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ABSTRACT: Little is known about roles of inflammation and
hypoxic ischemia (HI) in the generation of neuroinflammation and
damage of blood-brain barrier (BBB) in the white matter (WM) that
displays regional vulnerability in preterm infants. We investigated
whether low-dose lipopolysaccharide (LPS) sensitizes HI-induced
WM injury in postpartum (P) day 2 rat pups by selectively increasing
neuroinflammation and BBB damage in the WM. Pups received LPS
(0.05 mg/kg) (LPS � HI) or normal saline (NS � HI) followed by
90-min HI. LPS and NS group were the pups that had LPS or NS
only. Myelin basic protein immunohistochemistry on P11 showed WM
injury in LPS � HI group, but not in NS � HI, LPS, and NS groups.
In contrast, no gray matter injury was found in the four groups. LPS �
HI group also showed decreased number of oligodendrocytes in the WM
72-h postinsult. In the same brain region, increases of activated
microglia, TNF-� expression, BBB leakage, and cleaved caspase-3
positive cells were much more prominent in LPS � HI group than in
the other three groups 24-h postinsult. The oligodendrocytes were the
major cells with cleaved caspase-3 expression. We concluded that
low-dose LPS sensitized HI-induced WM injury in the immature
brain by selectively up-regulating neuroinflammation and BBB dam-
age in the WM. (Pediatr Res 68: 41–47, 2010)

Despite the increase in the survival of very low birth
weight (VLBW) preterm infants in recent years, cere-

bral palsy still occurs in 10% and cognitive/behavioral deficits
in 25–50% of the very preterm survivors (1,2). Periventricular
white matter (WM) injury is the major brain injury and
accounts for the most prominent determinant of neurologic
deficits in VLBW infants (1). Epidemiologic observations
show that hypoxic ischemia (HI) (2,3) and inflammation (4)
are the two major risk factors for WM injury or cerebral palsy
in very preterm infants. Inflammation might predispose to or
act in concert with HI in premature infants. Increased systemic
cytokines in premature infants with chorioamnionitis were
associated with hemodynamic disturbance leading to cerebral
HI (3,5), and concurrent chorioamnionitis and placental per-
fusion defect placed preterm infants at a higher risk of abnor-
mal neurologic outcomes than either insult alone (6). Al-

though most HI and inflammatory episodes are not life
threatening and are treatable clinically, the combined effects
of HI and inflammation during the perinatal period may exert
much severe damage on the immature brain.
There are very few animal models showing inflammation

plus HI selectively induces WM injury in the neonatal brain.
Hagberg and coworkers and others have shown that preexpo-
sure to systemic bacterial lipopolysaccharide (LPS) (0.1–0.3
mg/kg) sensitized neonatal brain to HI injury (duration 20–40
min) in the gray matter and WM of postpartum (P) day 7 to
day 8 rodent pups (7–9). Either high-dose LPS (0.3–1 mg/kg
for pregnant rats) or HI insult (duration lasting 50 min for P9
and 4 h for P2 pups) alone could result in both gray matter and
WM injury in the immature brain (10–13). Whether low-dose
LPS, which mimics less severe infection, is sufficient to
selectively sensitize the developing WM to HI injury remains
unknown. Premyelinating oligodendrocytes are the target cells
of damage during the developmental window of vulnerability
for WM injury in premature infants at 23–32 wk of gestation
(14). Comparing the timing of human and rodent oligoden-
droglial lineage progression, the predominance of premyeli-
nating oligodendrocytes in P2 pups (equivalent to human
20–28 wk gestation) coincides with the high-risk period of
WM injury in VLBW infants (15). However, very few studies
have examined whether low-dose LPS selectively sensitizes
HI-induced WM injury in P2 pups.
Substantial evidence has documented a common neuroin-

flammatory mechanism in various neurodegenerative diseases
(16). Inflammatory responses and vascular factors account for
the higher susceptibility of the developing WM to HI injury
(1). Animal studies showed that LPS or HI increased micro-
glial activation and up-regulated TNF-� expression through-
out the gray and WM in the neonatal brain (17–20). Little is
known about the combined effects of low-dose LPS and HI on
neuroinflammation and blood-brain barrier (BBB) damage in the
WM that displays regional vulnerability in preterm infants. In this
study, we hypothesized that low-dose LPS selectively sensitizes
HI-induced WM injury in P2 rat pups in association with in-
creases of neuroinflammation and BBB damage in the WM.
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MATERIALS AND METHODS

