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Abstract

The role of the cerebral cortex in the cognitive deficits in preterm survivors is poorly
understood. Periventricular leukomalacia (PVL), the key feature of encephalopathy of pre-
maturity, is characterized by periventricular necrotic foci and diffuse gliosis in the surround-
ing cerebral white matter. Here, we tested the hypothesis that reductions in the density of
layer I neurons and/or pyramidal neurons in layers III and/or V are associated with PVL,
indicating cortical pathology potentially associated with cognitive deficits in long-term
survivors. In controls (23 gestational weeks to 18 postnatal months) (n=15), a lack of
significant differences in pyramidal density among incipient Brodmann areas suggested that
cytoarchitectonic differences across functional areas are not fully mature in the fetal and
infant periods. There was a marked reduction (38%) in the density of layer V neurons in all
areas sampled in the PVL cases (n = 17) compared to controls (n = 12) adjusted for postcon-
ceptional age at or greater than 30 weeks, when the six-layer cortex is visually distinct
(P < 0.024). This may reflect a dying-back loss of somata complicating transection of layer
V axons projecting through the necrosis in the underlying white matter. This study under-
scores the potential role of secondary cortical injury in the encephalopathy of prematurity.
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INTRODUCTION

Despite critical advances in the survival of premature infants, long-
term cognitive deficits are increasingly recognized as a major
adverse outcome with enormous personal and societal burden (64).
Of the 63 000 very low-birth weight infants (=1500 g) born in the
United States each year, 25%—50% develop cognitive, behavioral,
attentional and associational deficits (47, 64). Moreover, of the
approximately 350 000 late preterm infants (34-36 gestational
weeks) born yearly, 2.1% (7000 infants) develop developmental
disabilities, cerebral palsy and/or seizures, a twofold increase over
such neurological disability in term infants (53). Abnormalities in
working memory, planning and attention have all been reported in
premature infants who survive into childhood (1, 3, 6, §, 9, 15, 18,
27, 41, 58, 59, 62, 63, 66, 67). Nevertheless, the cellular basis of
these cognitive abnormalities is poorly understood, particularly in
relationship to the cerebral cortex, the key neuroanatomic substrate
of cognitive processing. The rubric that best defines the known
brain abnormalities in premature infants is the “encephalopathy of
prematurity,” an entity comprised of white and gray matter lesions
in various combinations that have been defined by neuropathologi-
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cal and neuroimaging studies (32, 64). Its most notable component
is the white matter lesion, periventricular leukomalacia (PVL),
which occurs in association with neuronal/axonal deficits involving
the cerebral cortex, thalamus, basal ganglia, hippocampus, cerebel-
lum and/or brain stem (5, 14, 21, 32, 40, 54). The cause of PVL is
likely cerebral ischemia/reperfusion with excitoxicity and free
radical toxicity compounded in certain instances by infection/
inflammation and cytokine toxicity (32). In a recent survey of the
neuropathology of prematurity in 41 infants dying in the perinatal
period, we found that approximately one-third of PVL cases had
obvious focal neuronal loss and/or gliosis in the cerebral cortex,
primarily in the frontal lobe (54). In addition, premature infants
studied in childhood, adolescence and adulthood demonstrate per-
sistent cortical volume deficits that correlate with a wide spectrum
of cognitive deficits (9, 13, 25, 26, 52, 67). In the following study,
our main objective was to determine the role of pyramidal neurons
in perinatal cortical pathology associated with PVL, the defining
lesion of the encephalopathy of prematurity.

The microcircuitry of the cerebral cortex underlying cognitive
processing is dependent upon precise interrelationship between
variable numbers of excitatory pyramidal neurons and inhibitory
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non-pyramidal (granular) neurons in cortical modules depending
upon specific connectivity. As a first step in the neuropathological
analysis of the cerebral cortex in the encephalopathy of prematu-
rity, we focused upon pyramidal neurons because they account for
75%—80% of the cortical neurons (11, 29), and they play a critical
role in cellular injury caused by hypoxia—ischemia via excitoxic
mechanisms. We also analyzed neurons in layer I, that is, putative
Cajal-Retzius cells, because these neurons are important in the
development and function of pyramidal neurons (12, 43). We
assessed three main cytoarchitectonic regions: (i) the granular
(koniocortex) cortex of sensory areas characterized by small
densely packed neurons in the middle laminae; (ii) agranular cortex
of the motor and premotor cortical areas characterized by large
pyramidal cells in layer V, and relative absence of granular cells;
and (ii1) homotypical cortex of association regions with varying
populations of granule cells. Here, we tested the hypothesis that the
density of layer I neurons, layer III pyramidal neurons and/or layer
V pyramidal neurons is decreased in the cerebral cortex overlying
PVL compared to controls adjusted for postconceptional age. For
cell quantitation in archival tissue sections, we employed the two-
dimensional method of Benes et a/ used by them in the analysis of
the cerebral cortex in schizophrenia (4, 62). To help identify the
pyramidal neurons of interest, we applied immunostaining with the
antibody to the microtubule-associated protein-2 (MAP2), which
demonstrates the somatodendritic compartment of virtually all
neurons but especially pyramidal neurons (22, 38, 50). We report
here a laminar-specific reduction in pyramidal neurons of layer V,
without severe or widespread neuronal damage in the cortex itself,
suggesting de-afferentiation of these pyramidal neurons by the
underlying white matter necrosis and secondary cell body loss via
dying-back mechanisms.

