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To examine the possible role of inflammatory cytokines in
mediating neonatal brain injury, we investigated effects of intra-
cerebral injection of IL-1beta (IL-1�) or tumor necrosis factor-
alpha (TNF�) on brain injury in the neonatal rat. A stereotaxic
intracerebral injection of IL-1� or TNF� (10 ng per pup) was
performed in postnatal day 5 (P5) SD rats. Although no necrosis
of neurons was found, increased astrogliosis, as indicated by
GFAP positive staining was observed 24 and 72 h following the
injection of IL-1� or TNF�. IL-1� induced apoptotic cell death
in the rat brain 24 h after the injection, as indicated by increases
in positive TUNEL staining and caspase-3 activity, and apoptotic
cell death was partially blocked by systemic administration of
NBQX, an antagonist of the AMPA glutamate receptor. IL-1�
also significantly reduced the number of developing oligoden-
drocytes (OLs) 24 h after the injection and this impairment was
not prevented by NBQX. On the contrary, TNF� induced a much
smaller increase in the number of TUNEL positive cells and did
not reduce the number of developing OLs. By P8, myelin basic
protein (MBP) was clearly detected in the control rat brain, while
MBP positive staining was very weak, if any, in the IL-1� treated

rat brain. MBP expression in the TNF� treated rat brain was less
affected. The overall results indicate that IL-1� may directly
cause injuries to developing OLs and impair myelination in the
neonatal rat brain and TNF� may have different roles in medi-
ating brain injury. (Pediatr Res 56: 377–384, 2004)
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MBP, myelin basic protein
NBQX, 6-nitro-7-sulfamoylbenzoquinoxaline-2,3-dione
PN, polymorphonuclear
TUNEL, terminal deoxynucleotidyl transferase-mediated
uridine 5'-triphosphate-biotin nick end labeling

White matter disease, periventricular leukomalacia (PVL) in
particular, is an important form of brain injury in very preterm
infants, and is closely associated with severe neurologic dis-
orders including cerebral palsy. Increasing evidence indicates
that in addition to perinatal hypoxia-ischemia (HI), maternal or
placental infection may also be a major contributor to PVL
(1–4) and that inflammatory cytokines derived from maternal
infection are mediators between maternal infection and PVL in
the infant brain (1,2,5).

Both clinical and experimental animal studies have provided
supporting evidence for this hypothesis. Occurrence of PVL is
frequently associated with increased concentrations of inflam-

matory cytokines such as tumor necrosis factor-� (TNF�),
IL-1-� (IL-1�) and IL-6 in the infant brain (6–9), in the cord
blood (10) or amniotic fluid (11). Maternal administration of
endotoxin (lipopolysaccharide, LPS) induces PVL-like white
matter injury in fetal sheep brain (12,13) and results in apo-
ptotic cell death and gliosis in the offspring rat brain (14,15).
White matter injuries in these studies are associated with the
LPS-induced increase in expression of TNF�, IL-1� or IL-6 in
the fetal or offspring brain (12,14,15). The protective effects of
IL-1 receptor antagonists (IL-1ra) and/or soluble TNF� recep-
tor or TNF� antibodies in HI-induced brain injury (16–21)
have provided further evidence that inflammatory cytokines
have important roles in mediating neonatal brain injury. How-
ever, the detailed role of inflammatory cytokines in mediating
neuronal and/or white matter injury is still not completely
understood. Controversial consequences following application
of exogenous IL-1� or TNF� have been reported. Intracerebral
injection of IL-1� has been found nonneurotoxic (19) or to
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induce apoptotic cell death and vasogenic edema (22) in the
adult rat brain. In vitro studies show that IL-1� promotes
oligodendrocyte (OL) death through glutamate excitotoxicity
(23). TNF� induces damage to the blood-brain barrier in vivo
(24) and causes death of OLs in vitro (25,26). TNF� has also
been reported to attenuate NMDA or AMPA-induced neuro-
toxicity (27,28), to promote proliferation of OL progenitors
and remyelination in vivo (29), and to protect neurons against
amyloid-�-peptide toxicity in vitro (30).

