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Abstract
This report describes a new experimental model to evaluate the effect of a recurrent systemic
inflammatory challenge, after cerebral hypoxia-ischemia in immature mice, on the progression of
brain injury. Treatment with a low dose of lipopolysaccharide (E. coli O55:B5, 0.2 mg/kg for 3 days,
then 0.1 mg/kg for 2 days) daily for 5 days after unilateral cerebral hypoxia-ischemia (right carotid
ligation followed by 35 min in 10% O2) in 10-day-old mice resulted in increased right forebrain
tissue damage (35.6% reduction in right hemisphere volume compared to 20.6% reduction in saline-
injected controls), in bilateral reductions in corpus callosum area (by 12%) and myelin basic protein
immunostaining (by 19%), and in suppression of injury-related right subventricular zone cellular
proliferation. The post-hypoxic-ischemic lipopolysaccharide regimen that amplified brain injury was
not associated with increased mortality, nor with changes in body temperature, weight gain or blood
glucose concentrations. The results of the present study demonstrate that systemic inflammation
influences the evolution of tissue injury after neonatal cerebral hypoxia-ischemia and may also impair
potential recovery mechanisms.

There is now substantial epidemiologic and experimental evidence that pre-existing
intrauterine inflammation can potentiate prenatal hypoxic-ischemic (HI) brain injury (Yoon et
al., 1997, Nelson et al., 1998, Wu et al., 2003, Eklind et al., 2001, Lehnardt et al., 2003, Yang
et al., 2004). However, the postnatal environment of critically ill newborns is also fraught with
risks of pro-inflammatory challenges. Such systemic inflammatory stimuli include sepsis,
pneumonia, sustained acute lung injury, necrotizing enterocolitis and its complications, and
major abdominal or thoracic surgery. Given the critical role of inflammatory mediators in the
pathogenesis of experimental neonatal hypoxic-ischemic brain injury (Barks and Silverstein,
2002), and the immaturity of the blood-brain barrier (Risau and Wolburg, 1990, Stolp et al.,
2005), we hypothesized that systemic inflammation might increase the severity of brain injury
after an acute cerebral hypoxic-ischemic insult. The impact of post-hypoxic-ischemic systemic
inflammation on the evolution of neonatal brain injury has not previously been evaluated in
an experimental model.

This report describes a new neonatal mouse model in which to study the impact of postnatal
systemic inflammation on the evolution of hypoxic-ischemic brain injury. Hypoxic-ischemic
brain injury was elicited using a well-established model of carotid ligation followed by hypoxia
exposure in 10-day-old (P10) mice (Liu et al., 1999), which is a modification of the Rice-
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Vannucci model originally described in immature rats (Rice et al., 1981). We utilized a regimen
of five sequential daily injections of low doses of lipopolysaccharide (LPS) to elicit systemic
inflammation. In contrast with previous studies, in which single doses of LPS were
administered prior to a CNS insult to model the effects of pre- or perinatal systemic
inflammation on HI- or seizure-induced injury to the immature brain (Eklind et al., 2001,
Lehnardt et al., 2003, Sankar et al., 2007), in our model, the first LPS injection was administered
at two hours after hypoxic-ischemic lesioning.

Outcomes were compared in lesioned animals that received 5 sequential daily injections of
LPS or of equal volumes of saline. We examined the effects of LPS administration on body
temperature, blood glucose, weight gain, survival, and brain injury. Based on recent evidence
that inflammation disrupts endogenous stem cell reparative responses after stroke in adult rats
(Hoehn et al., 2005), we also evaluated forebrain subventricular zone (SVZ) proliferation
(Plane et al., 2004).

