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Perinatal brain damage is associated not only with hypoxic-
ischemic insults but also with intrauterine inflammation. A com-
bination of antenatal inflammation and asphyxia increases the
risk of cerebral palsy �70 times. The aim of the present study
was to determine the effect of intracisternal (i.c.) administration
of endotoxin [lipopolysaccharides (LPS)] on subsequent hy-
poxic-ischemic brain damage in neonatal rats. Seven-day-old
Wistar rats were subjected to i.c. application of NaCl or LPS (5
�g/pup). One hour later, the left common carotid artery was
exposed through a midline neck incision and ligated with 6-0
surgical silk. After another hour of recovery, the pups were
subjected to a hypoxic gas mixture (8% oxygen/92% nitrogen)
for 60 min. The animals were randomized to four experimental
groups: 1) sham control group, left common carotid artery
exposed but not ligated (n � 5); 2) LPS group, subjected to i.c.
application of LPS (n � 7); 3) hypoxic-ischemic study group, i.c.
injection of NaCl and exposure to hypoxia after ligation of the
left carotid artery (n � 17); or 4) hypoxic-ischemic/LPS study
group, i.c. injection of LPS and exposure to hypoxia after ligation

of the left carotid artery (n � 19). Seven days later, neonatal
brains were assessed for neuronal cell damage. In a second set of
experiments, rat pups received an i.c. injection of LPS (5 �g/pup)
and were evaluated for tumor necrosis factor-� expression by
immunohistochemistry. Neuronal cell damage could not be ob-
served in the sham control or in the LPS group. In the hypoxic-
ischemic/LPS group, neuronal injury in the cerebral cortex was
significantly higher than in animals that were subjected to hyp-
oxia/ischemia after i.c. application of NaCl. Injecting LPS intra-
cisternally caused a marked expression of tumor necrosis fac-
tor-� in the leptomeninges. Applying LPS intracisternally
sensitizes the immature rat brain to a subsequent hypoxic-
ischemic insult. (Pediatr Res 53: 770–775, 2003)

Abbreviations
LPS, lipopolysaccharides
TNF-�, tumor necrosis factor-�
i.c., intracisternal
TLR, toll-like receptor

Hypoxic-ischemic cerebral damage is an important contrib-
utor to perinatal mortality and morbidity, including long-term
neurologic sequelae in term and preterm fetuses (1, 2). How-
ever, as shown in recent studies, perinatal brain injury may be
associated not only with hypoxic-ischemic insults but also with
an ascending intrauterine inflammation before or during birth
(3). It is widely known that Gram-negative anaerobic bacteria
are involved in colonization and infection of the genitourinary

tract in pregnant women, which could affect labor and preterm
birth. Because pregnant women with fever and bacteriuria give
birth to infants with a higher incidence of neurologic defects at
1 y of age than do mothers who are free of urinary tract
infection (4), it seems that human maternal endotoxemia is
associated with fetal CNS damage. Furthermore, there is a
growing body of evidence from epidemiologic studies that
exposure to placental inflammation before or during birth is
accompanied by cerebral white matter damage, especially in
the very preterm fetuses, i.e. those born before 32 wk of
gestation (3). In addition, the incidence of peri/intraventricular
hemorrhage is significantly increased in premature infants who
are exposed to intrauterine inflammation (5, 6).

An increasing number of experimental studies showing var-
ious effects of endotoxins on cerebral tissue are being pub-
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lished. Thus, administration of endotoxin has been reported to
induce an increased cytokine expression in adult rat brains
(7–9). In particular, a rise in the release of tumor necrosis
factor-� (TNF-�) has been thought to be associated with
neuronal cell damage (10). In addition, an increased expression
of IL-1� and TNF-� mRNA has been observed in the brain of
fetal rats after intraperitoneal application of lipopolysaccha-
rides (LPS) to the dam. This was followed by minimal cerebral
injury (11). Similar observations have been described in im-
mature rabbits after uterine infection with bacteria (12) and in
newborn kittens after intraperitoneal injection of LPS (13).
Only recently, it was reported that intraperitoneal injection of
LPS in neonatal rats aggravates hypoxic-ischemic damage in
the immature brain (14). To elucidate the effects of endotoxins
on fetal cardiovascular control we applied i.v. LPS to preterm
fetal lambs (15). During a short period of superimposed as-
phyxia, these fetuses were not able to maintain circulatory
centralization, i.e. to increase blood flow to the central organs
at the expense of the peripheral perfusion. In the immediate
recovery period, oxygen delivery to the fetal brain was nearly
arrested. It is conceivable that under such conditions, fetal
brain injury is brought about by hypoxic-ischemic insults.