In our previous work, we used an intracerebral injection of
LPS to create a similar scenario as that during maternal infec-
tion. LPS is a component of the cell wall of Gram-negative
bacteria and is responsible for most of the inflammatory effects
of infection from Gram-negative bacteria. We found that in-
tracerebral injection of LPS in the neonatal rat induced great
increases in IL-1� and TNF� concentrations in the brain and
resulted in selective white matter injury (31). Co-administra-
tion of LPS with IL-1ra, but not with antibodies to TNF�,
protected the rat brain from LPS-induced white matter injury
(32). To further examine the role of inflammatory cytokines in
mediating brain injury, we investigated effects of intracerebral
injection of IL-1� or TNF� on brain injury in the neonatal rat.

MATERIALS AND METHODS

Chemicals. Unless otherwise stated, all chemicals used in
this study were purchased from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). Recombinant rat IL-1� and rat TNF�, as
well as Caspase-3 activity assay kit, were purchased from
R&D System (Minneapolis, MN, U.S.A.). Monoclonal mouse
antibodies against O4, O1 oligodendrocytes or myelin basic
protein (MBP), and polyclonal rabbit antibodies against glial
fibrillary acidic protein (GFAP) or NG2 were purchased from
Chemicon (Temecula, CA, U.S.A.). Monoclonal mouse anti-
body against rat CD43 was purchased from Serotec (Raleigh,
NC, U.S.A.). Apoptosis detection kit was purchased from
Serologicals (Norcross, GA, U.S.A.).

Intracerebral injection and animal treatment. Ninety-six
rat pups were used in this study. The number of the rat pups
injected with IL-1� or TNF� was 30 each. Twenty-two rat
pups were injected with sterile saline containing 0.1% BSA
(BSA) as the control. Eight rat pups were injected with IL-1�
followed by intraperitoneal administration of 6-nitro-7-
sulfamoylbenzoquinoxaline-2,3-dione (NBQX), an antagonist
of the AMPA receptor. Six naïve rat brains were used for
determination of the baseline level of caspase-3 activity and
immunostaining. Intracerebral injection of IL-1� or TNF� to
5-d old Sprague-Dawley rat pups of both sexes was performed
as previously described (31,32). Late OL progenitor cells,
which have been proposed to be the major target in cerebral
white matter injury in human infants (33), are the predominant
OL lineage stage in the rat cerebral hemispheres between P2 to
P7 (33). For ease of the stereotaxic injection, we performed
intracerebral injection in P5 rats. Under light anesthesia with
isoflurane (1.5%), IL-1� or TNF� (10 ng per rat pup) in sterile
saline containing 0.1% BSA (total volume of 2 �L) was
administered to the rat brain at the location of 1.0 mm posterior
and 1.0 mm lateral to the bregma, and 2.0 mm deep to the skull

surface at the left hemisphere in a stereotaxic apparatus with a
neonatal rat adapter. The dose of IL-1� and TNF� was chosen
based on the peak concentrations of IL-1� and TNF� achieved
in the rat pup brain following LPS administration as reported
previously (31,32) and on the published data (19,22). The
injection was completed in 5 min and the needle was kept in
this position for an additional 2 min and then retrieved slowly
out of the brain. The wound was sutured and the pups were
placed on a thermal blanket (34°C–35°C) for recovery before
being returned to their dams. The accuracy of the injection site
has been confirmed by the method of methyl green injection in
some rat pups, as previously described (32). The injection site
was located at the corpus callosum above the left ventricle. All
animals survived the intracerebral injection. One and three
days after the injection, rat pups were killed by transcardiac
perfusion with normal saline followed by 4% paraformalde-
hyde for brain section preparation or by decapitation for brain
tissue collection used in Caspase-3 activity assay. Consecutive
frozen brain sections (near the injection site) in the thickness of
10 �m were prepared in a cryostat for immunohistochemistry
and brain injury examination. To examine effects of inflam-
matory cytokines on developing OLs, free-floating brain sec-
tions (40 �m) were prepared in a freezing sliding microtome in
the latter part of this study. For investigating mechanisms
involved in the brain injury induced by IL-1�, intraperitoneal
injection of NBQX (20 mg/kg) was performed immediately
after IL-1� injection and every 12 h thereafter until sacrifice, as
described by Follett et al. (34). The experimental procedure
was approved by the Institutional Animal Care and Use Com-
mittee at the University of Mississippi Medical Center and, in
addition, was in accordance with the guidelines of the National
Institutes of Health on the care and use of laboratory animals.