A neonatal rat model of cerebral WM injury. This study was approved by
the Animal Care Committee at National Cheng Kung University. Rat pups
were kept under standard condition with a 12/12-h light/dark cycle. We
injected P2 Sprague-Dawley pups with 0.05 mg/kg LPS (Escherichia coli
0111:B4; Sigma Chemical Co.-Aldrich, St. Louis, MO) or pyrogen-free
normal saline (NS) (i.p.). Pups were randomly assigned to four different
groups: NS (NS injected without HI), LPS (LPS injected without HI), NS �
HI (NS injected 3 h before HI) and LPS � HI (LPS injected 3 h before HI).
To avoid LPS-induced body temperature changes, the rat pups were returned
to their dams after a LPS or NS injection, and housed in an incubator to
maintain body temperature at 33 to 34°C before HI. HI was induced by right
carotid artery ligation followed by hypoxia, as previously described (21). The
right common carotid artery was permanently ligated under 2.5% halothane
anesthesia. After surgery, the pups were returned to an incubator for a 1-h
recovery. They were then placed in airtight 500-mL containers partially
submerged in a 36°C water bath, and humidified 6.5% oxygen was kept at a
flow rate of 3 L/min for 90 min. After hypoxia, pups were returned to their
dam. The rats were killed for examinations in cryosections on P3 (24-h
postinsult) and P5 (72-h postinsult), and in paraffin sections on P11 (9-d
postinsult).

Assessment of gray matter and WM injury. The rats were killed on P11
after pentobarbital anesthesia. After the brains had been removed and post-
fixed in 4% paraformaldehyde at room temperatures for 48 h, they were
dehydrated through graded alcohols and embedded in paraffin, and then
coronally sectioned (10-�m thick) from the genu of the corpus callosum to the
end of the dorsal hippocampus. Four sections per brain, two at the level of the
striatum (0.26 mm and 0.92 mm posterior to the bregma) and another two at
the levels of the dorsal hippocampus (3.14 mm and 4.16 mm posterior to the
bregma) according to a rat brain atlas (22), were selected for immunohisto-
chemical staining.

Nissl staining for gray matter injury. Images of Nissl-stained sections were
scanned and analyzed by a computerized software (ImagePro Plus 6.0; Media
Cybernetics, Bethesda, MD) to calculate the percentage of area loss in the
cortex, hippocampus, and striatum in the ipsilateral versus the contralateral
hemisphere (23).

Myelin basic protein (MBP) staining for WM injury. For the evaluation of
WM injury, paraffin-embedded sections were deparaffinized and hydrated
through graded alcohols. Endogenous peroxidase was eradicated for 30 min in
0.3% H2O2 in methanol. Heat-induced antigen retrieval was subsequently
performed using 10 mM citrate buffer (pH � 6.0) for 10 min in a microwave
oven. After permealization and blocking of nonspecific binding, sections were
first incubated at 4°C overnight with the primary anti-MBP MAb (1: 100;
Chemicon), rinsed, and then incubated for 1 h at room temperature with
biotinylated goat anti-rat IgG (1:200; Santa Cruz). Positively stained cells
were visualized using avidin-biotin-peroxidase complex amplification (Pierce
Biotechnology) with diaminobenzidine tetrahydrochloride detection. MBP
expression was assessed in three regions within the WM in each hemisphere
of each section, and graded using a modified 4-point scoring system (24): 0,
loss of processes and complete loss of capsule; 1, loss of processes with
thinning or breaks in capsule; 2, complete loss of processes with intact
capsule; 3, partial loss of processes; 4, no MBP loss. The scores of each region
were summed up to obtain a total score (range, 0–12) for each hemisphere.
Each section had a total MBP score in the ipsilateral and contralateral
hemisphere, respectively. Two independent observers, blind to the treatment
conditions, measured the degrees of gray matter, and WM injury.

Evaluation of oligodendrocyte progenitors. To assess the extent of dam-
age to the oligodendrocyte progenitors, the numbers of O4-positive cells
(anti-O4 IgM 1:100; Chemicon) in the WM were compared among the four
groups on P5 (72-h postinsult). O4 positive cells were counted and averaged
from the three visual fields in the WM of the four brain sections as described
later.

