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ABSTRACT: Previous studies suggest that the endotoxin lipopoly-
saccharide (LPS) may have dual effects on brain damage induced by
hypoxia-ischemia (HI) in 7-d-old rats, depending on the exposure
paradigm. Although a 4-h interval between LPS administration and
HI results in sensitization to HI brain injury, tolerance is observed
when LPS is administered 24 h before HI. Our hypothesis is that
endogenous corticosteroids are important in acquiring tolerance to
HI. Neonatal rats received a single injection of LPS (1.0 mg/kg)
either 4 h or 24 h before HI, or two LPS injections (4 h and 24 h)
before HI. Increased brain injury was seen in animals subjected to a
single LPS injection made 4 h before HI. In contrast, both the single
24-h exposure and the double injections of LPS resulted in tolerance
to HI brain damage. To study the effects of corticosteroids on HI
tolerance, RU486, a glucocorticoid receptor blocker, was subcutane-
ously injected at the same time as LPS (1.0 mg/kg), 24 h before HI
stress. RU486-LPS treatment counteracted the LPS-induced toler-
ance effect, and aggravated the HI-induced brain injury compared
with the vehicle-LPS–treated group. RU486 did not aggravate the
HI-induced brain injury produced 24 h later in saline-injected ani-
mals. LPS (1.0 mg/kg) injected into 6-d-old rats transiently up-
regulated serum corticosterone levels (119.6, 57.9, 56.8, and 28.3
ng/mL at 6, 12, 24, and 48 h after the LPS injection, respectively).
We conclude that endotoxin-induced up-regulation of endogenous
corticosterone appears to be critical for acquiring endotoxin-induced
HI tolerance. (Pediatr Res 59: 56–60, 2006)

Intrauterine infection has dual impacts on perinatal mortality
and morbidity. It is widely known that white matter injury,

intraventricular hemorrhage, cerebral palsy, and chronic lung
disease are associated with chorioamnionitis and preterm de-
livery (1,2). However, survival after preterm delivery at less
than 34 wk of gestation is higher in infants with histologic
evidence of chorioamnionitis compared with those without
(3). Chorioamnionitis also decreases the incidence of respira-
tory distress syndrome, which correlates with elevated fetal
cytokine levels in umbilical cord blood (4). This uncertainty in
the clinical consequences of the infection or inflammation
may be partly explained by the variability in time between the
onset of infection and inflammation and the delivery. Delivery
is one of the most stressful of perinatal events. Recent findings

by Eklind et al. (5) are consistent with this view. When the
endotoxin LPS was administered to 7-d-old rats at either 4–6
h or 72 h before HI, cerebral injury was more severe. How-
ever, when LPS was injected 24 h before HI, cerebral injury
was reduced; this has also been observed in adult rats follow-
ing cerebral ischemia (6). In the latter phenomenon, known as
HI tolerance or preconditioning (7,8), a preceding sublethal
stress, such as hypoxia (7) or hyperthermia (9), in immature
brains, ameliorates the subsequent HI-induced brain injury.
Understanding the mechanisms for endotoxin-induced toler-
ance may help prevent neurologic adverse outcomes after
intrauterine infection and inflammation.

LPS-induced corticosteroids are believed to protect the
nervous systems of adult rats against bacterial infections by
activating glucocorticoid receptors. Mifepristone (RU486) in-
creases the inflammatory reaction in the brain following in-
tracerebral injection of LPS (10). We have also shown that
dexamethasone treatment prevents histologic and behavioral
impairment following the combination of LPS treatment and
HI in neonatal rats (11).

We examined the cerebral effects of the interaction between
LPS and HI in neonatal animals in this study, with the
hypothesis that endogenous corticosteroids are important in
the acquisition of endotoxin-induced HI tolerance in the brain.