MATERIALS AND METHODS

Clinical database

Cerebral cortical samples were accrued from PVL cases and con-
trols between 1993 and 2007 in the Department of Pathology, Chil-
dren’s Hospital Boston, MA. We studied cases in two groups: PVL
(n =20) and control (non-PVL) (n = 15) based upon neuropatho-
logical findings. Of this cohort, 17 PVL cases and 12 control cases
were =30 postconceptional weeks, that is, the time frame when the
six-layer cortex is visually distinct (see below). Cases were classi-
fied as PVL based upon the histopathological criteria of periven-
tricular focal necrosis in the deep white matter with surrounding
diffuse reactive gliosis and microglial activation (5, 20, 31, 32). The
stage of periventricular necrosis was categorized by histopatho-
logical criteria: (i) acute with coagulative necrosis, cytoplasmic
hyper-eosinophilia and nuclear pyknosis of all tissue elements, and
hyper-eosinophilic axonal spheroids; (ii) organizing with infiltrat-
ing macrophages and reactive astrocytes in the necrotic foci; and
(ii1) chronic, with focal cavitation or scar formation with axonal
mineralization (31, 32). Reactive astrocytes were present in the
surrounding white matter at all histopathological stages of the focal
necrosis. Control cases did not have PVL or other significant brain
pathology upon standard histological examination. Cases with dis-
orders of known cortical maldevelopment, for example, Down syn-
drome, were excluded from analysis. All cases were studied with
approval of the Human Protection Committee and Institutional
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Review Board at Children’s Hospital Boston. The autopsy reports
were reviewed for major clinical findings, systemic autopsy diag-
noses and neuropathological findings. The age of each case was
expressed in postconceptional (gestational plus postnatal) weeks.

Immunocytochemistry

To assess cerebral cortical pathology in all study cases and con-
trols, we applied antibodies to MAP2 and fractin. We applied
immunohistochemistry with the neuron-specific MAP2 antibody
for quantitation of selected neuronal density in layers I, III and V.
For MAP2 analysis, antigen retrieval involved 10 minutes of micro-
wave at 195°F in citrate buffer, pH 6.0. After retrieval, standard
methods were applied in deparaffinized tissue sections (4 um) (20).
The antibody MAP2 (MAP2, dilution: 1:2000, Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, sc-20172) is a rabbit polyclonal
antibody raised against amino acids 1-300 mapping at the
N-terminus of MAP2 of human origin. The antibody fractin (BD
Pharmingen, San Jose, CA) was used at 1:500 dilution. Negative
immunohistochemical controls omitted the primary antibodies. We
first qualitatively assessed immunostained sections with standard
light microscopy. In a pilot study of the cerebral cortex in five
control cases, we found that the MAP2 antibody labeled layer I
neurons and pyramidal neurons in layers III and V in all incipient
Brodmann areas sampled.

Quantitation of neuronal density in cortical
layers I, lll and V

We used the procedure of Benes et a/ for two-dimensional counting
in the cerebral cortex (4, 62), which we modified for the developing
human brain in archival microscopic tissue sections from our
pathology department. The following morphological criteria were
applied for a neuron to be counted: (i) positive MAP2 cytoplasmic
immunostaining; (ii) distinctly visible nucleus; and (iii) specific
neuronal morphology of layer I neurons and pyramidal neurons
(see below). The Neurolucida software program (MicroBright-
Field, Williston, VT) was used to quantify neuronal density in the
selected layers. At low magnification (x40), we outlined the bound-
ary of the entire section and then the boundary of the entire cortex
in the section (Figures 1 and 2). Next, we defined three rectangular
“boxes” of the cortex that were each 600 um wide, as per the
procedure of Benes er al (4, 62), each involving a specific Brod-
mann area (Figure 2). Within this defined cortical region, the
boundaries of the six cortical laminae were outlined (Figure 2).
Once the outlines were set in place, the selected neurons in layers I,
III and VI were counted at high magnification (x200). Prior to the
study, we performed a pilot analysis in three control cases to deter-
mine the optimal width of the cortical rectangular boxes for assess-
ment of neuronal density in each of the selected laminae. We
counted neurons in the three cortical layers in boxes that were
100-800 wm in width in 100 um increments, and neuronal density
in each lamina was calculated. We found that widths greater than
500 pm, that is, at 600, 700 and 800 wm, provided minimal varia-
tion in neuronal density (<4%) (data not shown). These pilot data
indicated that boxes greater than 500 um in width provided the
most accurate density measurements in the developing brain, and
we selected 600 um for use in the study. Neuronal density was
calculated as the number of specific neuronal subtype divided by
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Figure 1. The Brodmann area was determined by comparison of the
region counted to standard available maps. A. The cortex is subdivided
for analysis into regions based upon cytoarchitectonic patterns: konio-
cortex (sensory related) with stripes (primary sensory) and dots (second-
ary and tertiary sensory); agranular (motor and limbic related), light gray;

the area of the laminar box of interest (mm?). The Brodmann area
was determined by comparison of the region counted to standard
available cytoarchitectonic maps (Figure 1). In the PVL cases, we
sampled the cortex overlying foci of periventricular necrosis and
diffuse white matter gliosis, and compared it to the cortex in
control cases without PVL and from similar Brodmann areas.

Figure 2. The Neurolucida software program (MicroBrightField) was
used to quantify the density of layer | neurons and pyramidal neurons in
layers Il and V with MAP2 immunostaining in a two-dimensional sam-
pling column from the pial surface to the gray-white border. A. We first
selected the Brodmann area for study, as demonstrated in area 24
(cingulate gyrus). At low magnification (x40), we outlined the boundary
of the entire section and then the boundary of the entire cortex in the
section (Figure 1). Next, we defined three rectangular “boxes” of the
cortex that were each 600 um wide in the Brodmann area. B. Within this
defined cortical region, the boundaries of the six cortical laminae were
outlined, as illustrated in a representative control cases at 40 postcon-
ceptional weeks (term). Once the outlines were set in place, the
selected neurons in layers |, Ill and VI were counted at high magnifica-
tion (x200) in the MAP2-immunostained section. The circles identify the
neurons counted in each lamina of interest.
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and homotypical (association), dark gray. The specific Brodmann area is
defined from standard maps (courtesy of the Harvard Brain Bank) (B) in
the tissue section (C). Examination of the area 24 (cingulate gyrus) is
exemplified in a representative control at 72 postconceptional weeks (2
postnatal months).