Immunohistochemical studies. Brain injury was estimated
based on the results of hematoxylin and eosin (H&E) staining
and immunohistochemistry in consecutive frozen sections pre-
pared from the rat brain 1 and 3 d (P6 and P8) after the
intracerebral injection. For all brain injury studies, brain sec-
tions near the site of injection were used. Three sections from
each brain were examined. For immunohistochemistry, the
final concentrations of the primary antibodies were diluted as
follows: CD43 for polymorphonuclear (PN) cells (1:200),
GFAP for astrogliosis (1:300), MBP (1:100), neurofilament
(NF, 1:100), and O4 (10 �g/mL, over night at 4°C). For
free-floating section immunostaining, the primary antibodies
against NG2, O4 or O1 were used at a dilution of 1 �g/mL.
After being incubated with biotinylated second antibodies for
1 h at RT, brain sections were further incubated with FITC- or
Cy3-conjugated avidin or the avidin-horseradish peroxidase
system (ABC kit from Vector Laboratories, Burlingame, CA,
U.S.A.) for an additional 1 h in dark at RT. In free-floating
section immunostaining, DAPI (100 ng/mL) was simulta-
neously used to identify nuclei in the final visualization. Sec-
tions incubated in the absence of primary antibody were used
as negative controls. Microglia were detected using lectin
histochemistry. Biotinylated tomato lectin was used at a con-
centration of 10 �g/mL and the results were visualized using
the Vector ABC system.
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To compare the inflammatory responses and brain injury
markers among the treatment groups, positively stained cells
were counted. For cell counting, a digital microscopic image
for each brain section was captured at the area where the
positive cells were most abundant. Cell number in each image
was counted and the average of the three sections from each
brain was taken. When the cellular boundary was not clearly
separated (such as some O4 or O1 positive cells), numbers of
DAPI-stained nuclei from the superimposed images were
counted as the cell number. The size of the image measured by
the National Institutes of Health software was 0.3 mm2. The
results were expressed as the average number of cells per
image.

TUNEL staining and double labeling. Apoptosis was de-
tected using terminal deoxynucleotidyl transferase-mediated
uridine 5'-triphosphate-biotin nick end labeling (TUNEL) kits
and double labeling techniques were used to identify the cell
type of the TUNEL positive cells. For TUNEL staining, the
manufacturer’s instructions were followed. Following incuba-
tion with terminal deoxynucleotidyl transferase for 1 h at 37°C,
the sections were incubated with the primary antibody for
specific cell markers or with biotinylated lectin for 2 h at RT
(GFAP, CD43, NF) or overnight at 4°C (O4). After washing,
the sections were incubated with biotinylated donkey anti-
rabbit or anti-mouse antibody (depending on the primary an-
tibody) at a dilution of 1: 200 for 1 h at RT. When TUNEL
staining was performed in combination with biotinylated lec-
tin, the step of incubation with a secondary antibody was
omitted. The sections were then incubated with a mixture of
the fluorescein-labeled anti-digoxigenin conjugate and Cy3-
labeled avidin (1:200) for 0.5 h at RT in dark. After washing
and mounting, the results were examined under a fluorescence
microscope using appropriate excitation and emission filters.
The TUNEL positive cells show green color and the Cy3
stained cells show bright orange color.

Caspase-3 activity. Elevation in caspase-3 activity is an
early marker of apoptosis. Caspase-3 activity in the rat brain
was determined 24 h after injection with IL-1� or TNF� by an
assay kit, following manufacturer’s instruction. Briefly, the
ipsilateral forebrain was weighed and homogenized in 4�
volume of lysis buffer (wt/vol), and the homogenate was kept
on ice for 10 min. After centrifugation at 12,000 � g for 10
min at 4°C, caspase-3 activity in the supernatant was deter-
mined colorimetrically with a microplate reader (Bio-Tek,
Winooski, VT, U.S.A.) at 405 nm. Caspase-3 activity in the
naïve rat pup brain was determined as the baseline level.
Caspase-3 activity in the rat brain from other groups was
expressed as a percentage of the baseline level.

Statistics. Data of cell counting and caspase-3 activity were
presented as the means � SEM. The cell counting and
caspase-3 data were analyzed by one-way ANOVA followed
by Student-Newman-Keuls test. Results with a p � 0.05 were
considered statistically significant.