MATERIALS AND METHODS

Animals. The Animal Research Committee of Miyazaki Medical College
approved this study. Pregnant Wistar rats were purchased from a regional
vendor (Japan Charles River, Atsugi, Japan). We selected 195 pups 6 d after
birth whose weights were within the range determined by our laboratory to be
suitable for this experimental protocol.

Model for inducing HI. HI stress was produced in 7-d-old rats using the
following modification of Levine’s method (12,13). Pups were anesthetized
with ether, and the left carotid artery was sectioned between two 4-0 silk
ligatures. The pups were allowed to recover for 1–2 h and then exposed to 60
min or 120 min of hypoxia in a plastic container perfused with a mixture of
humidified 8% oxygen in nitrogen. We adjusted the time duration of hypoxic
stress for appropriately discriminative observation. The temperature inside the
container was 33°C, the temperature to which rat pups are exposed when
huddling with their mother (14).

Experimental protocols for LPS and HI insult. The first series of exper-
iments used different LPS challenge protocols before HI stress (Table 1). LPS
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(1.0 mg/kg) from the same lot number was used throughout (Escherichia coli,
serotype 026:B6, Sigma Chemical Co., St. Louis, MO). LPS (0.1 mL per 10 g
body weight) or vehicle (normal saline, 0.1 mL per 10 g body weight) was
injected intraperitoneally at either 4 h or 24 h before HI. In other pups, we
administrated the same dose of LPS at both 4 and 24 h before HI. Control rats
had normal saline injections rather than no injections, as it has been shown
that saline injections can increase plasma corticosterone in neonatal rats (15).

The second series of experiments examined blocking with RU486, a
glucocorticoid receptor blocker. RU486 (BIOMOL Research Laboratories
Inc. Plymouth Meeting, PA) (60 �g/kg dissolved in 10% DMSO) was
injected subcutaneously 24 h before HI, on postnatal day (PND) 6. This
dosage significantly reversed the neuroprotective effect of dexamethasone in
the study by Tuor et al. (16). RU486-treated rats were compared with vehicle
(DMSO)-treated rats, in groups that received saline-saline injections, or
LPS-saline injections, at 4 h and 24 h before HI.

Serum corticosterone level after LPS administration. Serum corticoste-
rone levels were measured in 6-d-old rats. Just before, and at 6, 12, 24, and
48 h after intraperitoneal injections with LPS (1.0 mg/kg), a blood sample was
withdrawn via cardiac puncture as each animal was killed. LPS injections
were made at 0900 h. Serum was separated from each sample and its
corticosterone level was measured using the 125I RIA kit (Coat-A-Count Rat
Corticosterone kit, Diagnostic Products Corporation, Los Angeles, CA). The
measurable range was 20–2000 ng/mL. Saline-treated animals were also
measured at the times corresponding to those for the LPS-treated group.

Histologic analysis. One week after the HI insult, animals were anesthe-
tized and killed, and the brains were removed and fixed in ethanol-acetic acid
(19:1) for 24 h. Coronal brain slices were cut at 2 and 6 mm anterior to the
interaural line and embedded in paraffin. These slices contained the striatum
and dorsal hippocampus, respectively. Sections 5–8 �m thick were then cut
from these blocks and stained with hematoxylin and eosin.

Observers, who did not know which experimental treatment the tissue
source received, analyzed sections. The cerebral cortex and striatum were
microscopically evaluated in anterior sections. CA1, CA3 and the dentate
gyrus of the hippocampus, and the thalamus were evaluated in posterior
sections. Each region was scored for the degree of severity of brain injury,
according to our method previously described (17): 0, no damage; 1, �25%
of the relevant area in a single section damaged; 2, �25% but �50%; and 3,
�50%.

Statistics. All data are expressed as means � SEM. The brain injury scores
for each brain region were compared between the experimental and control
groups using the Mann-Whitney rank sum test. The detection level for serum
corticosterone level was 20 ng/mL. When serum corticosterone could not be
detected, we used the value of 20 ng/mL in the statistical analysis. Two-way
ANOVA was used to analyze the changes in serum corticosterone levels,
followed by Mann-Whitney U test for posthoc analysis. p � 0.05 was
considered statistically significant.