Evaluation of neuroinflammation, BBB permeability and cell apoptosis.
Rat pups were killed and perfused on P3 (24-h postinsult), and the brains were
then postfixed in ice-cold 4% paraformaldehyde overnight, dehydrated using
30% (wt/vol) sucrose in PBS for 2 d, and coronally sectioned (20-�m thick)
from the genu of the corpus callosum to the end of the dorsal hippocampus.
Four coronal sections, as described earlier, were assessed for each brain.
Immunohistochemistry for microglial cell activation (ED1), TNF-�, IgG, and
cleaved caspased-3 were done. IgG extravasation was used as an indicator of
BBB permeability (12). The specific primary antibodies included anti-ED1
(1:100, Chemicon), polyclonal anti-TNF-� (1:100; Bender MedSystems),
anti-IgG (HRP-conjugated 1:200; Chemicon), and cleaved caspased-3 (1:100;
Cell Signaling). Biotinylated secondary antibodies included anti-mouse IgG
and anti-rabbit IgG (all 1:200). Biotin-peroxidase signals were detected using

0.5 mg/mL 3�3�-diaminobenzidine (DAB)/0.003% H2O2 as a substrate. Re-
sults were recorded using a microscope (BX51; Olympus).

Analysis of immunohistochemical staining.Measurement of MBP scores,
the number of O4, ED1 and cleaved caspase-3-positive cells, and of the
integrated OD (IOD) of TNF-� and IgG signals were respectively analyzed as
described previously (25), using an imaging software (ImagePro Plus 6.0) at
400� magnification per visual field (0.0356 mm2) for O4, ED1 and cleaved
caspase-3, and at 200� magnification per visual field (0.145 mm2) for MBP
scores, and TNF-� and IgG signals. Three visual fields in the cortex and three
in the subcortical WM in the medial, middle, and lateral area of each
hemisphere per section (Fig. 1C), and four sections per brain as described
earlier were analyzed and averaged, respectively. The mean IOD values in the
WM and the cortex in the ipsilateral and contralateral hemisphere of each
experimental group were compared with those of the NS group to obtain the
relative IOD ratios.

Immunofluorescence. After blocking (1� PBS, 2% normal goat serum
and 0.1% Triton X-100) for 1 h, the sections were incubated overnight at 4°C
with a mixture of two of the following primary antibodies: anti-ED1 (1:100),
anti- TNF-� (1:100), anti-O4 IgM (1:100), anti-GFAP (1:200; Chemicon) and
anti-cleaved caspase-3 (1:100). The sections were washed three times with 0.1
M PBS and then incubated with Alexa Fluor 594 anti-mouse IgG/IgM or
Alexa Fluor 488 anti-rabbit IgG (1:400; Invitrogen) for 1 h at room temper-
ature. Slides were photographed for red (Alexa Fluor 594) and green (Alexa
Fluor 488) fluorescence with a fluorescent microscope (E400; Nikon Instech,
Kawasaki, Japan).

Statistical analysis. Statistical significance (p � 0.05) was determined
using one-way ANOVA, and Tukey’s method was used for posthoc compar-
isons. Continuous data are means � SEM.

RESULTS

Low-dose LPS selectively sensitized hypoxic ischemia-
induced WM injury.We first determined gray matter and WM
injury in P2 rat pups in response to different dose (0.05, 0.5,
and 1 mg/kg) of systemic LPS injection. Neuropathological
examinations performed on P11 showed that LPS-treated
groups had no significant brain area loss in the cortex, stria-
tum, and hippocampus compared with NS-treated group (Fig.
1A and B). The pups treated with 1 mg/kg LPS (mortality
27%) but not with 0.05 mg/kg (mortality 0%) or 0.5 mg/kg
LPS (mortality 27%), had significant WM injury compared
with the pups treated with NS (mortality 0%) (Fig. 1A and D).
We therefore used 0.05 mg/kg LPS for the following HI
experiments.
We then examined whether WM injury could be selec-

tively induced by low-dose (0.05 mg/kg) LPS followed by
HI in P2 rat pups. Nissl staining performed on P11 in the
NS, LPS, NS � HI, and LPS � HI groups showed no gross gray
matter injury in the four groups (Fig. 2A), and quantitative
analysis also demonstrated no significant area loss in the cortex,
striatum and hippocampus of the four groups (Fig. 2B). For WM
injury, the LPS � HI group had significantly decreased MBP
expression in the WM of the ipsilateral hemisphere than the
NS, LPS and NS � HI group, whereas the four groups had
similar MBP expression in the contralateral hemispheres (Fig.
2C and D).