Because of the obvious white matter lesions in the study group, the
analysis could not be performed blinded; it was nevertheless per-
formed without detailed clinicopathological information, includ-
ing age.

Percent of MAP2-immunostained neurons
in layer V

Antibodies against MAP2 are considered sensitive probes of
ischemic injury, with reductions in the intensity of MAP2 immun-
ostaining associated with hypoxic—ischemic conditions in human
autopsied brain (36, 38, 42, 50). In this study, we counted the
pyramidal neurons immunostaining with MAP2, irrespective of the
degree of intensity. We then combined this information with data
involving the percent pyramidal neurons in layer V that are immu-
nostained for MAP2 relative to the total number of pyramidal
neurons in order to determine if the hypothesized reduction in the
density of MAP2 neurons was caused by a loss of cell bodies and/or
immunostaining. We counted 100 pyramidal neurons in layer V in
the cerebral cortex overlying PVL compared to the same anatomic
region in controls adjusted for postconceptional age. We then deter-
mined the percent of total pyramidal neurons that were immunopo-
sitive for MAP2, and compared the measures between PVL cases
and controls.

Analysis of fractin-immunopositive neurons in
the cerebral cortex

We utilized an antibody to fractin as an apoptotic marker to test
the hypothesis that there is increased injury in layer I neurons
and/or pyramidal neurons in layer III and/or layer V overlying
PVL with or without an associated reduction in neuronal density
(18). We surveyed for fractin-positive neurons in the entire cere-
bral cortex overlying PVL compared to similar regions in the
control cases adjusted for postconceptional age. We qualitatively
determined the incidence (presence or absence) of positive fractin
immunostaining.
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Cortical and laminar thickness

The cortical and laminar thickness was determined in microscopic
sections stained with hematoxylin-and-eosin/Luxol-fast-blue (H &
E/LFB), adjacent to the sections immunostained and assessed with
MAP2. The H & E/LFB-stained sections were used because the
demarcations between the cortex and underlying white matter were
more distinct than in those immunostained with MAP2. A measur-
ing tool in the Neurolucida program called “quick measure line”
was used to make the thickness measurement.

Neuronal size

The neurons were measured with the use of the computer program
Neurolucida and the “quick measure line” tool. The size of the
neuron was determined by measuring the largest diameter of the
cell at midpoint. The mean of the largest diameter of five neurons
for each subtype sampled was used for statistical analysis.

Statistical analysis

Demographic characteristics were compared between PVL cases
and controls using r-tests for continuous variables and Fisher’s
exact tests for categorical variables. The normative development in
the (non-PVL) controls was examined by regression analysis of
age, brain weight, percent MAP2-immunopositive cells, neuronal
size, neuronal density and laminar thickness. For neuronal size and
density, repeated measures regression was used as there were mea-
surements from three regions per case. The effect of functional
cortical region, Brodmann area and cerebral lobe upon neuronal
density in controls was tested using repeated measures analysis of
covariance (ANCOVA) controlling for age. In the comparison of
PVL cases to controls, ANCOVA controlling for age was used to
test for differences between study groups in brain weight, percent
MAP2-immunopositive cells, neuronal size, neuronal density and
laminar thickness. For neuronal size and density, repeated mea-
sures ANCOVA was used as there were measurements from three
regions per case. Differences in the incidence of histopathological
features and fractin immunostaining between PVL cases and con-
trols were tested by Fisher’s exact test. Analysis was conducted
using SAS v9.2 (Cary, NC). In all analyses, a P value <0.05 was
considered statistically significant.

RESULTS

Baseline development of the human
cerebral cortex

The analysis of the cerebral cortical data in the control group pro-
vided baseline information about normative human development.
We analyzed the cerebral cortex in 15 control cases ranging in
postconceptional age from 23 weeks (midgestation) to 112 weeks
(18 postnatal months) with a median of 34 weeks in which MAP2-
immunopositive neurons were identified (Supporting Information
Table S1). These control cases did not have PVL or other signifi-
cant neuropathological features. The primary causes of death were:
prematurity with respiratory distress syndrome, n = 4; congenital
heart disease, n=2; primary pulmonary hypertension, n=1;
hydrops fetalis caused by placental chorioangiomas, n = 1; hydrops
fetalis caused by parvo virus, n = 1; sacral teratoma, n = 1; cystic
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lymphatic malformation of the neck, n = 1; Werdnig—Hoffmann
disease, n = 1; foreign body aspiration, n = 1; Blackfan—Diamond
syndrome, n = 1; and bronchiolitis, n= 1. The following Brod-
mann regions (with available histological sections) were assigned
the following subtypes of cortex: (i) koniocortex (sensory) (n = 7):
primary sensory—17 (visual), 22, 41 (auditory), 3 (somatosen-
sory); and secondary/tertiary sensory—18 and 19 (visual), 20
(auditory); (ii) agranular cortex (motor cortex) (n = 2)—4; and (iii)
homotypical cortex: frontal association (n =22)—38, 9, 23, 24, 31,
32,46, 47; parietal association (n = 5)—7, 21, 40; and limbic asso-
ciation (n =2)—28, 29. Not all Brodmann areas were available in
all cases.