RESULTS

Zero to four rats died in each group within 24 h after HI
stress (Table 1). There were no differences in mortality rates
between study groups. There were no differences between
each of the pairs of the groups in body weight seven days after
HI stress (data not shown).

LPS4h group. LPS increased brain injury scores in all parts
of cerebrum when it was administered 4 h before HI stress,
compared with the saline controls (Fig. 1): cortex, 2.4 � 0.3
versus 0.8 � 0.3 (p � 0.01, mean � SEM of the LPS-treated
versus saline-treated groups, respectively); hippocampal CA1,
2.2 � 0.3 versus 0.5 � 0.3 (p � 0.01); hippocampal CA3, 2.5
� 0.3 versus 0.9 � 0.3 (p � 0.01), hippocampal dentate
gyrus, 1.3 � 0.3 versus 0.7 � 0.7 (p � 0.01), thalamus, 1.0 �
0.2 versus 0.2 � 0.2 (p � 0.01), and striatum, 2.4 � 0.3 versus
0.6 � 0.3 (p � 0.01).
LPS24h group. LPS reduced injury scores in all parts of

cerebrum, except for the dentate gyrus of the hippocampus,
when it was administered 24 h before HI stress, compared with
the saline controls (Fig. 2): cortex, 0.6 � 0.3 versus 2.1 � 0.4 (p
� 0.01, mean � SEM for the LPS-treated versus saline-treated
groups, respectively); hippocampal CA1, 0.7 � 0.3 versus 2.1 �
0.4 (p � 0.01); hippocampal CA3, 1.0 � 0.4 versus 2.1 � 0.4 (p
� 0.05), hippocampal dentate gyrus, 0.3 � 0.3 versus 1.2 � 0.4,
thalamus, 0.3 � 0.2 versus 1.0 � 0.3 (p � 0.05), and striatum,
0.5 � 0.3 versus 2.1 � 0.4 (p � 0.01).
LPS24h � LPS4h group. Double administration of LPS at

both 24 and 4 h before HI stress significantly decreased injury

Table 1. Experimental protocol

(Experimental no.)
study groups

Pre-24 h s.c.
injection

Pre-24 h i.p.
injection

Pre-4 h i.p.
injection

Duration of
HI (min)

No.
animals

No. alive
animals

(1) LPS4h N Saline LPS 60 14 14
(1) Saline4h N Saline Saline 60 14 14
(2) LPS24h N LPS Saline 120 14 13
(2) Saline24h N Saline Saline 120 14 10
(3) LPS24h � LPS4h N LPS LPS 120 14 12
(3) Saline24h � Saline4h N Saline Saline 120 14 13
(4) Saline24h-RU486 RU-486 Saline Saline 120 14 13
(4) Saline24h-vehicle DMSO Saline Saline 120 14 13
(5) LPS24h-RU486 RU486 LPS Saline 120 14 12
(5) LPS24h-vehicle DMSO LPS Saline 120 14 14
(6) LPS24h N LPS N N 28 28
(6) Saline24h (serum CORT) N Saline N N 27 27

Pre, before HI stress; s.c., subcutaneous; i.p, intraperitoneal; N, not performed; CORT, corticosterone.