RESULTS

Inflammatory responses and bleeding in the brain. Intra-
cerebral injection of IL-1� or TNF� induced inflammatory

responses in the rat brain, as indicated by increases in the
number of CD43 positive PN cells and activated microglia.
CD43 positive PN cells were rarely seen in the naïve and the
saline-injected P6 or P8 (24 h or 3 d after the intracerebral
injection) rat brain. Widely distributed CD43 positive PN cells
(Fig. 1A insert) were observed in the frontal cortex, the corpus
callosum and the subventricular area in both hemispheres 24 h
after IL-1� or TNF� administration. The number of CD43
positive PN cells in the IL-1�-injected rat brain was similar to
that in the TNF�-injected rat brain (44.5 � 4.1 versus 37.8 �
8.1 in the subventricular area, for example). By P8, the number
of CD43 positive cells was reduced in both groups. As shown
in Fig. 1A and B, however, the IL-1�-injected rat brain had
more CD43 positive cells in the subventricular area compared
with the TNF�-injected rat brain (21.8 � 1.1 versus 2.8 � 1.1
for left brain and 16.8 � 3.6 versus 2.6 � 1.0 for right brain,
p � 0.01).

Microglia were widely distributed in the whole brain of the
control and the naïve rats, and almost all the microglia were in
the resting status (Fig. 1C). Injection of IL-1� greatly stimu-
lated activation of microglia 24 h after the injection, especially
at the frontal cortex and the subventricular area (Fig. 1D).
Compared with IL-1�, TNF� stimulated less microglia activa-
tion (Fig. 1E). The number of activated microglia stimulated by
IL-1� and by TNF� in the subventricular area was 38.2 � 3.3
versus 15.2 � 2.0, respectively (p � 0.01). Although activated
microglia stimulated by IL-1� in the frontal cortex area were
also more than that stimulated by TNF�, the difference was not

Figure 1. Inflammatory responses and hemorrhage in the neonatal rat brain
following the intracerebral injection of IL-1� or TNF�. Intracerebral injection
was performed in 18 P5 rat brains (saline, 4; IL-1�, 7 and TNF�, 7). CD43
positive polymorphonuclear (PN) cells, as indicated by white arrows, were
greatly induced following injection of IL-1� (A), and, to a less extent, of TNF�
(B). The insert in A is the magnified part of the white box. Microglia at resting
status (C, arrows indicated) were seen in the control rat brain. Activated
microglia (arrowheads indicated) were found in IL-1� (D) and TNF� (E)
treated rat brain. In H&E stained brain sections, hemorrhage was seen at the
injection site in the control (F), and IL-1� or TNF� (H) treated rat brains.
Hemorrhage was also seen at the contralateral side of rat brain treated with
IL-1� or TNF� (I, indicated by arrows), but not of the control rat brain (G).
Magnification: 100�. Scale bar in G, 100 �m.
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of statistical significance (34.4 � 3.1 versus 24.6 � 4.1). By
P8, activated microglia were rarely observed in the rat brain
regardless of treatments.

H&E staining showed that intracerebral injection with saline
caused slight bleeding at the site of injection, as indicated by
accumulation of red blood cells (Fig. 1F), but not at the
contralateral side (Fig. 1G). Injection with IL-1� or TNF� not
only caused more severe hemorrhage at the site of injection
(Fig. 1H), but also caused bleeding at the contralateral corpus
callosum and the frontal cortex 24 h after the injection (Fig.
1I). No other apparent histopathological changes were ob-
served. By P8, accumulated red blood cells were not observed
in either side of the brain in all treatment groups.

Astrogliosis. GFAP positive staining was observable at the
corpus callosum area and the subcortical white matter tract in
the control and the naïve P6 rat brain, but was never seen in the
cortex (Fig. 2A), except at the needle path of some saline
injected rat brains. IL-1� greatly increased GFAP positive cells
at the frontal and the parietal cortex of the P6 rat brain (Fig.
2B), suggesting active astrogliosis. Similarly increased GFAP
positive staining at the frontal and the parietal cortex in the
TNF�-injected rat brain was also observed 24 h after the
injection (Fig. 2C). The increased GFAP positive staining was
also observed in the P8 IL-1� or TNF�-injected rat brain (data
not shown).