The brain weight increased significantly with increasing gesta-
tional age, as expected [slope=37.1 £2.4 (standard error)
g/week, P=0.011]. The pyramidal cells were first detected with
MAP2 immunostaining in layer V at 23 gestational weeks (Fig-
ures 3 and 4); of note, they were not appreciated at this age in the
H & E/LFB-stained sections. We did not identify any MAP2-
immunopositive neurons at 20 weeks in a fetus dying of pulmonary
immaturity (Figure 4). At 23 weeks, layers I and II were readily
distinguished from one another, as was layer II from the deeper
layers (layers I1I-VI), but distinctions between the deeper layers
were not obvious (Figure 5). At 27 weeks, pyramidal neurons were
present in layers I1I and V. By 30 weeks, the six laminae were fully
differentiated from one another (Figure 5). By the second half of
gestation, the distinct morphology of the pyramidal neurons in
layers III and V, as well as layer I neurons, was fully developed. In
layer I, MAP2-immunostained neurons had abundant perikarya
and were horizontal in orientation, consistent with the known mor-
phology of Cajal-Retzius neurons (Figure 3) (41). Pyramidal
neurons were identified by the classic triangular-shaped cytoplasm
(Figure 3). Immunostaining to MAP2 was identified predominately
in pyramidal neurons of all sizes compared to negligible staining in
non-pyramidal (granular) neurons (data not shown). The percent
pyramidal neurons in layer V that immunostained for MAP2 rela-
tive to the total number of pyramidal neurons was 86.7% = 5.9%
in the controls, and did not change significantly with increasing
postconceptional age [slope =0.011, P=0.70 (regression). The
size of pyramidal neurons increased significantly in only layer V
(slope = 0.044, P =0.0003) with increasing postconceptional age
(Figure 3), and not in layer I neurons (slope = 0.013, P = 0.80) or
pyramidal neurons in layer III (slope = 0.046, P = 0.23).

Although differences in pyramidal neuronal density in layers I1I
and/or V were suggested among the various regions and Brodmann
areas analyzed, there were no significant differences upon adjust-
ment for gestational age (Supporting Information Table S2). Of
note, a sufficient number of sections of the primary sensory cortex
in the control group were not available for analysis (Supporting
Information Table S2). Given that we did not visually identify six
laminae until 30 postconceptional weeks, we excluded controls less
than 30 weeks in a comparative analysis of the koniocortex vs. the
homotypical cortex, but still did not identify a statistically signifi-
cant difference in the density of layer I neurons and/or of pyramidal
neurons in layer III and/or layer V between these areas (data not
shown). The lack of statistical significance is likely due, at least in
part, to the wide density variations among individual cases in each
anatomic category and the small sample size for several individual
Brodmann areas. Consequently, we felt justified in making no
adjustments for these anatomical regions in the analyses examining
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Figure 3. Selected neurons in the frontal
association (homotypical) cortex are illustrated
in representative controls at 43
postconceptional weeks (A), 53 weeks (B and
D) and 23 weeks (C). These neurons are: A.
MAP2-immunostained horizontal neurons in
layer | which are putative Cajal-Retzius cells;
B. MAP2-immunostained pyramidal neurons in
layer IlI; €. MAP2-immunostained pyramidal
neurons in layer V at 23 weeks; and D.
MAP2-immunostained pyramidal neurons in
layer V at 53 weeks. The pyramidal neurons

in layer IIl (B) tend to be smaller than those in
layer V (D) at the same age. The pyramidal
neurons in layer V increase in size and process
complexity from 23 weeks (C) to 53 weeks (D).
Scale bar =50 um.

total cortical neuronal density in all regions sampled in PVL cases
and controls. In other analyses, we combined the Brodmann areas
into koniocortex and homotypical cortex in order to increase the
sample size for the major types of cytoarchitectonic patterns (Sup-
porting Information Table S2). Developmental changes in density
were sought based upon increasing gestational age. With increas-

Cerebral Cortex Overlying PVL

ing gestational age, there was no significant change in the density
of layer I neurons or pyramidal neurons in layers III and V in
koniocortex or homotypical cortex (see above). Yet, when all areas
were combined, there was a significant mild decrease in the density
of pyramidal neurons in layer V (slope=-0.68, P =0.048)
(Figure 6). The cerebral cortex increased in overall thickness with

30 weeks

Figure 4. There is a developmental change in the appearance of MAP2-immunopositive neurons in the frontal association cortex from 20 postconcep-
tional weeks to 54 weeks in the control group. At 20 weeks, MAP2-immunopositive neurons are not identified, but are present in the incipient layer V
at 23 weeks. At 30 weeks, MAP2-immunopositive neurons are prominent in layers 11-V, and in layers |-V thereafter. Scale bar = 1 mm.

Brain Pathology 20 (2010) 803-814
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30 weeks
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Figure 5. There is a striking change in the laminar pattern between 23
(A) and 43 (C) postconceptional weeks, with differentiation of layers
[1I-VI appearing around 30 weeks (B), as illustrated in representative
controls in the frontal association cortex. Over this time course, layers
I1I-VI are increasingly detected, first appearing around 30 weeks. At 23

increasing gestational age (P < 0.001). The individual laminae all
increased in thickness as well, with the exception of layer IV (Sup-
porting Information Table S3).