Under clinical conditions, intrauterine inflammation is often
accompanied by fetal asphyxia. The combination of exposure
to inflammation and asphyxia during birth has been linked to a
dramatic increase in the risk of spastic cerebral palsy (16),
suggesting that there may be an interaction between the patho-
physiological mechanisms induced by inflammation and peri-
natal hypoxia. Up to now, few data have been presented on the
effect of an early administration of endotoxins before a hy-
poxic-ischemic insult in the immature brain. In the present
study, we therefore investigated whether intracisternal (i.c.)
application of LPS enhances the susceptibility to subsequent
hypoxic-ischemic brain damage in neonatal rats.

METHODS

Animals. Experiments were performed on 7-d-old neonatal
Wistar rats (n � 61) of both sexes. Until the day of the surgery,
the pups stayed under controlled conditions in cages with their
dams. A constant temperature of 20°C, a 12-h day/night
rhythm, and food and drink at libitum were maintained. Mean
body weight on the surgery day was 14.9 � 0.7 g.

Surgical procedure. The pups were held and fixated by
hand. After the skin was disinfected with 70% alcohol, NaCl or
LPS (5 �g/pup; Escherichia coli, O127:B8; Sigma Chemical
Co. Aldrich) was manually injected into the cisterna magna as
described previously (17). Briefly, a syringe connected to a
32-gauge needle was used to inject 10 �L of fluid intracister-
nally. The landmarks for the injection were the opistion and the
crista occipitalis externa on the superior side and the basion on
the inferior side. The needle was inserted within the quadrangle
bounded by these points approximately one third of the way
between the opsition and the basion. To check that the LPS was
indeed being injected into the cistern magna, we performed a
pilot study on 50 7-d-old rat pups. In these animals, Chinese
ink was co-injected with NaCl or LPS and the correct admin-

istration was verified macroscopically. After the first 10 ani-
mals, this pilot study had a success rate of 96%.

One hour after i.c. application of LPS, the rat pups were
anesthetized deeply by halothane inhalation. The left common
carotid artery was exposed through a midline neck incision and
ligated with 6-0 surgical silk. The duration of anesthesia and
surgery never exceeded 15 min. After surgery, the pups were
allowed to recover with their dams for another hour. The pups
were placed in an incubator (Intensive Care Incubator 7510,
Fa. Dräger, Lübeck, Germany) and were exposed to a hypoxic
gas mixture (8% oxygen/92% nitrogen). The ambient temper-
ature was maintained strictly at 36°C. After 60 min of hypoxia,
the incubator was opened to room air and the pups returned to
their dams (18). In the present study, we did not measure body
temperature in the rat pups, because this is extremely difficult
to do in such small animals. However, in experiments on adult
animals, fever has not been reported after intracerebroventric-
ular administration of LPS (19, 20). The experimental proto-
cols were approved by the appropriate institutional review
committee and met the guidelines of the governmental agency
responsible.

Experimental groups. The pups were randomized to four
experimental groups: 1) sham control group: animals of this
group underwent the surgical procedure described above ex-
cept for the ligation of the carotid artery (n � 5); 2) LPS group:
these animals were subjected only to i.c. application of LPS (n
� 7); 3) hypoxic-ischemic study group: Animals received an
i.c. injection of NaCl and were exposed to hypoxia for 60 min
after ligation of the left carotid artery (n � 17); 4) hypoxic-
ischemic/LPS study group: animals were received an i.c. in-
jection of LPS and were exposed to hypoxia for 60 min after
ligation of the left carotid artery (n � 19).