Figure 1. Brain injury scores for 14-d-old Wistar rats that received 1 mg/kg
of LPS (LPS4h: solid bars, n � 14) or saline (Saline4h: open bars, n � 14)
4 h before HI stress at 7 d after birth. The LPS4h group showed significantly
higher scores in each brain region than the Saline4h group. CX, frontal cortex;
CA1, hippocampal CA1; CA3, hippocampal CA3; DG, hippocampal dentate
gyrus; TX, thalamus; ST, striatum. **p � 0.01, *p � 0.05.
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scores in all the parts of the cerebrum, except for the hip-
pocampal dentate gyrus, compared with the saline controls
(Fig. 3): cortex, 0.3 � 0.3 versus 2.0 � 0.4 (p � 0.01; mean
� SEM, LPS-treated versus saline-treated groups, respec-
tively); hippocampal CA1, 0.4 � 0.3 versus 1.7 � 0.4 (p �
0.01); hippocampal CA3, 0.5 � 0.3 versus 2.1 � 0.4 (p �
0.05), hippocampal dentate gyrus, 0.3 � 0.3 versus 0.6 � 0.3,
thalamus, 0.3 � 0.3 versus 1.1 � 0.3 (p � 0.05), and striatum,
0.3 � 0.3 versus 2.0 � 0.4 (p � 0.01).

Effect of RU486 on HI-induced brain damage. There were
no significant differences in the injury scores for all the parts
of the cerebrum between the groups received RU486 and
DMSO before HI (Fig. 4): cortex, 1.8 � 0.4 versus 1.8 � 0.4
(mean � SEM, RU486-treated versus vehicle-treated groups,
respectively); hippocampal CA1, 1.9 � 0.4 versus 1.9 � 0.4;
hippocampal CA3, 2.2 � 0.4 versus 2.0 � 0.4, hippocampal
dentate gyrus, 0.7 � 0.3 versus 1.1 � 0.3, thalamus, 0.8 � 0.3
versus 1.2 � 0.3, and striatum, 1.6 � 0.4 versus 1.8 � 0.4.

Effect of RU486 on brain damage induced by combination
of LPS and HI. The RU486-treated group tended to have
higher injury scores in most regions compared with the vehi-
cle-treated group, with statistical significance only in the
hippocampal CA3 region (Fig. 5): cortex, 1.7 � 0.4 versus 0.8
� 0.4 (mean � SEM, RU486-treated versus vehicle-treated
groups, respectively); hippocampal CA1, 1.8 � 0.4 versus 0.8
� 0.4; hippocampal CA3, 2.0 � 0.4 versus 0.8 � 0.4 (p �
0.05), hippocampal dentate gyrus, 1.0 � 0.4 versus 0.3 � 0.3,
thalamus, 1.1 � 0.3 versus 0.3 � 0.3, and striatum, 1.8 � 0.4
versus 0.4 � 0.4.
Serum corticosterone level after LPS administration at

PND 6. The serum levels of corticosterone in 6-d-old rats
were below the detection limit of the assay (20 ng/mL) when
sampled before injection of LPS or normal saline. The corti-
costerone level had significantly increased 6 h after the ad-
ministration of LPS at PND 6, to 119.6 � 10.9 ng/mL (p �
0.01). The corticosterone level decreased to 57.9 � 8.6 ng/mL

Figure 2. Brain injury scores for the 14-d-old Wistar rats that received 1
mg/kg of lipopolysaccharide (LPS24h: solid bars, n � 13) or saline
(Saline24h: open bars, n � 10) 24 h before HI stress at 7 d after birth. The
LPS4h group showed significantly lower scores than the Saline4h group. CX,
frontal cortex; CA1, hippocampal CA1; CA3, hippocampal CA3; DG, hip-
pocampal dentate gyrus; TX, thalamus; ST, striatum. **p � 0.01, *p � 0.05.

Figure 3. Brain injury scores for the 14-d-old Wistar rats that received 1
mg/kg of lipopolysaccharide (LPS24h�LPS4h: solid bars, n � 12) or saline
(Saline24h�Saline4h: open bars, n � 13) 24 and 4 hours before HI stress at
7 d after birth. The LPS24h�LPS4h group showed significantly lower scores
than the Saline24h�Saline4h group. CX, frontal cortex; CA1, hippocampal
CA1; CA3, hippocampal CA3; DG, hippocampal dentate gyrus; TX, thalamus;
ST, striatum. **p � 0.01, *p � 0.05.