The cerebral cortex in PVL

Demographics

We analyzed the cerebral cortex in 20 PVL cases and 15 controls
(Supporting Information Table S1). Both groups were comprised
of premature infants born on average near-term with PVL cases
born at 33.9 = 4.3 weeks, and controls at 33.1 * 6.2 weeks
(P =0.67) (Supporting Information Table S1). In this cohort, 75%
(15/20) of the PVL cases were born prematurely (<37 gestational
weeks) compared to 67% (10/15) of the controls (P = 0.71). Fifty
percent (10/20) of the PVL cases in this series were very early-to-
mid preterm (<32 weeks) compared to 67% of the controls (10/15)
(P=0.49) (Supporting Information Table S1). The PVL cases

250
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Figure 6. There is a normative significant decrease in the density of

pyramidal neurons in layer V with increasing postconceptional age for all
layers cortical regions combined (control cases) (P=0.048).
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weeks, layers | and Il are discernible; the latter characterized by dense
cellular packing. The change in the laminar pattern is caused by an
increase in the neuropil and differentiation of neuronal subtypes. The
dotted line represents the border between layer VI and underlying white
matter. Scale bar =1 mm.

lived on average a shorter postnatal period (5.9 = 14.0 weeks)
compared to the controls that lived 13.2 * 23.6 weeks, but the
difference was not significant (P = 0.30) (Supporting Information
Table S1). There was no significant difference between the post-
conceptional age between the PVL cases (39.8 * 14.0) and con-
trols (46.3 = 26.1) (P =0.39) (Supporting Information Table S1).
There was also no difference between the two groups in the mean
Apgar scores at 5 minutes (6.8 for both groups) or incidence of
congenital heart disease, necrotizing enterocolitis, sepsis (defined
by documented positive blood culture or bacterial infection in any
organ), seizures or mechanical ventilation (Supporting Information
Table S1). Ofnote, 100% of the PVL cases and 87% of the controls
received mechanical ventilation (P = 0.19) (Supporting Informa-
tion Table S1). The primary causes of death in the PVL group were:
prematurity with respiratory distress syndrome, n = 7; congenital
heart disease, n=6; congenital diaphragmatic hernia, n=2;
mesangial sclerosis of the kidney, n=1; inherited urea cycle
defect, n = 1; translocation of chromosomes 12 and 14, n = 1; skel-
etal dysplasia, n=1; tegmental necrosis and hypoplasia of the
medulla oblongata, n = 1. There were no stillbirth cases in the PVL
or control groups. There was no difference in the postmortem inter-
val among the two groups (P =0.11) (Supporting Information
Table S1), and there was no obvious visual effect of postmortem
interval upon immunostaining for the two antibodies analyzed.

Neuropathology of PVL

PVL in our affected cases was characterized by the diagnostic
features of focal periventricular necrosis associated with diffuse
gliosis and microglial activation in the white matter and relative
sparing of the cerebral cortex utilizing standard neuropathological
criteria (31, 32) (Figure 7). In the PVL cases, the stage and degree
of severity of the white matter damage varied, reflecting the typical
spectrum of this pathology in our autopsy service. At the time of
brain cutting, 35% (7/20) of the PVL cases had gross periventricu-
lar necrotic foci that were either cystic cavities (4/7) or chalky-
white foci (3/7). Thus, grossly cystic lesions accounted for only
20% (4/20) of the autopsy cases; these cysts ranged in size from

Brain Pathology 20 (2010) 803-814
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Figure 7. The cerebral cortex overlying
periventricular leukomalacia (PVL) is relatively
intact histologically, as illustrated in the PVL
case of an infant dying at 39 postconceptional
weeks. A. A low-power histological section
provides orientation, with the microcysts of
focally necrotic lesions in the deep
(periventricular) white matter (arrow) illustrated
in high magnification (B) and with the overlying
cerebral cortex (arrowhead) (C). Scale

bar =200 um.

0.75to 2.2 cm. The chalky-white foci of necrosis, that is, the classic
so-called “white spots” of PVL (31, 32), accounted for 15% (3/20)
of'the PVL cases; these lesions were typically 2-3 mm in diameter.
In the 65% of cases without gross lesions, the microscopic necrotic
foci varied in size up to approximately 2 mm. There was a signifi-
cant difference between the PVL and control cases in the incidence
of germinal matrix hemorrhages with 30% (6/20) in the PVL cases
compared to 0% (0/15) in the controls (P = 0.03); this finding was
not unexpected given that the control brains were selected based
upon the absence of significant neuropathological findings in the
forebrain. The brain weight adjusted by postconceptional age
tended to be smaller in the PVL cases (349.5 * 25.4 g) compared
to the controls (400.7 = 25.4), but the difference was not statisti-
cally significant (P = 0.17).

Figure 8. Between 22% and 39% of the
periventricular leukomalacia cases
demonstrated mild and/or non-specific
histopathological changes in the cerebral
cortex that were not significantly different in
incidence or features from controls. These
changes included: (A) astrogliosis
characterized by naked glial nuclei (arrows) (H
& E); (B) acutely necrotic, hyper-eosinophilic
neurons with pyknotic nuclei (arrows) (H & E);
(C) reactive astrocytes diffusely present
throughout all layers (arrows) (glial fibrillary acid
protein immunocytochemistry); and (D)
diffusely activated microglia (arrows) (CD68
immunocytochemistry). Scale bar = 100 um.

Brain Pathology 20 (2010) 803-814
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,.

Histopathological features in the cerebral cortex

In general, the cerebral cortex overlying PVL was histologically
intact (Figure 7). Nevertheless, the PVL group demonstrated mild
degrees of histopathology, including reactive astrogliosis charac-
terized by hypertrophic astrocytes upon immunostaining for glial
fibrillary acidic protein in 38% of the cases, and reactive “naked”
glial change with enlarged nuclei and no cytoplasm in 39% of the
cases (Figure 8); however, there was no significant difference in
these findings between the PVL and control groups (Supporting
Information Table S4). There was also no difference in the presence
of acute (agonal) neuronal necrosis or microglial activation
(Figure 8) (Supporting Information Table S4). There was no sig-
nificant difference in the presence of fractin-immunopositive
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neurons in any layer of the cortex between the PVL cases (3/12,
25%) and controls (2/10, 20%) (P = 1.00). There was no difference
in the incidence of the percent of MAP2-stained pyramidal cells in
layer V between the PVL cases (88.0 = 5.0%) and controls
(86.7 = 5.9%) (P=0.88). There was also no obvious cortical
anomaly in the PVL cases compared to controls, including in radial
(vertical) organization.

