein (MBP) immunostaining in the
perikaryon (arrows) in periventricular leukomalacia (PVL) cases (A) com-
pared with controls (B) which had more MBP-positive tubules (arrow-
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density in PVL cases compared with age-related controls. Despite
the “maintenance” of total OL density in the 18 PVL cases in our
series, however, we found abnormalities of O4 and MBP immun-
ostaining, with a loss of OL cell processes in some PVL cases, an
increase and persistence of OLs with perikaryal (as opposed to
distal cytoplasmic process) MBP immunostaining in the diffusely
damaged, pre-myelinated white matter and abnormal MBP expres-
sion in the periventricular necrotic foci. These findings provide new
insight into the potential mechanisms underlying the myelin defi-
cits observed by neuroimaging in survivors of prematurity with
PVL.

This study is based upon the use of the Olig2 antibody to identify
OLs. Functional studies in Olig2-null mice show that these mice
entirely lack preOLs in the spinal cord, and have reduced preOLs in
the forebrain (30). The Oligl/2 double knockout, however, demon-
strates a completely ablated preOL and spinal motor neuron pheno-
type, suggesting that these genes “couple” glial and neuronal
subtype differentiation (52). Recently, it has been suggested that
Olig2 is also involved in the development of astrocytes in the
rodent forebrain (34, 44) and spinal cord (35), and in neuronal
specification, but not astrocyte development in the human cerebral
cortex (23). To ensure the specificity of the Olig2 antibody in our
forebrain samples, we performed a battery of double-labeled

heads). Double-labeling immunofluorescence with MBP (green) and the
nuclear marker DAPI (blue) show perikaryl MBP immunostaining
(arrows). Images are at 400x magnification. Scale bar = 50 pm.
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A.

immunocytochemical studies with Olig2 and other cell type
markers. We found no co-localization of Olig2 with microglia,
astrocytes or neurons, in either the central white matter or in the
germinal matrix, the highly proliferative area where one would
expect the earliest OL progenitors. Olig2, however, co-localized
with the mature OL cytoplasmic marker, APC. Thus, the Olig2
antibody used in this study specifically labels OLs in the develop-
ing human cerebral white matter during the time frame of our
analysis. The differences between our results and those of others
showing Olig2 co-localization with other cell types (23, 34, 44) are
likely caused by differences in species (34, 44), antibody source,
methodology and developmental stages examined in the human
fetus [mid-late gestation in our study vs. early gestation (822 PC
weeks)] (23).

Our major finding is that Olig2 cell density is not reduced in the
focal and/or diffuse components of PVL compared with controls
adjusted for age. Moreover, there is no difference in Olig2 cell

Control
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Figure 7. Abnormal myelin basic protein
(MBP) immunostaining in Case 11 (40
post-conceptional weeks) with a chronic (glial
scar) necrotic focus (*). Abnormal MBP
immunostaining was in the form of globular
segments (lines), rare tubules (arrowhead) and
rare sheaths (arrows) (D). Note that the
surrounding diffuse white matter (WM) is
devoid of any MBP immunostaining (B-D).
Image A is the Neurolucida image of this case;
necrotic focus is highlighted. Image B is taken
at 100x, scale =200 um; C is at 200x,

scale =100 um; D is at 400x, scale = 50 um.

density among acute, subacute and/or chronic stages of PVL, sug-
gesting that Olig2 cells do not progressively die over the temporal
evolution of the white matter damage. We also found an increase in
Olig2 cell density in areas within and immediately adjacent to the
necrotic foci (regardless of histopathological age) compared with
areas 4-6 mm distant from them. It is possible that a loss of white
matter tissue, perhaps caused by anterograde or retrograde destruc-
tion of axons passing through sites of necrosis, with associated loss
in Olig2 cell number maintains the same Olig2 cell density in PVL
cases as in controls. Such “tissue collapse”, however, is not usually
present in acute or early subacute lesions, but only in chronic foci
of necrosis. Therefore, the finding of similar Olig2 cell densities
between the different histopathological stages of PVL and controls,
suggests that there was minimal tissue loss in our PVL cases. There
was also no difference in overall brain weight between the PVL and
control cases in this study, again arguing against the possibility of
substantial loss of cerebral white matter volume (and area) in our

Figure 8. O4 immunostaining of preOLs in a
periventricular leukomalacia (PVL) (A) and
control (B) case. The morphology of O4+
oligodendrocyte lineages (OLs) in the PVL case
lack processes (arrows), whereas in the control
case the processes are intact (arrow). Images
are taken at 400x, scale =25 um.
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Figure 9. Proposed hypotheses for the myelin deficits observed in long-
term survivors of periventricular leukomalacia (PVL) in association with
preserved Olig2 cell density. A. arrest in the maturation of the oligoden-
drocyte lineage (OL) progenitor (NG2) to a more mature myelin basic

PVL cases. In this regard, neuroimaging studies in premature
infants dying around term-equivalent, as in this autopsy study, do
not show volume loss of unmyelinated white matter in the cere-
brum (22). Thus, it is unlikely that a concomitant loss of white
matter volume masks a substantial loss of Olig2 cells in the PVL
cases in this study.