Figure 4. Brain injury scores for the 14-d-old Wistar rats that received 60 �g/kg
of RU486, glucocorticoid receptor blocker (Saline24h-RU486: solid bars, n �
13) or DMSO (Saline24h-vehicle: open bars, n � 13) 24 h before HI stress at 7 d
after birth. The brain injury scores were equivalent in both groups. CX, frontal
cortex; CA1, hippocampal CA1; CA3, hippocampal CA3; DG, hippocampal
dentate gyrus; TX, thalamus; ST, striatum. **p � 0.01, *p � 0.05.

Figure 5. Brain injury scores for the 14-d-old Wistar rats that received 60
�g/kg of RU486, glucocorticoid receptor blocker (LPS24h-RU486: solid
bars, n � 12) or DMSO (LSP24h-vehicle: open bars, n � 14) 24 h before HI
stress at 7 d after birth. Both groups received 1 mg/kg of lipopolysaccharide
24 h before HI. LPS24h-RU486 group showed significantly higher scores in
hippocampal CA3 than the Saline24h-vehicle group. CX, frontal cortex; CA1,
hippocampal CA1; CA3, hippocampal CA3; DG, hippocampal dentate gyrus;
TX, thalamus; ST, striatum. **p � 0.01, *p � 0.05.
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and 56.8 � 5.5 at 12 h and 24 h, respectively. These values
were higher than those in saline-injected control (24.8 � 3.2
ng/mL and 22.3 � 2.3 at 12 h and 24 h, respectively; p �
0.01). The corticotropin levels did not differ between the LPS-
and vehicle-treated groups (29.1 � 3.3 ng/mL versus 30.0 �
4.3 ng/mL) 48 h after the LPS administration.

DISCUSSION

LPS administered 4 h before HI sensitized the brain and
increased HI-induced brain injury, whereas LPS induced tol-
erance against HI injury if it was injected 24 h before HI.
These findings were consistent with the results of the previous
studies (5,18). It is intriguing that the double injections of LPS
at 24 and 4 h before HI resulted in significant reductions in
HI-induced brain injury. These results indicate that LPS stim-
ulates the production of both neuroprotective and neurodegen-
erative factors. However, the neuroprotection offered by LPS
given 24 h before the insult was strong enough to counteract
the aggravating effect of LPS given shortly before the HI.

We have reported recently that the combined treatment of
LPS with HI, with a 4-h interval between the two stresses,
produces characteristically long-lasting memory and learning
impairments, and more extensive cerebral injury than is seen
in rats with either LPS or HI alone (13). Furthermore, dexa-
methasone treatment given 4 h before HI prevents the histo-
logic and behavioral impairments (11). These result are quite
remarkable, with the protective effect of dexamethasone al-
most total, in agreement with studies showing that dexameth-
asone provides complete protection if given before HI (19,20).
Because glucocorticosteroids are present endogenously and
up-regulated by LPS administration in neonatal rats (21), our
hypothesis is that LPS-induced glucocorticoids are critical to
the preconditioning process against subsequent HI stress.

Our second series of experiments using a glucocorticoid
receptor blocker supports this hypothesis. RU486 offset the
LPS-induced tolerance and aggravated the HI-induced brain
injury imposed 24 h later, compared with the controls.

Muramatsu et al. (22) showed that dexamethasone amelio-
rates neuronal necrosis in PND-7 rats, but not in PND-21 rats.

They speculated that dexamethasone may have strengthened
the blood-brain barrier, resulting in a reduction in macromo-
lecular extravasation. We studied hyperthermic precondition-
ing with brain temperatures maintained between 41.5 and
42.0°C for 15 min. This significantly reduced macromolecular
extravasation, indicating that disruption of the blood-brain
barrier was prevented (8). Serum cortisol, measured 24 h after
the HI insult in these experiments, was significantly higher in
the preheated group than in the nonheated group, suggesting
that hyperthermia-induced adrenal corticosteroids prevented
disruption of the blood-brain barrier.