Methods
Lipopolysaccharide Administration Protocol

For intra-peritoneal (i.p.) injections in P10 mice, we used a 25 gauge needle attached to a 250
μl Hamilton syringe, and injected either 100 or 50 μl/10 gm body weight. In these experiments
we used LPS from E. coli (O55:B5, Sigma, St. Louis, MO), dissolved (0.02 mg/ml) in 0.9%
w/v NaCl in sterile water. A broad range of LPS doses, administered by intra-peritoneal,
intravenous, or intra-cerebral injection, have been used in rodent models to elicit inflammation
(Ahmed et al., 2000, Eklind et al., 2001, Lehnardt et al., 2003, Soucy et al., 2005, Becker et
al., 2005, Herber et al., 2006). In order to establish a post-hypoxia-ischemia LPS administration
protocol, we initially evaluated high doses of LPS in unlesioned P10 mice. Systemic injections
of LPS (0.5–1 mg/kg) elicited temperature instability and poor weight gain; if LPS injection
was followed by 30–40 min exposure to 10% oxygen, there was up to 50% mortality.
Subsequently, we found that in mice that received five sequential daily LPS injections (200
microgram/kg/d for 3 consecutive days beginning on P10, and then 100 microgram/kg/day for
2 additional days), there were no overt adverse effects.

Using this dosing regimen, we measured body temperature [analog esophageal temperature,
measured to the nearest half-degree (YSI Telethermometer 43TA with 554 probe, Yellow
Springs Instruments, Yellow Springs, OH, USA)] 3 times daily (immediately before, and again
2 and 4 hours after each LPS injection), for 5 days, in LPS-treated animals and concurrently
in non-injected controls (n=5–6/group). In additional animals, serial blood glucose values
(Ascensia Elite blood glucose meter, Bayer HealthCare, Tarrytown, NY) were obtained by ear
puncture on P10 immediately prior to and again 90 minutes after LPS injection, and on P11
through P14, daily at 90 minutes after LPS injections.

Hypoxia-Ischemia
Three groups of experiments were performed. Each group of experiments included LPS-treated
and saline-injected control animals (CD-1 mice, Charles River, Portage MI, N = 37). Within
each experiment, animals were allocated evenly into the two treatments, with similar sex
distribution in each group.

All animals underwent right carotid ligation on P10, under isoflurane anesthesia (3% for
duration of procedure, 2–3 min.). Animals recovered in an incubator at 36.5 ºC air temperature
for 90 min, and then were placed in glass jars, partly immersed in a 36.5 ºC water bath, through
which warmed 10% oxygen (balance nitrogen) flowed at a constant rate, for 35 min. We
selected a duration of hypoxia exposure that we expected would produce damage of mild-
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moderate severity (20–35% ipsilateral hemisphere volume loss), to permit detection of either
potentiation or attenuation of injury by LPS.

After the end of hypoxia exposure, mice recovered in an incubator at 36.5 °C air temperature
for 30 min, and were then returned to the dams. Mice were weighed prior to surgery on P10,
daily from P11-14 and again on P17.

Following hypoxia-ischemia, mice, stratified by gender, were randomly allocated to either the
LPS injection group (HI + LPS) or the saline (NS) control group (HI + NS). Animals received
the first LPS (N = 19) or saline (N = 18) injection at 2 h after the end of hypoxia exposure;
animals received four additional daily i.p. injections of LPS or saline from P11 to P14.

In the third experiment, mice received injections of the S-phase cell proliferation marker
bromodeoxyuridine (BrdU, Roche Applied Science, Indianapolis, IN, USA) 100 mg/kg i.p. (in
sterile PBS) once daily for 3 consecutive days (P15-17) (n = 7/group).

Histopathology
On P17, mice were deeply anesthetized with chloral hydrate (500 mg/kg) and perfusion-fixed
(4% paraformaldehyde). Serial 30 μm coronal sections were sectioned on a sliding microtome
and stored in cryoprotectant solution (sucrose 30% w/v and ethylene glycol 30% v/v in 0.05
M phosphate buffer pH 7.2) at −20ºC.

To estimate the severity of tissue damage in each brain, a series of regularly spaced sections,
from the anterior to the posterior genu of the corpus callosum was mounted on slides, and
stained with cresyl violet. Bilateral cerebral hemisphere volumes were approximated by
summing bilateral hemisphere areas of intact (i.e. Nissl-stained) tissue (outlined with NIH
Image) and multiplying by the distance between sections in at least 6 sections/brain.