Quantitative changes in neuronal density and size

The cerebral cortex in the specified (sensory and homotypical)
types of cerebral cortex was analyzed in the same tissue sections
with focal periventricular necrosis in the PVL cases, that is, the
cerebral cortex overlying focal white matter damaged was
assessed. The sample size of the cortical subtypes in the PVL cases
was: frontal association, n = 10; parietal association, n = 17; limbic
association, n = 0; agranular, n = 2; and sensory, n = 21. The analy-
sis of the density of layer I neurons and pyramidal neurons in layers
Il and V revealed a significant reduction (67%) in density of pyra-
midal neurons in layer V in the koniocortex in all PVL cases
(n=20) (32.21 % 6.12 neurons/mm?) compared to all controls
(97.88 = 11.11 neurons/mm?) (n=15) adjusted for postconcep-
tional age (P <0.001). There was also a marginal reduction
(30.0%) of layer V neurons in all areas combined in PVL cases
(49.35 = 7.21 neurons/mm?) compared to controls (70.49 *+ 8.36
neurons/mm?) adjusted for postconceptional age (P = 0.060). In a
second analysis, the PVL cases and controls that were <30 postcon-
ceptional weeks were excluded as a distinct six-layer cortex was
not appreciated visually until 30 weeks and older. This analysis of
the density of layer I neurons and pyramidal neurons in layers I1I
and V revealed a significant reduction (83%) in density of pyrami-
dal neurons in layer V in the koniocortex in PVL cases
(24.49 = 5.69 neurons/mm?) (n=17) compared to the controls
(144.92 = 15.44 neurons/mm?) (n = 12) adjusted for postconcep-
tional age (P < 0.001) (Supporting Information Table S5). There
was also a significant reduction (38%) of layer V neurons in all
areas combined in PVL cases (40.59 = 6.91 neurons/mm?) com-
pared to controls (65.69 = 8.27 neurons/mm?) adjusted for post-
conceptional age (P =0.024) (Supporting Information Table S5).
There were no changes in layer I neurons or layer III pyramidal
neurons in either the koniocortex or homotypical cortex (Support-
ing Information Table S5). Of note, Brodmann Area 4 (primary
motor) was not specifically analyzed because of the small sample
size of the controls (n =2 PVL case; n = 2 controls). There was no
difference in cell diameter between PVL cases and controls,
adjusted for age.

Quantitative changes in cortical and laminar thickness

The overall thickness of the cerebral cortex (layers [-VI) was not
significantly different between the PVL cases (1685.0 = 84.0 mm)
and controls (1667.9 = 89.28) (P = 0.88) adjusted for regions and
postconceptional age in H & E-stained sections, nor were there
differences in thickness in the individual laminae (Supporting
Information Table S6).

DISCUSSION

There is increasing appreciation of the neuropathological complex-
ity of the encephalopathy of prematurity, yet the role of the cerebral
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cortex in this entity is incompletely understood. Historically, the
conventional teaching has been that the cerebral cortex in prema-
ture infants, including overlying PVL, is spared from damage (2),
and that the cerebral white matter of the preterm brain is develop-
mentally susceptible to injury, whereas the cortex is resistant (28,
29). Over a decade ago, this view was challenged by the seminal
Golgi study of the cerebral cortex in long-term survivors of severe
white matter necrosis by Marin-Padilla in which secondary neu-
ronal abnormalities, including in layer V, were first defined (45).
Subsequently, our group demonstrated in a semiquantitative neuro-
pathological survey of premature brains that non-specific gliosis is
present in the cerebral cortex in approximately one-third of cases
with PVL (51), and that immunomarkers of oxidative stress are
present in some, but not all cortical neurons in PVL (17). The latter
finding is indicative of a potential primary injury to the cortex
complicating hypoxia—ischemia (17). We now report a highly sig-
nificant reduction in the density of pyramidal neurons in layer V in
all areas combined and in sensory cortex in particular in PVL
that may not be a primary injury, but rather secondary to
de-afferentiation of the projecting axons through the underlying
white matter necrosis. The detection of this abnormality, like the
cortical abnormalities described by Marin-Padilla, was dependent
upon special neuropathological techniques (immunocytochemistry
and computer-based quantitation as opposed to the Golgi technique
employed by Marin-Padilla) (45). In the following discussion, we
highlight this cortical finding in layer V neurons in the context of
our observations about normative cortical development during the
period of high PVL risk, that is, the end of the second trimester,
third trimester and perinatal period. We begin with a consideration
of the potential limitations of the study.

Potential limitations of the study

Issues related to the database

We emphasize that the controls in this study are autopsied infants
who died in extremis, including treatment with mechanical ventila-
tion, and thus, they may not be truly representative of “normal”
living infants. Nevertheless, normal preterm brains are extraordi-
narily rare, given that “normal” preterm infants do not die, and
preterm infants rarely, if ever, die without intensive care and termi-
nal hypoxia—ischemia and other metabolic derangements. Thus, it
was not unanticipated that the control group in our study demon-
strated minor cortical changes, for example, astrogliosis. Given the
caveats in interpretation of normality, we nevertheless found a
specific difference between PVL and control brains in the density
of layer V neurons that suggests a disease-related phenomenon that
is hypothesis generating for testing in animal models. An additional
caveat in the interpretation of our data is the small sample size of
PVL cases and controls for the different Brodmann areas that
required combining koniocortex and homotypical cortex from dif-
ferent Brodmann areas for certain analyses. Thus, the finding of a
reduced density in pyramidal neurons that is laminar specific in
PVL in this study requires confirmation in an independent data set
and/or in animal models.