IL-1� increased TUNEL staining and Caspase-3 activity.
TUNEL positive staining was rarely seen in the control rat
brain (Fig. 3A). Injection of IL-1� significantly increased the
number of TUNEL positive cells in the rat brain 24 h after the
injection (Figs. 3B and 4A). TUNEL positive cells were pri-
marily localized in the outer layers of the cortex and in the
subventricular area of both hemispheres. Double labeling in-
dicated that the TUNEL positive cells were microglia (Fig. 3D,
mostly distributed in the outer layers of the cortex), O4 positive
OLs (Fig. 3E, in the corpus callosum and the subventricular
area) and a few neurons (Fig. 3F). Neither the astrocyte nor the
PN cell was found to be TUNEL positive (data not shown).
Although the number of TUNEL positive cells was also in-
creased following TNF� injection, the increase was signifi-
cantly less than that induced by IL-1� (Figs. 3C and 4A). The
number of TUNEL positive cells in the subventricular area of
the IL-1�-injected and the TNF�-injected rat brain was 14.4 �
1.2 and 4.4 � 1.1, respectively, whereas that number in the
control rat brain was 1.6 � 0.2. No TUNEL positive cells were
observed in the P8 rat brain regardless of treatments.

Consistent with the TUNEL staining data, caspase-3 activity
in the rat brain injected with IL-1� was significantly higher
than that in the saline-injected or TNF�-injected rat brain 24 h
after the injection, suggesting that apoptotic cell death may
occur following IL-1� administration (Fig. 5). The elevation of
caspase-3 activity over that in the naïve rat brain was 107.7 �
9.3%, 147.9 � 2.0%, and 114.6 � 4.9% for the control, the
IL-1�-injected and the TNF�-injected groups, respectively.

IL-1� reduced MBP staining. MBP positive staining was
clearly detected in the P8 control rat brain, primarily at the
subcortical white matter tract, the internal capsule and the
corpus callosum areas (Fig. 3G). A grade system was used to
score the intensity of MBP positive staining. The score was

defined as the following: mild, 1; moderate, 2; strong, 3; and no
immunoreactivity, 0. Digital microscopic images were taken at
the above-mentioned three areas for each brain section. The
average of the three scores was used to represent the grade of
MBP staining for each brain. The MBP staining grade in the
control, the IL-1�-injected and the TNF�-injected rat brain
was 2.1 � 0.2, 0.3 � 0.2, and 1.8 � 0.3, respectively.
Intracerebral injection of IL-1� significantly suppressed ex-
pression of MBP and almost no positive or very weak positive
MBP staining, if any, was detected in the P8 IL-1�-injected rat
brain (Fig. 3H). Expression of MBP in the rat brain injected
with TNF� was less affected (Fig. 3I) and MBP staining score
in the TNF�-injected rat brain was not significantly different
from that in the control rat brain.

NBQX attenuated IL-1�-induced apoptosis, but failed to
reduce IL-1�-induced injury to developing OLs. MBP is

Figure 2. Representative GFAP immunostaining in the rat brain 24 h after
intracerebral injection of IL-1� or TNF�. The number of brains examined was
the same as that in Fig. 1. Greatly increased GFAP positive cells at the frontal
and the parietal cortex were observed in the IL-1� (B) or TNF� (C) treated rat
brain, but not in the control rat brain (A). Magnification: 100�. Scale bar in A,
100 �m.
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produced by OLs. It is possible that the suppressed expression
of MBP following IL-1� injection is an indication of injury to
OL development. The sequence of OL development is thought
to begin with NG2�/O4- early OL progenitor cells, and to
progress to O4�/O1- late OL progenitor cells, O4�/O1�
immature OLs, and mature OLs that express MBP (33). We
used antibodies against NG2, O4 or O1 to examine effects of
IL-1� on OL development. Furthermore, in vitro experiments
have shown that IL-1� promotes OL death through glutamate
excitotoxicity and NBQX, an antagonist of the AMPA gluta-
mate receptor, blocks OL apoptotic cell death induced by
IL-1� in mixed glial cultures (23). To examine whether the
effect of IL-1� on developing OLs is also mediated by the
glutamate receptor, NBQX was administered following IL-1�
injection. As shown in Fig. 4A, NBQX partially, but signifi-
cantly, reduced the number of TUNEL positive cells induced
by IL-1�. It is an indication that the apoptotic cell death
following IL-1� administration in the present study is at least
partially associated with glutamate excitotoxicity. However,
NBQX did not prevent the IL-1�-induced injury to developing
OLs (Figs. 4B,C and 6). Neither IL-1� nor TNF� significantly
altered density of NG2 positive cells, which were widely
distributed in the whole brain section (Figs. 4B,C). O4 positive
cells were largely distributed in the corpus callosum and
subcortical white matter tract, and a few of them were distrib-
uted in the subventricular area. The O1 positive cells had a
similar distribution as the O4� cells did, except that the

distribution of O1� cells in the subventricular area was denser.
IL-1�, but not TNF�, significantly reduced the density of O4�
or O1� cells 24 h after the injection (Figs. 4B and 6). NBQX
was unable to prevent the reduction of O4� or O1� cells