Histology. Seven days after the insult, the rat pups were
anesthetized with i.p. thiopental (12 mg/animal), a butterfly
needle (21 gauge) was inserted into the left ventricle, and the
right atrium was incised. Each animal was perfusion-fixed with
4% formaldehyde. After perfusion, the brains were removed
and stored in the same fixative for at least 3 d. Coronal blocks
of the brains were processed in graded ethanols and rotihistol.
After embedding in paraffin wax, 5-�m-thick coronal slices
were sectioned every 500 �m and stained with
cresyl-violet/fuchsin.

Hypoxic-ischemic brain injury was assessed directly after
the brains were removed from the cranial cavity using a
macroscopic four-point scale [modified after (21)]: 0 � no
macroscopically detectable damage; 1 � discrete, delineated,
superficial pigmentation of the ipsilateral hemisphere; 2 �
moderate cystic infarction of the ipsilateral hemisphere (�4
mm); 3 � severe cystic infarction of the ipsilateral hemisphere
(�4 mm).

Hypoxic-ischemic neuronal cell damage within the cerebral
cortex was also assessed microscopically. The cortex ipsilat-
eral to the ligated carotid artery was evaluated at six coronal
levels (longitudinal coordinates relative to Bregma: A 1.0 mm,
A 2.0 mm, A 3.0 mm, A 4.0 mm, A 5.0 mm, A 6.0 mm).
Coronal level A 2.0 mm showing the middle of the dorsal
hippocampus was taken as the reference plane according to a
stereotaxic atlas of 14-d-old rat brains (22). The longitudinal
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coordinates of the other coronal levels were determined by
counting the number of the 5-�m-thick histologic slices in
posterior and anterior direction. The ipsilateral cortex was
analyzed by visual field at a magnification of 250�. Neurons
with ischemic cell damage were identified according to the
criteria of Brown and Brierley (23). Neuronal cell damage in
each microscopic visual field was quantified by the following
score: 0–5% damage (score 1), 5–50% damage (score 2),
50–95% damage (score 3), 95–99% damage (score 4), and
100% damage (score 5) (24). The histologic score of each
coronal level was calculated by averaging the scores of all
visual fields analyzed in that level. In the same way, neuronal
cell damage of four hippocampal structures (dentate gyrus, CA
4, CA 3, CA 1 and 2) was evaluated at the coronal plane A 2.0
mm and that of the striatum at the coronal planes A 3.0 mm and
A 4.0 mm. The scoring system used in the present study has
been previously established and evaluated by our group. The
intraobserver and interobserver reliabilities were assessed as
coefficients of variation and amounted to 3 and 10%, respec-
tively. This system has been used by our group and others
successfully in a large number of studies (24–26).

In addition, coronal sections were scanned at 2700 � 2700
dpi with a film scanner (SprintScan 35 Plus, Polaroid Europe
Ltd., Uxbridge, Middlesex, UK), and the digitized images were
analyzed using the public domain NIH Image program (Ver-
sion 1.61, U.S. National Institutes of Health, Bethesda, MD,
U.S.A.). Neuronal injury to the cortex was defined as areas of
decreased neuronal density, confirmed by simultaneous bright
field microscopy, and the area of cortical brain damage was
expressed as percentage of the total cortex in each section. The
mean value per brain was calculated and used for statistical
evaluation (27). All observers involved in the histologic eval-
uations were blind to the treatment procedures.

Immunohistochemistry. To clarify whether the injected LPS
is really active in the immature brain, we studied the expres-
sion of TNF-�. For this purpose, another group of rat pups (n
� 9) were treated with LPS as described above. At 4, 10, and
24 h after the application, these animals as well as NaCl-treated
control pups (n � 4) were killed and perfusion-fixed with 4%
formaldehyde. After incubation for 48 h in formaldehyde, the
brains were transferred into 18% sucrose. Twenty-microgram-
thick coronal frozen sections of the brains were processed on a
cryostat. For detection of TNF-�, anti-rat TNF-� was used as
primary antibody (Endogen, Woburn, MA U.S.A.) at a work-
ing dilution of 1:1000. After incubation with primary antibody
at room temperature for 2 h, the avidin-biotin-horseradish
peroxidase system (ABC kit from Vector Laboratories, Bur-
lingame, CA, U.S.A.) was used for detection of immunoposi-
tive cells following the manufacturer’s instructions. Negative
controls were performed by omitting the primary antibody and
by preadsorption of the TNF-� antibody with the homologous
antigen (PeproTech EC Ltd, London, UK).