Several theories have been proposed to explain HI toler-
ance, including a hypoxia-inducible factor (23), nitric oxide
(24), a downstream messenger in tumor necrosis factor alpha
signaling, ceramide (25) or partial caspase 3 activation (26). In
our previous study, we observed hyperthermia-induced HI
tolerance at 6, 12, and 24 h after hyperthermic precondition-
ing, but not at 48 or 72 h. Heat shock protein 72 expressed in
the vascular endothelial cells, rather than in the glial or
neuronal cells, was most strongly associated with HI toler-
ance. Gidday et al. (24) concluded from their neonatal rat
experiments that nitric oxide produced by the endothelial
nitric oxide synthase (NOS) isoform is more important than
neuronal NOS isoform for acquiring HI tolerance. The under-
lying mechanisms for HI tolerance in immature animals there-
fore appear to be different from those in mature animals, with
the functional integrity of the vascular endothelial cells in the
cerebrum the more important factor in the immature brain.
Muramatsu et al. (22) studied the age-dependent effects of HI
on the disruption of the blood-brain barrier in PND-7 and -21
rats. In their study, 1.5 h of HI at 37°C produced macromo-
lecular extravasation in PND-7 rats, but not in PND-21 rats,
although neuronal necrosis was equivalent at these two dif-
ferent ages. Our present data suggest that corticosteroids play
an important role in HI tolerance.

It is important to note that RU486 did not aggravate the
HI-induced brain injury produced 24 h later in the saline-
injected animals, in contrast to the effects in the LPS-injected
animals. This indicates that endogenously produced glucocor-
ticoids do not appear to be involved in the regulation of
cerebral vulnerability to HI. The results are consistent with
those published by Tuor et al. (16), and the explanation may
be the very low levels of serum corticosterone we found.
These levels are due to adrenal quiescence during the first 2
wk of postnatal life (27).

The significant up-regulation of serum corticosterone levels
after LPS administration at PND 6 was consistent with a
previous report (21). It is important to determine whether such
transient increases in corticosterone are exclusively a response
to acquiring HI tolerance. This is under investigation using
exogenous corticosterone injections in rats. Although the ad-
renal gland shows the lowest response to stress at PND 7,
endotoxin effectively stimulated adrenal secretion of cortico-
sterone. However, the response is different in the immature
brain (21). In the neonatal rat, endotoxin can induce adreno-
corticotropic hormone and corticosterone secretion, but it
decreases CRH-gene expression in the paraventricular nu-
cleus. This effect is the opposite of that seen in the adult rat.

Figure 6. The serum corticosterone levels before and after administration of
LPS (1 mg/kg) (�, n � 28) or saline (Œ, n � 27) at PND 6. **p � 0.01,
compared with saline-injected group. The dotted line was the detection limit
(20 ng/mL). Animal numbers at each point were 5–7.
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Corticosteroids have a two-sided effect on the developing
brain (22). Adverse effects include retarded fetal brain growth
(23), delay in the myelination (24), and decreased numbers of
neuron and degeneration of synaptic terminals (25) in animal
studies. Human studies also reported that corticosteroids in
perinatal period were associated with reduction of head cir-
cumference (26) and cerebral palsy (27). Whether LPS-
induced endogenous corticosterone observed in the present
study is associated with degenerative effects on the developing
brain should be elucidated in the future.

In conclusion, our results indicate that glucocorticoids are
critically involved in LPS-induced cerebral tolerance in im-
mature rats. LPS-induced endogenous secretion of corticoste-
rone and the inhibition of glucocorticoid receptors shifted the
LPS response from preconditioning to sensitization. In clinical
situations involving chorioamnionitis, endogenous glucocor-
ticoids may be critical to improving fetal and neonatal neuro-
logic outcomes.
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