We next examined whether there were changes in the
numbers of oligodendrocyte progenitors, the target cells of
WM injury in preterm infants, at 72-h postinsult. Immunohis-
tochemical studies demonstrated that the LPS � HI group had
significantly decreased number of O4-positive oligodendro-
cyte progenitors in the WM of the ipsilateral hemisphere than
the NS, LPS, and NS � HI group, whereas no significant
differences were found in the WM of the contralateral hemi-
spheres between the four groups (Fig. 3A and B).
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Figure 2. Nissl and MBP staining on P11 (9-d postinsult). A, Nissl staining showed no significant injury in the gray matter in the NS (n � 5), LPS (n � 4),
NS � HI (n � 4) and LPS � HI (n � 8) groups (gross pictures in the upper panel; microscopic pictures in the lower panel photographed from the ipsilateral
cortices marked with circles). Quantitative analysis (B) showed no significant differences in the ratios of the ipsilateral to contralateral areas between the four groups in
the cortex, striatum and hippocampus. C and D, MBP staining showed that LPS � HI group had markedly decreased MBP expression in the ipsilateral hemisphere than
NS, LPS, and NS � HI groups. The four groups did not differ in the MBP expression in the contralateral hemispheres. Microscopic pictures of MBP were taken from
the WM area marked with squares in (A). Scale bar � 200 �m in (A), 100 �m in (C). Values are mean � SEM *p � 0.05; **p � 0.01.

Figure 1. Nissl and MBP staining on P11 in
pups treated with LPS on P2. A and B, There
was no significant area loss in the cortex,
striatum and hippocampus in LPS-treated
groups compared with NS-treated group. C,
Representative section for the analysis of im-
munohistochemical staining in the three visual
fields of the cortex (marked with circles) and
three of the WM (marked with squares) in
each hemisphere. D, Pups treated with
1-mg/kg LPS (n � 6), but not with 0.05 mg/kg
(n � 4) or 0.5 mg/kg LPS (n � 6), had
significant decreases of MBP scores compared
with pups treated with NS (n � 5). MBP
scores were measured from the three visual
fields in the WM in each hemisphere marked
by the black squares. Scale bar � 100 �m in
(A). Values are mean � SEM *p � 0.05.
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Low-dose LPS followed by HI selectively induced neu-
roinflammation in the WM. At 24-h postinsult, the four
groups had very few ED1-positive microglia in the bilateral
cerebral cortices. In contrast, the LPS � HI group

had significantly increased number of ED1-positive microglia
in the WM of the ipsilateral hemisphere than the LPS, NS, and
NS � HI group (Fig. 4A and B). The four groups had similar
numbers of activated microglia in the WM of the contralateral
hemispheres (data not shown).
The four groups had similar TNF-� expression in the

bilateral cerebral cortices 24-h postinsult. In contrast, the LPS �
HI group had significant increases of TNF-� immunoreactivities
in the WM of the ipsilateral hemisphere than the NS, LPS and
NS � HI group (Fig. 4C and D). The TNF-� expression in the
WM of the contralateral hemispheres did not differ between
the four groups (data not shown). Immunofluorescence study
in the LPS � HI group confirmed that many ED1-positive
microglia colocalized with TNF-� (Fig. 5A).

Low-dose LPS followed by HI selectively induced BBB
damage in the WM. Using IgG extravasation as a marker of
BBB disruption, we found little or no IgG extravasation in the
bilateral cerebral cortices (Fig. 6A and B) or in the WM of the
contralateral hemisphere of the four groups (data not shown);
while the LPS � HI group had markedly increased IgG
immunoreactivities throughout the WM in the ipsilateral
hemisphere than the NS, LPS, and NS � HI group.
Low-dose LPS followed by HI caused apoptosis of oligo-

dendrocyte progenitors in the WM. To determine the target
cells of injury in response to microglial activation and BBB
breakdown, cleaved caspase-3 was used as a marker of apo-
ptosis. The four groups had no significant differences in the
numbers of cleaved caspase-3-positive cells in the bilateral
cortices (Fig. 6C and D), but the LPS � HI group had a

Figure 3. Immunohistochemical (A) and quantitative analysis (B) for O4-
postive oligodendrocytes (arrows) 72-h postinsult. LPS � HI group (n � 6)
had significantly decreased numbers of O4-postive oligodendrocytes in the
ipsilateral WM than NS (n � 5), LPS (n � 4), and NS � HI (n � 6) group.
The oligodendrocyte numbers in the contralateral WM showed no difference
between the four groups. Scale bar � 50 �m in (A). Values are means � SEM
**p � 0.01; §p � 0.001.