Figure 3. TUNEL staining in the 6-d old rat brain and MBP immunostaining
in the 8-d old rat brain. Intracerebral injection was performed in 36 P5 rat
brains (control, 8; IL-1�, 14; and TNF�, 14). Increased number of TUNEL
positive cells (green) was observed in the subventricular area of the rat brain
treated with IL-1� (B) 24 h after the injection. To a less extent, TNF� also
induced TUNEL positive cells (C), but no TUNEL positive cells were seen in
the same area of the control rat brain (A). Double labeling showed that TUNEL
positive cells were lectin positive microglia (D, arrows indicated), O4�
oligodendrocytes (E, arrows indicated), and a few neurofilament positive
neurons (F). MBP positive staining (brown color) was observed at the corpus
callosum area, the subcortical white matter and the internal capsule area in the
P8 control rat brain injected with sterile saline (G). Injection with IL-1� almost
completely suppressed MBP expression (H). Expression of MBP in the rat
brain treated with TNF� was less affected (I). Magnification: 100�. Scale bar
in G, 100 �m.

Figure 4. The number of TUNEL positive cells in the P6 rat brain (A) and the
number of NG2�, O4� and O1� cells per 0.3 mm2 in the P6 (B) and P8 (C)
rat brain. TUNEL staining, immunostaining of developing OLs, and quantifi-
cation of positively stained cells were performed in free-floating brain sections
prepared as described in methods. Intracerebral injection was performed in 32
P5 rat brains (8 for each treatment group). (A) IL-1� significantly increased
TUNEL positive cells and this increase could be partially blocked by systemic
injection of NBQX. To a less extent, TNF� also caused an increase in TUNEL
positive cells. **p � 0.05 from the value for all groups (n � 4 for each group).
*p � 0.05 from the value for the control group. (B) Intracerebral injection of
IL-1� or TNF� did not significantly alter NG2� cell number. IL-1�, but not
TNF�, significantly reduced O4� and O1� OLs 24 h after the injection.
NBQX was unable to prevent the reduction in O4� and O1� cell numbers. *p
� 0.05 from the value for the IL-1� or the IL-1��NBQX groups (n � 4 for
each group). (C) By P8, numbers of NG2� and O4� cells were not different
among groups. Number of O1� cells in the rat brain treated with IL-1� was
significantly lower than that in the control rat brain. *p � 0.05 from the value
for the control group (n � 4 for each group).
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caused by IL-1�. By P8, the density of O1� cells at the corpus
callosum area in the IL-1� treated rat brain was still signifi-
cantly lower than that in the control group, although the density
of O4� OLs was not significantly different among groups.

DISCUSSION

IL-1�, when administered alone, has been reported to be
nontoxic in many in vivo studies (19,27,35) and only few
studies have shown that IL-1� alone may induce apoptosis in
the adult rat brain (22). Results from the current study provide
supporting evidence that IL-1� may also induce apoptotic cell
death in the neonatal rat brain. Furthermore, data from the
current study show for the first time that IL-1� directly causes
injury to developing OLs in the neonatal rat brain. Recent
studies have shown that late OL progenitor cells (O4�/O1-)
are selectively vulnerable to hypoxic-ischemic injury and co-
incide with the developmental window for vulnerability for
human perinatal white matter injury (33,36). Consistently, our

results indicate that IL-1� selectively causes injury to O4�
OLs and to a less extent, to O1� OLs (Figs. 4B,C and 6). Our
data support the hypothesis that the increased IL-1� concen-
trations (6,7,11) derived from maternal infection may contrib-
ute to the occurrence of PVL in the infant brain.