Statistics. All data are given as means � SD. Statistical
differences between groups were evaluated by the �2 test,
Mann-Whitney U test, or unpaired t test when appropriate. P �
0.05 was considered significant.

RESULTS

Neuronal cell damage could not be observed in sham control
animals or in rat pups that were subjected solely to LPS
injection into the cisterna magna. In the cerebral cortex of the
animals allotted to macroscopic score 1 and 2, only selective
neuronal necrosis could be detected without any evidence of
infarction. In the neonates that underwent hypoxia-ischemia
plus LPS injection, the macroscopically assessed brain injury
was significantly higher than that observed in pups that were
subjected to hypoxia-ischemia and administration of NaCl
(Table 1). Whereas seven animals of the LPS group (group 4)
developed severe cystic cerebral infarction, only mild to mod-
erate damage could be observed in the rat pups of the NaCl
group (group 3). The extent of microscopically determined
neuronal cell damage in these two groups is illustrated in Table
2 and Figure 1. Neuronal cell damage was most pronounced in
the posterior levels of the cerebral cortex. Except at the levels
A 1.0 and A 3.0, neuronal cell injury was significantly higher
in the cortex of the animals that were subjected to hypoxia-
ischemia and LPS injection. No differences between groups
could be detected in the hippocampus and striatum. Cellular
damage in the white matter could not be observed in any of the
brains evaluated. The mean neuronal injury in the cerebral
cortex of the animals of experimental group 4 analyzed by the
above described CCD-based image analysis system was sig-
nificantly higher than that in the rat pups of group 3 (8.9 �
3.2% versus 1.2 � 0.2%; p � 0.001; Fig. 2). In group 4
animals, neuronal cell damage or white matter injury could not
be detected in the contralateral hemisphere. We therefore did
not randomize rat pups to sham surgery and LPS application.

Ten hours after injection of LPS into the cisterna magna, a
weak expression of TNF-� could be observed in the leptome-
ninges (n � 3). After 24 h, this expression was considerably
stronger (n � 3; Fig. 3). Most of the cells that were positive for
TNF-� staining seemed to be macrophages. No staining for
TNF-� could be detected in the cerebral parenchyme at any
time after LPS injection. Animals that received an injection of
NaCl also gave no positive staining for TNF-� (n � 4; Fig. 3).

DISCUSSION

The central finding of the present study was that endotoxin
enhances the susceptibility to subsequent hypoxic-ischemic

Table 1. Macroscopically evaluated hypoxic-ischemic brain injury
in neonatal rats

Score NaCl/HI LPS/HI

0 8 4
1 6 8
2 3 0
3 0 7*

Rat pups were subjected to either i.c. application of NaCl (n � 17) or LPS
(n � 19). One hour later, the animals underwent unilateral carotid artery
occlusion followed by 60 min of hypoxia (HI). 0 � no macroscopically
detectable damage; 1 � discrete, delineated, superficial pigmentation of the
ipsilateral hemisphere; 2 � moderate cystic infarction of the ipsilateral hemi-
sphere (�4 mm); 3 � severe cystic infarction of the ipsilateral hemisphere (�4
mm). Statistically significant differences between control and study group were
evaluated by �2 test (* p � 0.01).
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brain damage in neonatal rats. In most studies on LPS and
ischemic neuronal injury, preconditioning effects were de-
scribed with reduced brain injury when LPS was applied
several days before middle cerebral artery occlusion in adult
rats (28). However, the time interval between the primary and
secondary insults seems to be the most important variable
determining whether an alleviation or an aggravation of the
final outcome is observed. Thus, sensitization of the immature
brain to injury has been demonstrated after repeated brief
episodes of cerebral hypoxia-ischemia (26). A similar relation-
ship may exist between LPS and hypoxia-ischemia.