Figure 4. ED1 and TNF-� immunohistochemistry and their quantitative analyses 24-h postinsult. A and B, The four groups had very few ED1-positive microglia
in the ipsilateral cerebral cortices. The LPS � HI group (n � 9) had significant increases of activated microglia in the WM of the ipsilateral hemisphere than
the NS (n � 5), LPS (n � 4) and NS � HI (n � 7) group. C and D, The four groups did not differ in the TNF-� immunoreactivity in the cortices of the ipsilateral
hemispheres, whereas the LPS � HI group had significantly higher TNF-� levels in the WM of the ipsilateral hemisphere than the other three groups. Scale bar �
100 �m in (A and C). Values are mean � SEM §p � 0.001.
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significantly increase of cleaved caspase-3-positive cells in
the WM of the ipsilateral hemisphere than the other three
groups. The four groups showed no differences in the
numbers of cleaved caspase-3-positive cells in the WM of
the contralateral hemispheres (data not shown). The immu-
nofluorescent pictures in the LPS � HI group showed that
the O4-positive oligodendrocytes but not the GFAP-

positive astrocytes, were the major cells that coexpressed
cleaved caspase-3 (Fig. 5B and C).

DISCUSSION

HI and infection/inflammation are two major risk factors for
WM injury and cerebral palsy in very preterm infants (1–4).
Clinically stable preterm infants may suffer from prolonged
episodes of hypoxemia without apparent apnea/bradycardia
(26), and may be potentially vulnerable to impaired cerebral
perfusion with small decreases in systemic blood pressure (1).
The recurrent or chronic physiologic instability in VLBW
infants may be associated with neurodevelopmental morbidity
in early childhood (27). Sepsis occurs in �30% of very
preterm infants and has shown to be associated with an
increased rate of cerebral palsy (4). Culture-negative infection
though may be less toxic than culture-positive sepsis, still
imposes similar risk of neurodevelopmental impairment in
very preterm infants as sepsis does (4). These observations
raise the possibility that less severe inflammation and HI may
jointly exert negative impact on the immature brain. Studies
have shown that systemic LPS and HI, either given in com-
bination or individually, induced gray matter and WM injury
in neonatal rodents with age older than P7 (equivalent to �30
wk of human gestation) (7–13). In this study, we examined
pathologic consequences on WM injury in the P2 rat brain
(equivalent to VLBW infants �30 wk gestation) after low-
dose LPS (0.05 mg/kg) and 90-min HI (a subthreshold HI
duration for P2 pups). We demonstrated that low-dose LPS or
90-min HI alone caused no significant injury in the gray

Figure 6. IgG immunohistochemistry (A) and quantitative analysis (B) 24 h postinsult showed the NS (n � 5), LPS (n � 4), NS � HI (n � 7) and LPS � HI
(n � 9) groups did not differ in the ipsilateral cortices; whereas the LPS � HI group had significantly higher levels of IgG extravasation in the WM of the
ipsilateral hemisphere than the other three groups. Cleaved-caspase-3 immunohistochemistry (C) and quantitative analysis (D) 24-h postinsult showed the four
groups did not differ in the cleaved caspase-3-positive cells in the ipsilateral cortices; while the LPS � HI group had significantly increased numbers of cleaved
caspase-3-positive cells in the ipsilateral WM than the other three groups. Scale bar � 100 �m in (A), 50 �m in (C). Values are mean � SEM §p � 0.001.