Infiltrated leukocytes and activated microglia have been
proposed to contribute to white matter damage induced by
hypoxia-ischemia or inflammation/infection in extremely low
gestational age newborns (37,38). This hypothesis is supported
by our observation that more severe brain injury in the IL-1�-
injected rat brain compared with that in the TNF�-injected rat
brain was associated with the higher increase in the number of
activated microglia and CD43� PN cells in the neonatal rat
brain following intracerebral injection of IL-1�. Our data
further indicate that the more severe brain injury in the IL-1�-
injected rat brain was linked with the more sustained elevation
of the number of CD43� PN cells in the IL-1�-injected rat
brain. This is an indication that sustained activation of leuko-
cytes may lead to more damage than a short-lived inflamma-
tory cytokine cascade (37). The increased number of CD43�
PN cells suggests that IL-1� and TNF� may cause injuries to
the endothelia of blood vessels and the blood-brain barrier, and
facilitate the process of transendothelial migration of the acti-
vated leukocytes from the circulation to the brain. Results from
the current study did not reveal the detailed role of the in-
creased PN cells and activated microglia in the injury to OLs.
Although investigation of the role of activated leukocytes and
microglia in white matter damage is beyond the scope of the
current study, this is certainly a very important area in future
investigations for the mechanisms involved in PVL-like white
matter damage.

IL-1� induces apoptotic OL cell death in a mixed glial
culture, but not in pure OL cultures, and its effect could be
blocked by NBQX or CNQX, antagonists of the AMPA glu-
tamate receptor (23). It is thought that IL-1� is not directly
cytotoxic to OLs and that its effect on OLs is through the
impairment of the glutamate transporter expression or gluta-
mate-uptaking capacity of astrocytes (23,39,40). In the current
study, NBQX also attenuated apoptotic cell (including OL, Fig.
3E) death (Fig. 4A), suggesting that glutamate excitotoxicity is
involved in the mechanism underlying apoptotic cell death
induced by IL-1�. However, results from the current study are
not sufficient to support the possibility that apoptotic cell death
observed in the present study is due to the blockade of gluta-
mate uptake by astrocytes following IL-1� administration.
Although astrogliosis stimulated by IL-1� (Fig. 2) might be an
indication of injuries to astrocytes, similar astrogliosis was also
observed following injection of TNF�, which induced much
less apoptotic cell death (Fig. 4A). Therefore, astrogliosis
observed in the present study is rather an indication of the
general response to the injury or an indication of trophic effects
of IL-1� or TNF� on astrocytes (41).

HI-induced OL injury has been shown to be attenuated by
AMPA receptor antagonist NBQX (34), whereas injuries to
developing OLs induced by IL-1� in the present study were not
affected by NBQX (Figs. 4 and 6), suggesting that the mech-
anism involved in the IL-1�-induced injury to developing OLs
may be different from that underlying OL injury caused by

Figure 5. Caspase-3 activity in the rat brain 24 h after the intracerebral
injection of IL-1� or TNF�. The control rats were injected with sterile saline
containing 0.1% BSA. Caspase-3 activity in the ipsilateral forebrain was
determined as described in methods. The baseline level of caspase-3 activity
was determined in 3 naïve rat brains. Data are presented as the Mean � SEM
of samples for each treatment (n � 4). *p � 0.05 from the value for the other
groups.

Figure 6. Representative immunostaining of O4� cells 24 h after the
intracerebral injection. The injection was performed in 16 P5 rat brains as
described in methods (4 for each treatment group) and immunostaining was
performed in free-floating brain sections. Strong O4� staining was observed in
the corpus callosum and subcortical white matter tract of the control rat brain
(A and E) and the rat brain injected with TNF� (D and H). IL-1� injection
greatly suppressed O4� staining (B and F) and systemic treatment with NBQX
was unable to prevent the loss of O4� staining (C and G). Magnification: A–D,
25�; E–H, 100�. Scale bar in A, 300 �m; Scale bar in E, 100 �m.
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perinatal HI. Double labeling has shown that IL-1�-induced
apoptotic cell death includes developing OLs, and therefore,
apoptosis may partially explain the reduction in O4� and O1�
immunoreactivity one day after IL-1� injection. However,
apoptotic cell death was observed primarily in the subventricu-
lar area, while loss of O4� and O1� immunoreactivity was
largely seen in the corpus callosum and the subcortical white
matter tract in the current study. Furthermore, the number of
TUNEL positive cells was not comparable to the reduction in
number of O4� and O1� OLs (Figs. 4A,B). In addition,
NBQX reduced number of TUNEL positive cells, while it
failed to prevent the loss of immunoreactivity of developing
OLs. In the present study, it is unlikely that apoptosis is the
major cause for the loss of O4� and O1� OL immunoreac-
tivity following IL-1� administration. Significant loss of O4�
and O1� OL immunoreactivity was observed one day after
IL-1� injection in the current study. By P8, O4� cell density
in the IL-1�-treated rat brain was not significantly different
from that in the control rat brain (Fig. 4C). Because the loss of
O4� cells was observed following a single injection of IL-1�,
it is reasonable to speculate that prolonged exposure of OLs to
IL-1� might result in more losses of OLs. Alternatively, this
could be a reflection of either functional recovery of the injured
OLs or a compensatory proliferation or maturation of NG2�
OLs to O4� OLs. The significantly reduced O1� OLs in the
P8 IL-1�-treated rat brain could result from the lower number
of O4� OLs for differentiation in the P6 rat brain. Functional
recovery of injured OL proliferation and maturation of OL
progenitors as indicated by restoration of the lost MBP staining
in the neonatal rat brain has been reported after moderate, but
not after more severe, cerebral hypoxia-ischemia (42). Since no
necrotic or dead cells were found in the H&E stained sections
from either the P6 or the P8 rat brain, it is likely that IL-1� did
not kill OLs, but instead impaired OL function or delayed OL
development and differentiation. The present data have not
provided direct evidence for this possibility and further inves-
tigation is needed.