The mechanisms that mediate the sensitizing effects of LPS
to hypoxic-ischemic insults are little understood. In a recent
study on neonatal rats, altered expression of CD14 mRNA and
toll-like receptor-4 mRNA (TLR) were detected in the brain
after i.p. injection of LPS and a subsequent hypoxic-ischemic
insult (14). After binding LPS, the membrane-bound and sol-
uble forms of CD14 promote the activation of myeloid (mono-
cyte/macrophage/polymorphonuclear leukocyte) and nonmy-
eloid (endothelial/epithelial) cells, respectively (29). The
elusive signaling unit of the LPS receptor includes members of
the human TLR family. The cytoplasmic tail of TLR has a
similar sequence homology to the IL-1 receptor I, and TLR
stimulation induces synthesis of proinflammatory cytokines,
such as IL-1 and TNF-� (30; for review 31). IL-1 mediates
ischemic, excitotoxic, and traumatic brain injury, probably
through multiple actions on glia, neurons, and the vasculature.
TNF-� has also been reported to contribute to neuronal injury
(32). Altered expression of CD14 and TLR-4 may therefore be
one of the underlying mechanisms through which LPS sensi-
tizes the immature brain to a subsequent hypoxic-ischemic
insult (14).

It is interesting to note that in the present study, neuronal cell
damage was aggravated only in the cortex but not in deeper
brain structures such as the striatum and the hippocampus. We

speculate that the TNF-� released in the leptomeninges pene-
trated the underlying cerebral cortex and accelerated cyclo-
oxygenase 2 and the inducible form of nitric oxide synthase in
the microglia (33). Radicals produced through these pathways
are widely known to injure the neuronal network. In addition,
TNF-� has been reported to activate the Fas-receptor system
and to cause subsequent apoptotic cell death (for review 31).
Another mechanism by which TNF-� could injure the imma-
ture brain is its stimulatory effects on metalloproteinases.
These enzymes are known to degrade virtually all components
of the extracellular matrix. They also lyse the subendothelial
basement membrane, which forms the blood-brain barrier
around cerebral capillaries and mediates the extravasation of
leukocytes (27, 34). However, additional experiments will
have to be performed to clarify whether these mechanisms are
involved in the LPS-induced sensitization of the immature
brain to ischemia.

Recently, Eklind et al. (14) also described a sensitization of
the immature rat brain to hypoxic-ischemic insults by i.p.

Table 2. Microscopically evaluated hypoxic-ischemic brain injury
in neonatal rats

NaCl/HI LPS/HI

Cerebral cortex
Level 1 (A 1.0) 1.31 � 0.21 1.95 � 1.25
Level 2 (A 2.0) 1.29 � 0.23 2.13 � 1.20*
Level 3 (A 3.0) 1.24 � 0.15 1.88 � 1.12
Level 4 (A 4.0) 1.08 � 0.11 1.60 � 0.98**
Level 5 (A 5.0) 1.03 � 0.10 1.37 � 0.90**
Level 6 (A 6.0) 1.03 � 0.13 1.39 � 1.06*
Total 1.18 � 0.12 1.81 � 1.05*

Hippocampus
DG 1.59 � 1.33 1.26 � 0.73
CA 1/2 1.59 � 1.37 1.11 � 0.32
CA 3 1.82 � 1.55 1.54 � 1.01
CA 4 1.65 � 1.32 1.54 � 1.20

Striatum 1.27 � 0.70 1.65 � 1.16

Rat pups were subjected to either i.c. application of NaCl (n � 17) or LPS
(n � 19). One hour later, the animals underwent unilateral carotid artery
occlusion followed by 60 min of hypoxia (HI). Score 1, 0–5% damage; score
2, 5–50% damage; score 3, 50–95% damage; score 4, 95–99% damage; score
5, 100% damage. Values are given as means � SD. Statistically significant
differences between control and study group were evaluated by Mann-Whitney
U test (* p � 0.05, ** p � 0.01, *** p � 0.001).