Immunohistochemistry and Stereology
To evaluate HI white matter injury, in each brain, a series of regularly spaced coronal sections
was stained for myelin basic protein (MBP) using a modification to previously published
methods (Liu et al., 2002). Briefly, sections were mounted on slides, dried, rinsed in Tris-
buffered saline (TBS, pH 7.6), blocked in F(ab′)2 fragment donkey anti-mouse IgG (1:400,
Jackson ImmunoResearch, West Grove, PA, USA), followed by 20% normal horse serum
(Vector, Burlingame, CA, USA) and then incubated overnight at 4ºC with primary antibody
(1:800, anti-MBP mouse monoclonal SMI-94, Sternberger, Lutherville, MD, USA). After
incubation with secondary antibody (1:200, biotinylated horse anti-mouse, Vector), signal was
amplified with a Vector ABC kit and then developed with stable diaminobenzidine (Research
Genetics, Huntsville, AL, USA). In negative control sections mouse IgG was substituted for
the primary antibody.

The extent and intensity of MBP immunostaining in bilateral corpus callosum was assessed
semi-quantitatively using NIH Image, using a modification of previously described methods
(Liu et al., 2002). First, bilateral hemispheres were manually outlined in coronal sections from
the level of the anterior to the posterior genu of the corpus callosum, in unaltered grayscale
TIFF images. The images were then segmented and binarized, and total black pixels per
hemisphere were counted. Next, to avoid the possible confounding effect of artifactual
immunostaining in the rim of cystic cavities, a similar process was carried out in medial corpus
callosum, which was not included in the area of overt tissue damage. Bilateral corpus callosum
was manually outlined in sections at the level of striatum and SVZ (see Figure 3), in unaltered
grayscale TIFF images. Corpus callosum area was measured bilaterally; the images were then
segmented and binarized, and total black pixels per side of the corpus callosum were counted.

Barks et al. Page 3

Int J Dev Neurosci. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Animals in the third experiment received BrdU in order to assess SVZ cell proliferation. In
this neonatal HI brain injury model, there is ipsilateral SVZ proliferation at 1–2 weeks after
lesioning, and, in animals with mild-moderate injury that does not directly damage the SVZ,
there is a direct relationship between the severity of tissue damage and the magnitude of SVZ
proliferation (Plane et al., 2004).

BrdU-labeled cells were identified immunohistochemically in a series of 4–7 regularly spaced
sections through the dorsolateral SVZ and striatum, using a modification of previously
described methods (Plane et al., 2004). Briefly, sections were mounted on slides, dried, rinsed
in Tris-buffered saline, incubated in 2N HCl at 37ºC for 30 min, neutralized in 0.1M boric acid
for 10 min., rinsed, blocked with 20% normal horse serum (Vector), and incubated overnight
at 4ºC with primary antibody (1:1,000 mouse monoclonal anti mouse BrdU, Roche Applied
Science, Indianapolis, IN, USA). After incubation with secondary antibody (1:200,
biotinylated horse anti-mouse, Vector), signal was amplified with a Vector ABC kit and then
developed with stable diaminobenzidine (Research Genetics, Huntsville, AL, USA). In
negative control sections mouse IgG was substituted for the primary antibody. Labeled cells
in bilateral SVZ (e.g. see outlined areas, Figure 4 A) were counted stereologically at 100X
using the Optical Disector method, and bilateral SVZ volumes were estimated from the same
series of sections at 2.5X using the Cavalieri point-counting method (Stereologer, Stereology
Resource Center, Chester, MD, USA).

Data Analysis
Data were analyzed using the microcomputer-based statistics programs Statview (SAS
Institute, Cary, NC, USA), Systat (Systat Software Inc., San Jose, CA, USA), SAS (SAS
Institute Cary, NC, USA), and InStat (GraphPad Software, San Diego, CA, USA).