Our data raise the possibility that OL progenitor (NG2*,
PDGFRY) proliferation is triggered to generate new OLs, thereby
compensating for a “masked” OL cell loss in PVL that occurred
hyper-acutely, prior to the time-periods “captured” in our histologi-
cal sections. Oligodendrocytes are known to proliferate in response
to multiple insults, including hypoxia-ischemia, at all ages (5, 7, 9,
15,31, 33,46, 51). With an antibody to Ki67, we found that OLs, as
well as microglia, proliferate in the focal and diffuse components
of PVL. Nevertheless, while there was a trend for increased density
of Ki67-immunolabeled cells in PVL, the difference was not sig-
nificantly different from control cases. This latter result is surpris-
ing given the significant increase in activated microglial cell
density in the PVL cases compared with controls in this and other
studies by us (19), an observation presumed to be caused by, at least
in part, microglial proliferation. It is possible, however, that we are
“missing” the peak timing of microglial proliferation after the
insult in our cases, as microglial hyperplasia occurs almost imme-
diately (within hours) after hypoxic-ischemic injury in neonatal
rodent brain (51), and virtually all of our cases have evidence of
older injury, that is, subacute and/or chronic focal lesions, com-
bined with acute lesions. The 40% increase of reactive microglia
within PVL may also be caused by rapid recruitment and migration
from blood or the subventricular zone, rather than cell division in
situ.

The lack of significantly increased Ki67 cell density in PVL
cases suggests the possibility that we are also “missing” the peak
period of OL proliferation following injury. It also suggests the
possibility that the maintenance of Olig2 cell density overall, and
the increased cell density at the necrotic focus in particular, is
caused by OL migration from the site of OL progenitors, that is, the
subventricular zone of the lateral ventricle, perhaps after a hyper-

Brain Pathology 18 (2008) 153-163

protein- (MBP) positive phenotype; B. inability of the mature OL
to produce sufficient myelin [note hang-up of MBP (brown) in the
perikaryon]; C. primary axonal injury leading to axonal-OL communication
breakdown.

acute loss or injury of preOLs prior to detection in our autopsy
series of PVL cases. In response to hypoxic-ischemic injury in the
neonatal (5, 26, 45, 51) and adult rodent (33, 46), and in models of
multiple sclerosis (37, 40), OL progenitors migrate toward the site
of injury presumably in an attempt to repair, and this can occur
within hours following injury (26, 45). Moreover, OL progenitors
are depleted in the subventricular zone within hours of hypoxic-
ischemic injury in the perinatal rat model (26, 45), suggesting that
their outward migration results in subventricular depletion. In
experimental autoimmune encephalomyelitis, subventricular OL
progenitor cells undergo “oligodendrogliosis™, thereby contribut-
ing new OLs to demyelinated areas (40). Our finding of increased
Olig2 cell density at the necrotic focus is possibly caused by NG2-
positive OLs that are unable to mature to a myelin-forming pheno-
type, an avenue for future study.

The question arises: what is causing the myelin deficits in survi-
vors of PVL? We suggest: (i) inadequate repair involving prolifera-
tion and migration of OL progenitors to the necrotic core; (ii) an
arrest in maturation of the OL progenitor or preOL to the mature
phenotype; (iii) an inability of the mature OL to produce or traffic
sufficient myelin; and/or (iv) primary axonal injury with defective
axonal signaling for myelin initiation and production by OLs
(Figure 9). The observation of increased OLs expressing MBP
directly in the perikaryon, rather than on the processes, in the PVL
cases supports dysregulation in MBP mRNA trafficking and/or
dysfunction of myelin sheath wrapping. During the process of
myelin sheath formation, MBP mRNA translocates from the OL
cell body (perikaryon) to the distal cytoplasmic processes that
eventually undergo wrapping and membrane compaction to form
the myelin sheath (4, 10, 39, 47, 48). Recently, N-methyl-D-
aspartate receptors, a mediator of preOL excitotoxicity (36, 43),
have been reported on the processes and not somata of preOLs, and
can rapidly detach and disintegrate following ischemia in a murine
model (43). In PVL, a similar damage may occur to distal processes
but not necessarily cell number, as reflected by our initial O4
immunostaining results, in which the preOL soma is preserved but
the cell processes have disintegrated. In regards to defective
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axonal-OL signaling, we found axonal damage occurs in the
periventricular necrotic foci, as reported in previous studies and we
have recently identified that widespread axonal injury also occurs
in PVL (unpublished observations). In our PVL cases, the promi-
nence of Olig2 cells and MBP-positive fragments in the necrotic
foci suggest that the mature OLs may attempt to produce myelin,
but the process is abnormal without intact axons to signal the
proper timing and formation of myelin sheaths. Using an ischemic
mouse model, Mandai et al (33), demonstrated that early axonal
disruption occurs prior to changes in PLP mRNA, suggesting that
the damage to axons precedes that of damage to OLs and myelin
(33). Our finding of abnormal MBP immunostaining within the
necrotic foci was not reported in a previous study examining myeli-
nation and OLs in PVL (20). Given that the average age of the cases
studied by lida et al. (20) was approximately 15 weeks older than
those used in the present study, this age difference is likely enough
to have affected myelination patterns.

In conclusion, this study indicates that myelin abnormalities and,
in some instances, loss of preOL cell processes occur in PVL
without a loss of OL cell density. Our findings raise the intriguing
possibility that a hyperacute loss of preOLs is replenished, by pro-
liferation and migration of OL progenitors from subventricular
zones, a process that may not always be adequate and thereby result
in neurological disability. They also suggest that the deficits in
myelination are caused by loss of OL-cytoplasmic processes and
defective MBP trafficking, perhaps secondary to process loss. This
study highlights the need to analyze in greater depth the potential
factors critical for OL proliferation, migration and repair for
optimal myelination in long-term survivors of PVL as crucial leads
for the development of successful therapeutic strategies in PVL.
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