Two-dimensional cell counting approach

A potential limitation is our use of a two-dimensional as opposed to
three-dimensional approach to cell counting in the cerebral cortex.
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It is argued that three-dimensional counting provides “unbiased”
counts of neurons, whereas two-dimensional approaches are
“assumption based” and therefore potentially yield inaccurate
results (4, 62). Yet, all approaches are essentially assumption based
and involve inherent biases, and thus the selection of two- vs.
three-dimensional approaches for a particular study is based upon
relative strengths and weaknesses (4, 62). In this study, the need to
obtain a large data set to uncover potentially quantitative abnor-
malities in PVL mandated the use of the archives in our pathology
department in which multiple cases and controls have been accrued
over the last decade, that is, the period of modern intensive care.
The use of archival tissue in turn required the application of a
quantitative method in formalin-fixed, paraffin-embedded tissue as
fresh brain samples were not historically harvested and prepared
for stereological (three-dimensional) analysis. Because of our
dependence on archival tissue in which stereology is not an option,
coupled with the validity of two-dimensional methods in general
(4, 62), we believe the use of a two-dimensional approach is rea-
sonable and valid.

Relationship of MAP2 to hypoxia-ischemia

A third potential limitation of the study was the selection of MAP2
as the antibody to recognize pyramidal neurons. The cytoskeleton
phosphoprotein MAP2 regulates the microtubule assembly, provid-
ing scaffolding for organelle distribution and localization of signal
transduction in dendrites, particularly near spines (10). It is well
recognized that all cortical neurons do not stain with MAP2, as
experimental studies suggest that immunonegative neurons may
reflect MAP2 levels below the level of detection, or, alternatively,
molecular forms of MAP2 that are poorly recognized by particular
antibodies (22). Hypoxic—ischemic injury is also known to reduce
the intensity of MAP2 immunostaining in cortical neurons in
human disorders (33, 46) and animal models (40). In this study, we
considered the possibility that a decrease in the density of MAP2-
immunopositive pyramidal neurons in layer V was caused by a loss
of immunostaining intensity as a complication of hypoxia—
ischemia in PVL, and was not necessarily caused by neuronal loss.
We found, however, no significant percent difference in the inci-
dence of MAP2-immunostained neurons between the PVL and
control cases, indicating to us that any potential changes in MAP2
pyramidal density were caused by loss of neurons and not
immunostaining.

Baseline development of the human cerebral
cortex in early life

In our baseline analysis of the cortical development at midgesta-
tion, we found that the neocortex transforms from an undifferenti-
ated cortical plate to a highly specialized structure around 30
gestational weeks. At this age, the cortical plate becomes com-
prised of six layers in which each layer is characterized by a specific
composite of pyramidal and non-pyramidal neurons. Thus, the
peak time frame of the encephalopathy of prematurity, 28-34
weeks, coincides with a rapid period of cortical development that
may enhance its vulnerability to injury. Indeed, our findings of
dramatic changes in lamination, laminar thickness and pyramidal
cell differentiation and density in the controls are consistent with
the neuroimaging finding of a fourfold increase in cortical volume
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over this same time period (24, 30, 31, 64). Pyramidal neurons are
known to originate from radial progenitors (radial glial cells) in the
subventricular zone (SVZ); these early precursors produce neurons
particularly in the deeper cortical layers that reach the cortex by
radial migration before the second half of gestation (7, 39, 57, 64,
68). The early differentiation of pyramidal neurons in layer V is
consistent with these early migrators. Over the second half of ges-
tation and into infancy, we found a striking increase in the overall
thickness of the cortex, as well as in layers I-III, V and VI. The
increase in thickness in layers I-11I in particular over the last half of
gestation likely reflects their expansion by late migrating
(GABAergic) interneurons, given that the SVZ continues to
actively generate mainly GABAergic neurons beyond midgestation
(7, 39, 57, 64, 68). There is also expansion of the neuropil during
the time frame of PVL because of dendritic arborization, spine
density formation and arrival of preterminal afferents. The lack of
change in the thickness of layer IV over late gestation may indicate
the development of neuropil prior to the second half of gestation
because of the early arrival of thalamic afferents, but this possibil-
ity requires further study.

The question arises: At what age are Brodmann areas distin-
guishable in the developing human cortex? Rare human analysis
suggests that the neuronal subtypes and their density change with
age across the different regions of the cerebral cortex during devel-
opment, but such analysis is limited by a focus upon infancy and
not late gestation, as in our study (37). Given that the definition of a
particular Brodmann area is dependent upon the recognition of
pyramidal and non-pyramidal cells in the six discrete laminae, we
found that it is not possible to determine such areas before approxi-
mately 30 gestational weeks, that is, the age when the six-layer
cortex was first discernible to us. Yet, gyration is not complete in
the human brain until term, at which time all primary, secondary
and tertiary gyri have formed (12). Thus, prior to term and from 30
weeks onward (the period at which pyramidal and non-pyramidal
neurons are readily distinguished), only early differentiating Brod-
mann areas can be ascertained with certainty as the distinct gyri
and sulci for definitive anatomic localization are not present.