Between-treatment differences in blood glucoses and body temperatures, and in serial weights
of lesioned animals were evaluated by repeated-measures analysis of variance (ANOVA).
Between-treatment differences in survival of lesioned animals were evaluated by Fisher exact
test. Percent difference in cerebral hemisphere volumes was calculated as an index of severity
of ipsilateral tissue loss (i.e. % damage) using the formula: %damage = 100*(L-R)/L. Between-
treatment (i.e. HI + LPS vs. HI + NS) differences in hemisphere volumes and %damage were
first evaluated by unpaired t-test. To determine whether there were experiment-related or
gender effects on either HI damage severity or on the effect of post-HI LPS administration,
differences were also evaluated by ANOVA factoring treatment (i.e. HI+LPS vs. HI+NS) and
one or both of sex and experimental group.

The intensity of MBP immunostaining was estimated by density segmentation; measurements
were obtained from the entire cerebral hemispheres and from medial corpus callosum
bilaterally. LPS- and control animals in each experiment were assayed concurrently. Left-right
differences in MBP immunostaining were first evaluated in each group by paired t-tests. Since
MBP immunohistochemistry was carried out in batches, differences in immunostaining
intensity were anticipated. Therefore, to compare hemisphere and callosal MBP pixel counts,
treatment, side and experimental groups were factored as variables, using 3-way ANOVA.

Between-side differences in BrdU-labeled cell numbers within each group (i.e. HI + NS and
HI + LPS) were evaluated by paired t-tests. Between-treatment differences in SVZ BrdU-
labeled cell numbers were evaluated by Mann-Whitney test.
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Results
Post-hypoxic-ischemic mortality did not differ between the HI + normal saline controls and
the HI + LPS groups (2/18 vs. 2/19). Animals died between P14 and P17 in the controls and
between P10 and P17 in the HI + LPS group (see Table 1).

Overall weight gain did not differ between the groups (see Table 1); in both groups, weight
gain plateaued in the first day after surgery, and then increased. However, two animals in the
LPS-exposed group began to lose weight later and they were euthanized on P14, according to
our IACUC guidelines; both had complete right (ipsilateral to carotid ligation) hemisphere
infarctions that extended to involve the medial portions of the left hemisphere. Brains from
these two animals were excluded from subsequent analyses.

In preliminary experiments to assess the systemic effects of LPS, serial esophageal
temperatures did not differ from concurrently measured temperatures in untreated P10-14
littermates (Figure 1). Similarly, there was no difference between LPS-and saline-injected
controls in daily blood glucose measurements (obtained at 90 min after the injections, Table
2).

There was substantial inter- and intra-group variation in the severity of damage amongst the
HI + normal saline (HI + NS) controls (Table 3), as is commonly observed in this model.
Typical neuropathological findings in these controls included ipsilateral (right) cortical
thinning, striatal atrophy and pallor, (Figure 2, panels A and C), hippocampal atrophy, and in
4 of 16 cases, cortical infarction with either cyst formation or marked cortical thinning with
an underlying cavity. There was a mean 20.6 % reduction in the right hemisphere volume of
controls (i.e. “% Damage”), and the extent of damage was similar in the 3 HI + NS control
groups that underwent surgery on different dates. Administration of a 5-day course of LPS
after HI resulted in increased severity of hypoxic-ischemic damage. There was a mean 35.6%
reduction in right hemisphere volume in the HI + LPS group (p<0.01, unpaired t-test,
comparing % Damage in HI + LPS to HI +NS, see Table 3). In 11/15 brains there was ipsilateral
cortical infarction with cystic evolution (see Figure 2, panel D) or marked cortical thinning,
and in some cases also striatal cystic infarction. Right hemisphere volumes were smaller in the
HI + LPS group compared to the HI + NS group (p<0.01 unpaired t-test, see Table 3). The
incidence of cortical infarction with cavitation was greater in the LPS-treated group (HI + NS
4/16 vs. HI + LPS 11/15, p<0.05 Fisher’s exact test). There was no influence of gender on HI
damage severity, or on the potentiation of HI damage by LPS (2-way ANOVA factoring
treatment and gender). There was a difference in left hemisphere volumes among the three
groups of experiments (p < 0.005 ANOVA, for both the HI + NS controls and the HI + LPS
group, Table 3) but the effects of post-HI LPS on damage severity and on right hemisphere
volumes were consistent across experiments. Mean left hemisphere volumes did not differ
between the HI + LPS and the HI + NS groups.