TNF� has been reported to induce damage of the blood-
brain barrier in vivo (41) and cause death of OLs in vitro
(25,26). In the present study, TNF� did not cause major injury
to OLs compared with IL-1� and induced far less severe
apoptosis compared with that in the IL-1�-treated rat brain,
although it stimulated similar astrogliosis (Fig. 2) and hemor-
rhage as that by IL-1� (Fig. 1). The lack of effects of TNF� on
OL injury observed in this study suggests that TNF� and IL-1�
may play different roles in mediating brain white matter injury.
Enhanced TNF� expression induced by LPS has been found
not to trigger apoptosis in glial cells, both in vivo and in vitro
(43). Failure of TNF�, at doses either lower or higher than that
used in the present study, in stimulation of apoptotic cell death
has also been reported in adult rat brains by other investigators
(22). These authors find that intracerebral injection of IL-1�
stimulates expression of the proapoptotic factor Bax and the
antiapoptotic factor Bcl-2 and that IL-1� stimulated apoptosis
is associated with the presence of more Bax expressing cells
than Bcl-2 expressing cells (22). They also find IL-1�-induced
apoptotic cell death is closely associated with the extent of
inflammatory responses. In our ongoing studies, we find that

while the number of Bcl-2 expressing cells is similar in the
IL-1�-treated and the TNF�-treated rat brains, the number of
Bax expressing cells in the IL-1�-treated rat brain is signifi-
cantly more than that in the TNF�-treated rat brain (data not
shown). It is possible that the difference between IL-1� and
TNF� in induction of apoptotic cell death is associated with
differential expression of Bax and Bcl-2 stimulated by them. In
addition, the density of the activated microglia stimulated by
TNF� was significantly less than that stimulated by IL-1� in
the present study. More activated microglia in IL-1�-treated
brain may contribute to more apoptosis in these rat brains
compared with in the TNF�-treated rat brain, although the
detailed mechanisms remain to be elucidated. We found in our
previous study that application of TNF� antibody was unable
to protect LPS-induced OL injury, while an IL-1 receptor
antagonist blocked LPS-induced brain injury, suggesting that
increased TNF� may not have a direct causal-effect in LPS-
induced brain injury (32). The lack of effect of TNF� on
developing OLs observed in the current study is consistent with
our previous results. Data from both studies indicate that TNF�
might not cause severe brain injury in an in vivo setting of
experimental conditions like the present study. However, it is
premature to exclude TNF� from the list of factors mediating
infection and/or inflammation-induced neonatal white matter
injury. Our studies primarily look at acute effects. Recent
studies have shown that TNF� interferes with the neuropro-
tective IGF-1 (IGF-1) signaling pathway (44,45). IGF plays
important roles in regulation of OL survival and development
(46). TNF� may cause injuries to OLs and white matter
through its interference with the IGF system and this possibil-
ity is worth further investigation.

In summary, intracerebral injection of IL-1�, but not TNF�,
can cause apoptotic cell death and impairment of developing
OLs. The AMPA receptor antagonist, NBQX can partially
attenuate IL-1� induced apoptotic cell death, but is unable to
prevent its deteriorative effect on developing OLs. IL-1� may
contribute significantly to white matter injury in the neonatal
brain.
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