Overall, we did not find a significant difference in the density of
layer I neurons and/or pyramidal neurons in layers III and V in the
fetal and infant cortex in incipient/differentiating or defined (term
and thereafter) based upon known functionality of the cortex (eg,
sensory vs. association), Brodmann area or cerebral lobe in the
time frame analyzed, that is, midgestation through infancy. This
lack of clear-cut cytoarchitectonic differences may reflect
structural immaturity of the cortex at this age period, extensive
biological variation among cases (as reflected in the large standard
deviations of our results) and/or the small sample size available to
us. Considerable variability has also been found in the architecton-
ics and/or folding of the human adult cortex that underscores the
variability found by us here in the developing human cortex (16,
55, 56). Our findings of laminar development in different areas of
the neocortex are generally consistent with those of others (33-35,
48, 60). Of note, Kostovic and Judas reported that the developmen-
tal appearance or disappearance of layer IV, the major recipient of
thalamocortical afferents, is an important indicator of the architec-
tonic maturation of the cortical plate: before 34 weeks, the prospec-
tive granular layer IV is well developed in all neocortical areas;
after 34 weeks, however, the distinctiveness and granularity of the
layer IV gradually diminish in the premotor cortex and disappear
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completely in the primary motor cortex (34). Our sample of the
premotor and primary motor cortices was too small to confirm this
finding, but their observation of a relative uniformity of cortical
structure prior to 30 weeks is in agreement with the findings
reported here.

The cerebral cortex in PVL

The main abnormality found in the cerebral cortex overlying PVL
in the perinatal period is 83% in the density of pyramidal neurons
in layer V of the sensory cortex, and a 38% decrease in the sensory
and associative cortices combined compared to controls adjusted
for postconceptional age. These abnormalities are associated with
reactive astroglial changes in approximately 40% of PVL cases, a
finding that is not significantly different from that in the control
group. The non-specific gliosis in the PVL group indicates cortical
injury, but it does not distinguish primary from secondary insults as
gliosis can occur in both. Indeed, the neuronal injury may be
primary as it is associated with immunomarkers of intrinsic neu-
ronal damage (increased fractin immunostaining), albeit in only
25% of the PVL cases and not specific to PVL (as these changes
occur to approximately the same degree in controls). In addition,
markers of oxidative stress have been reported by us in cortical
neurons in a previous study in PVL (16). Given that human pyrami-
dal neurons are known to be glutamatergic, and express NDMA
and non-NMDA receptors (49, 61, 65), the decrease in the density
of layer V pyramidal neurons in a cell-, region- and laminar-
specific pattern suggests that these particular neurons are exquisi-
tively sensitive to hypoxia—ischemia. Layer III pyramidal neurons,
however, are likewise glutamatergic, but we did not find a reduction
in their density in the cortex overlying PVL as we did for layer V
pyramidal neurons. Thus, the possibility of secondary loss of pyra-
midal neurons in layer V, which are long-projecting neurons (44,
46), warrants consideration.

In the Golgi analysis of the cerebral cortex in survivors of pre-
maturity with white matter damage, Marin-Padilla found that the
developing cortex was deprived of afferent terminals because of
their severance from the cortex by the extensive white matter
necrosis. Moreover, some of the cortical neurons failed to reach
their subcortical targets because their axons were also destroyed by
the white matter lesion (45). In addition, the axotomized pyramidal
cells transformed from long-projecting into local-circuit neurons
(45). Based upon these Golgi observations, Marin-Padilla pro-
posed that the neurological sequelae of perinatal white matter
lesions are a direct consequence of post-injury, gray matter trans-
formations. In our study, the only laminar-specific change was in
the pyramidal neurons in layer V which, unlike layer III pyramidal
neurons, have long projections to subcortical regions, and therefore
transverse the deep cerebral white matter, the site of focal necrosis
and diffuse gliosis in PVL. These projecting neurons likely experi-
ence axotomy as Marin-Padilla described and undergo cell death
caused by a dying-back mechanism. Germaine to this possibility is
our report of widespread axonal injury in the deep and subcortical
white matter in PVL beyond the periventricular necrotic foci (19).
Of note, we did not find a major depopulation of pyramidal neurons
indicative of a developmental delay in migration from the SVZ.
Given that the pyramidal neurons migrate and differentiate early
before midgestation (see above), the lack of a major developmental
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disorder of these neurons is expected, as the peak age of PVL is in
late gestation and early infancy.

What is the functional significance of reduced density of pyrami-
dal neurons in layer V, given that these neurons play a key role in the
canonical glutamate circuit (51)? In this circuit in the rodent barrel
cortex, for example, sensory (glutamatergic) information from the
thalamus relating to deflections of an individual whisker is pro-
cessed primarily in the layer IV barrel, which in turn innervates and
depolarizes layer II/III in a strictly columnar fashion (23, 51). The
glutamatergic output of layer II/III pyramidal neurons then forms a
prominent input to layer V pyramidal neurons, which in turn depo-
larize neurons widely distributed across the barrel cortex (51).
Layer V pyramidal neurons also project to the basal ganglia, brain
stem and spinal cord depending upon the connectivity of the par-
ticular cortical column. We speculate that if there is a preferential
reduction in the density of layer V pyramidal neurons, loss of the
major outflow of the glutamate circuit impairs the function sub-
served by the particular cortical area.

CONCLUSIONS

The present study defines subtle neuropathological changes in
pyramidal neurons in the cerebral cortex of the encephalopathy of
prematurity and a potential role for secondary injury in its patho-
genesis. This study underscores the idea that brain injury in the
preterm infant is a “complex amalgam” of primary and secondary
disturbances (59) with the destructive consequences of white
matter necrosis upon the development of cortical neurons and their
axons. It is uncertain if a loss of layer V pyramidal neurons alone
could account for the substantial degree of cortical volume reduc-
tions reported in premature infants at term equivalent or beyond (9,
13,25,26,52,67). Indeed, damage to non-pyramidal (GABAergic)
(11) and/or neuropil elements (dendrites, axonal terminals) in the
cerebral cortex may occur in combination with the layer V neuronal
deficit. In this regard, we did not find a reduction in the upper
cortical laminae in the PVL cases in this study that would suggest a
deficit of GABAergic neurons or neuropil. Nevertheless, further
research is needed to determine the role of granular neurons, neu-
ropil elements and cortical architectonics (eg, minicolumns) in the
cortical pathology of PVL.
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