In P17 mice, MBP immunostaining is most intense in the corpus callosum, the external capsule,
the anterior commisure, and in the myelinated bundles in the striatum, and myelination is
beginning to extend radially into the cortex (see Figure 3). In animals with mild HI injury (see
Figure 3A and C) there was reduced myelin staining in the atrophied right striatum and
disruption of the radial myelination pattern in the cortex. In animals with moderate (see Figure
3 B) damage there were, in addition, foci of intense myelin staining in more thinned areas of
cortex. In animals with cystic infarction, which was more prevalent in the HI + LPS group,
there was often a narrow rim of intense non-specific staining on the lesion edge (see Figure 3
D). This artifactual staining, which was most pronounced in animals with more severe damage,
confounded quantitative analysis of hemisphere optical densities (see below). As has been
previously reported in this HI model in immature rats and mice (Liu et al., 2002,Hedtjarn et
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al., 2005), right hemisphere MBP immunostaining was reduced in both the HI + NS group
(black pixels/hemisphere, mean ± SD, Left 7631 ± 2494, Right 6404 ± 2014, p<0.001, paired
t-test; mean 14% decrease) and in the HI + LPS group (Left 7335 ± 2683, Right 5399 ± 2216,
p<0.005, paired t-test; mean 23% decrease). The non-specific staining in the many severely
affected animals in the HI + LPS group posed a challenge in quantitative comparison of MBP
immunostaining staining between the HI + NS and HI + LPS groups. To avoid this potentially
confounding effect we focused on quantitative analysis of MBP immunostaining in the corpus
callosum (at the level of the striatum); this region, which is outside the typical lesion territory,
is well-myelinated at this age and is an area of post-HI oligodendrogliogenesis (Zaidi et al.,
2004). In the medial corpus callosum (see Figure 3) there were no right-left differences in MBP
staining intensity in either the HI + NS or HI + LPS groups. However, at P17, in the HI + LPS
groups, there were bilateral reductions in corpus callosum area (−12%) and in MBP
immunostaining (−19%) (see Figure 3), as measured by density segmentation of MBP-
immunostained sections (p<0.05, 3-way ANOVA factoring treatment, side and group, see
Table 4). Although pixel counts in controls differed among experiments, reflecting variation
in intensities of background staining among the three assay batches, LPS consistently
suppressed callosal MBP immunostaining (HI + LPS vs. HI + NS, p<0.05, Fisher PLSD post-
hoc test, see Table 4).

In animals that had received BrdU, BrdU-immunoreactive cells were concentrated in the
forebrain subventricular zone (SVZ) bilaterally, adjacent to the striatum. The SVZ was not
directly injured in any of the animals that were analyzed. Although subtle increases in right-
sided SVZ cells numbers could be discerned, there were no apparent differences between the
distributions of BrdU-labeled cells in the SVZ’s of animals from both groups (see Figure 4).
However, systematic stereologic cell counting revealed surprising trends. In the HI+saline
controls, there was a mean 60% increase in BrdU-immunoreactive cells in the right, compared
with the left SVZ (left 3457 ± 801; right 5514 ± 1940, p < 0.05 paired t-test). In contrast, in
the HI+LPS group, although right hemisphere tissue damage was more severe, there was no
significant increase in BrdU-labeled cells in the right SVZ (left 4675 ± 1309; right 6146 ±
2560; p: NS, paired t-test). Based on our prior study (Plane et al., 2004), an increase in the
mean right SVZ cell count in the HI + LPS group would be predicted, because of greater right
hemisphere injury (than in controls). Yet, despite more extensive tissue damage, stimulation
of SVZ cell proliferation was attenuated in the HI+LPS group.