Figure 1. Photomicrographs showing coronal sections (A 2.0 mm) of NaCl-
treated (A) and LPS-treated (B) rat pups that were subjected to 60 min of
hypoxia-ischemia. Sections were stained with cresyl-violet/fuchsin. Whereas
only selective neuronal necrosis (arrowheads) could be observed in the
animals that received NaCl, the i.c. application of LPS sensitized the immature
brain to a subsequent hypoxic-ischemic insult and resulted in cerebral infarc-
tion (arrowheads).
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injection of LPS (0.3 mg/kg body wt). The aggravation of the
hypoxic-ischemic insult that they observed was more pro-
nounced than that found in the present study. There could be
various reasons for this: the LPS have been taken from differ-
ent strains of bacteria and have been applied via differing
routes in the two studies. Furthermore, the studies vary with
regard to end points investigated. Whereas the rat pups were
killed 3 d after the insult in the former report, in the present
investigation animals were not perfusion-fixed until the sev-
enth day after hypoxia. Eklind et al. (14) also measured
cerebral blood flow immediately after the insult using the
antipyrine technique and did not detect any differences be-
tween their study and control groups. From these results, they
concluded that the effects of LPS on the immature brain were
not mediated by an alteration of cerebral vasculature. However,
as shown in a recent study on fetal sheep, i.v. application of
LPS at a much lower concentration (50 �g/kg body wt)
severely compromised fetal cardiovascular control and nearly
arrested cerebral oxygen delivery shortly after superimposed
hypoxia (15). LPS-induced effects on cerebral blood flow
therefore cannot be excluded by a single measurement at the
end of a hypoxic-ischemic insult. In the present study, LPS was
injected directly into the cerebrospinal fluid. Severe distur-
bances of the cardiovascular system are unlikely under such
conditions but cannot be excluded, because blood flow mea-
surements were not performed. Some reports describe an in-
crease in cerebral blood flow within the first hours after
intracerebroventricular injection of LPS (19, 20). Although

Figure 3. Representative photomicrographs of immunostaining for TNF-� in neonatal rat brain-stem sections. Anti-rat TNF-� against TNF-� was used as
primary antibody at a working dilution of 1:1000. After incubation with primary antibody at room temperature for 2 h, the avidin-biotin-horseradish peroxidase
system was used for detection of immunopositive cells. Rat pups were subjected to either i.c. application of NaCl (C) or LPS (A). The immunoreactive product
could be detected only in the leptomeninges of the animals of the study group. Bar � 50 �m. B, The cytoplasmic TNF-� staining is indicated by arrows.
Preadsorption of the TNF-� antibody with the homologous antigen is shown in D. Bar � 10 �m. v, venous vessel.

Figure 2. Effect of LPS (5 �g/animal intracisternally) on subsequent hy-
poxic-ischemic brain damage in neonatal rats. Neuronal injury to the cortex
was defined as areas of decreased neuronal density, confirmed by simultaneous
bright field microscopy, and the area of cortical brain damage was expressed
as percentage of the total cortex in each section. Statistically significant
differences between control and study group were evaluated by unpaired t test
(*p � 0.03).
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such changes in cerebral perfusion are very unlikely to exac-
erbate hypoxic-ischemic brain injury, LPS-induced alterations
of cerebral blood flow that enhances the susceptibility of the
immature brain to subsequent insults cannot be excluded in the
present study.

Despite extensive histologic examination, we did not detect
any white-matter injury in the brains investigated. This seems
to contradict epidemiologic data reporting an association be-
tween inflammation and white matter damage in immature
fetuses (35, 36). However, one should take into consideration
that the endotoxin was applied intracisternally in the present
study and that the expression of TNF-� could be observed only
in the leptomeninges. It is therefore conceivable that the con-
centration of the administered LPS did not reach concentra-
tions in the cerebral white matter high enough to activate the
pathophysiological cascade leading to cellular damage. The
same may be true for the striatum and the hippocampus.
Because we did not perform immunohistochemistry to charac-
terize the various cellular subtypes of the brain parenchyma,
subtle injury to smaller groups of cells such as oligodendro-
cytes and their precursors cannot be fully excluded.

Expression of TNF-� could not be observed in the present
study until 10 h after the application of LPS, which is some-
what later than in previous studies performed in adult mice
(37). As already mentioned, differences in the bacterial strain
from which the LPS was derived as well as differences in the
maturity of the immunologic system of the studied animals
may be responsible for this finding.

CONCLUSION

From the results of the present study, we conclude that i.c.
application of LPS enhances the susceptibility to subsequent
hypoxic ischemic brain damage in neonatal rats. The underly-
ing mechanisms are not yet fully understood.
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