Figure 5. Immunofluorescence of the ipsilateral WM in the LPS � HI group
showed that many ED1-positive microglia (arrows) colocalized with TNF-�
(A), and the cleaved caspase-3 cells were O4-postive oligodendrocytes (ar-
rows) (B) rather than GFAP-positive astrocytes (C). Scale bar � 25 �m in
(A–C).
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matter or WM, and that selective WM injury could only be
observed by the combination of the two. WM injury induced
by low-dose LPS and subthreshold HI was associated with
regional increases of microglial activation, TNF-� expression,
BBB damage, and oligodendrocyte progenitor cells apoptosis
in the WM. Our study suggests that less severe inflammation
and HI may cause WM injury in VLBW infants when these
two events occur together.
Activated microglia are the hallmark of neuroinflammation

and exacerbate brain injury through production of pro-
inflammatory cytokines (16). Previous studies in neonatal rats
showed that intracerebral LPS (10 �g for P5 pups) or HI
(duration ranged from 70 min to 3 h for P7 pups) increased
microglia activation (17–18) and TNF-� levels in the imma-
ture brain (19–20). We found that low-dose LPS or sub-
threshold HI alone did not elicit obvious microglia activation
and TNF-� production, and also did not induce significant
damage in the gray matter and WM. In contrast, low-dose LPS
followed by sub-threshold HI increased microglia activation
and TNF-� production selectively in the WM and caused
significant WM injury. The selective increases of TNF-�
immunoreactivities in the WM corresponded to the region-
specific activation of microglia in this P2 rat-pup model.
Developmental study in fetal brains showed more activated
microglia in the WM than in the overlying cortex. In addition,
more pronounced activated microglia in the cerebral WM of
the preterm newborn were found relative to the term newborn.
The finding of a developmental-dependent abundance of ac-
tivated microglia in the cerebral WM of the preterm newborns
suggests a potential vulnerability of this area for brain insults
characterized by activation of microglia (28).
The BBB plays an important role in brain injury induced by

central- or peripheral-derived insults. In neonatal mice, mod-
erate to severe HI resulted in extensive BBB disruption with a
maximum IgG immunoreactivity at 24 h, followed by signif-
icant gray matter and WM injury at 7-d postinsult (12).
Although in neonatal rats suffering from inflammation induced
by repetitive injections of LPS, increased BBB permeability
was confined to the WM and associated with a substantial
decrease in the WM volume (29). When both the peripheral
and central insults occurred in adult mice, systemic inflam-
mation caused sustained BBB breakdown and exacerbated
ischemic brain injury (30). To extend this line of research, our
study demonstrated that low-dose LPS complicated with sub-
threshold HI induced BBB disruption selectively in the WM
and subsequently caused WM injury. The regional vulnerabil-
ity of BBB in the WM may be related to the region-specific
activation of microglia, which may contribute to BBB disrup-
tion through matrix protease generation (31). In addition, the
vascularized terminal areas and the BBB in the periventricular
WM of preterm infants are particularly susceptible to hypo-
perfusion due to HI (1). The increase of BBB permeability
selectively in the WM may act in concert with microglia
activation to accentuate WM injury through leukocyte recruit-
ment into the brain (32).
Maturational vulnerability of oligodendrocytes plays an-

other important role in the pathogenesis of WM injury. Pre-
myelinating oligodendrocytes display greater susceptibility to

oxidative damage and glutamate excitotoxicity than mature
oligodendrocytes (1). In this model of low-dose LPS followed
by sub-threshold HI, apoptosis occurred predominantly in the
WM, and the O4-positive oligodendrocyte progenitors, mainly
premyelinating oligodendrocytes in P2 rat brain, were the
major cells that showed apoptosis. The decreased O4-positive
cells corresponded to reduced MBP-expressing mature oligo-
dendrocytes at an older age. These findings again support the
maturation-dependent vulnerability to WM injury in P2 rat
pups at the age equivalent to human VLBW infants (14).
Our findings are consistent with the autopsy studies in

preterm infants with periventricular leukomalacia showing
that activated microglia were selectively localized in the WM,
and that infants with history of systemic infection and as-
phyxia had significant increases of TNF-� immunoreactivities
in the WM than those with asphyxia alone (33). Our findings
suggest that low-dose LPS selectively sensitizes HI-induced
WM injury by regionally up-regulating neuroinflammation
and BBB damage in the WM. Establishing a rat pup model of
selectively acquiring WM injury through low-dose LPS and
subthreshold HI may have clinical implications for further
understanding the pathogenesis and development of new ther-
apy for periventricular leukomalacia in preterm infants.
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