Discussion
In the past decade, epidemiological data heightened awareness of pathophysiological links
between inflammatory mediators and neonatal neuropathology (Yoon et al., 1997, Nelson et
al., 1998, Wu et al., 2003). Concurrently, strong experimental evidence emerged demonstrating
both that a pro-inflammatory milieu may increase the susceptibility of neonatal brain to
hypoxic-ischemic injury (Eklind et al., 2001, Lehnardt et al., 2003), and that brain-derived
inflammatory mediators can amplify tissue damage (Martin et al., 1994, Liu et al., 1999).

This report describes features of a new experimental model in which the impact of indolent
inflammation (elicited by repeated systemic administration of LPS) on recovery after neonatal
hypoxic-ischemic brain injury can be studied. This model replicates clinically relevant
pathophysiological mechanisms that may evolve in neonates with acute hypoxic-ischemic
brain injury who subsequently incur inflammatory challenges, as a result of infection or other
organ damage. The results demonstrate that systemic inflammation influences the evolution
of tissue injury, and may also modify intrinsic potentially reparative responses.

Systemic LPS administration is a widely accepted strategy to model the impact of inflammation
on pathological processes. In neonates, the immaturity of the blood-brain barrier may increase
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accessibility of inflammatory mediators to brain parenchyma. The dose, developmental stage,
route of administration, timing (relative to onset of CNS injury), genetic background of the
animal, and environmental factors can all influence the impact of LPS-induced inflammation
on brain pathology. The complexities inherent in understanding the effects of inflammation on
brain pathology are epitomized by the observations that LPS administration pre-ischemia can
elicit either a protective (preconditioning) response (Ikeda et al., 2006) or amplification of
injury (Eklind et al., 2001). In neonatal rats, systemic injection of LPS four hours prior to
hypoxic-ischemic lesioning amplifies tissue damage (Eklind et al., 2001); some deleterious
effects of LPS are attenuated with glucose supplementation, but increased striatal damage
persists (Eklind et al., 2004). In addition to hypoglycemia, other pathophysiological confounds
in interpretation of the effects of LPS in vivo include LPS-induced fever, hypotension, anorexia,
and malaise; these adverse effects are minimized by use of low LPS doses. The doses selected
for our study stemmed from preliminary experiments in which we sought to identify the highest
dose that did not result in poor feeding, growth impairment, or excessive mortality. This LPS
administration protocol is not associated with fever, overt systemic illness, poor growth, or
increased mortality in CD-1 mice at this age. It should be noted that other mouse strains might
respond differently (Sheldon et al., 1998).

Our results are congruent with and complement results in several other models that have
examined the impact of pro-inflammatory stimuli on neonatal brain injury. Systemic
administration of a single dose of LPS, several hours prior to an hypoxic-ischemic insult,
increases the ultimate severity of brain damage in immature rats (Eklind et al., 2001) and mice
(Lehnardt et al., 2003); activated microglia were strongly implicated as effectors. In newborn
rats, five injections of LPS (0.2 mg/kg) in the first post-natal week resulted in selective increases
in blood-brain barrier permeability and loss of white matter (Stolp et al., 2005). Direct
intracerebral LPS (3 injections, 1 mg/kg/dose) in neonatal rats resulted in extensive white
matter injury and ventricular enlargement; treatment with minocycline suppressed microglial
activation and attenuated LPS-induced brain injury (Fan et al., 2005). It is likely that activated
microglia also contribute to the LPS-related amplification of hypoxic-ischemic brain damage
that was observed in this study. However, it was not feasible to test the efficacy of minocycline
directly to address this question, because this drug exacerbates hypoxic-ischemic injury in
neonatal mice (Tsuji et al., 2004).

Immature OL are particularly vulnerable to hypoxic-ischemic and inflammatory injury.
Although OL precursors are vulnerable to cytokine-mediated injury (Andrews et al., 1998,
Molina-Holgado et al., 2001), CNS inflammation can also stimulate SVZ
oligodendrogliogenesis (Wu et al., 2000, Arnett et al., 2001). In neonatal rats, we found that
HI injury induced robust oligodendrogliogenesis; new OL survive for up to 4 weeks after injury
in the injured striatum and in the corpus callosum (Zaidi et al., 2004). Analysis of the impact
of chronic inflammation on hypoxic-ischemic white matter injury was challenging. Semi-
quantitative methods to assess white matter integrity, based on intensity of MBP
immunostaining (Liu et al., 2002), have been applied successfully to assess white matter injury
in neonatal mice (Hedtjarn et al., 2005). However, in many LPS-exposed animals, marked
tissue damage was associated with increased non-specific staining in the rim of cystic cavities,
and this confounded cerebral hemisphere optical density measurements. It was feasible to
evaluate MBP immunostaining in the corpus callosum, and we found that LPS administration
resulted in bilateral reductions in callosal myelin integrity. We speculate that this, at least in
part, reflects cytokine-mediated oligodendroglial injury.

The SVZ contains neural stem cells and more mature progenitors of neurons, astrocytes, and
oligodendrocytes. Diverse forms of brain injury stimulate cell proliferation in the adult rodent
SVZ (Parent, 2003). Initial studies in neonatal mice highlighted the susceptibility of SVZ cells
(in particular OL precursors) to HI injury (Skoff et al., 2001); a subsequent study identified
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differential effects of neonatal HI on SVZ stem cells (that were resistant) and neural progenitors
(that were susceptible) in a similar injury model in neonatal rats (Romanko et al., 2004).

In neonatal mice, using the same lesioning model as in this study, we found that moderate HI
injury markedly stimulated SVZ cell proliferation in the first week of recovery (Plane et al.,
2004). Moreover, if cases with hemispheric infarction extending into the ipsilateral SVZ were
excluded, the magnitude of SVZ cell proliferation was directly related (i.e. there was a positive
linear correlation) to the severity of adjacent striatal and cortical tissue loss.

Several prior studies prompted us to evaluate the effects of indolent inflammation on SVZ cell
proliferation. In two distinct adult rat models, inflammation suppressed hippocampal dentate
gyrus neurogenesis (Monje et al., 2003, Ekdahl et al., 2003). A subsequent study in an adult
rat stroke model provided evidence that the endogenous inflammatory response to acute brain
injury suppressed SVZ cell proliferation and neurogenesis (Hoehn et al., 2005). Our results in
lesioned controls demonstrated a 60% increase in BrdU-labeled cells in the right SVZ, as
expected from prior studies. Yet, paradoxically, in the more severely injured LPS-treated
animals, ipsilateral SVZ cell proliferation was relatively blunted. This trend suggests that
inflammation suppressed hypoxia-ischemia-induced SVZ proliferation.

Much remains to be learned about the roles of inflammatory mediators in brain injury and
repair. In light of the findings of the present study, it is tempting to speculate that anti-
inflammatory drugs could ultimately represent new neuroprotection modalities. A recent
retrospective study of MRI-detectable white matter injury in premature infants found that those
who had received indomethacin had less damage (Miller et al., 2006). However, it will be
critically important to delineate the risks inherent in anti-inflammatory drug therapy. For
example, although earlier evidence had suggested a detrimental role of monocyte
chemoattractant protein-1 (MCP-1) in neonatal brain injury (Galasso et al., 2000), a recent
study identified the chemokine MCP-1 as a potential positive regulator of cortical neurogenesis
after neonatal HI injury (Yang et al., 2007). Inflammatory signaling may exert beneficial effects
that enhance some endogenous reparative responses after brain injury.

Our findings offer important insights into the complex effects of systemic illness in critically
ill neonates. Systemic inflammation in response to tissue injury may increase vulnerability to
CNS injury, may amplify antecedent acute brain injury and may also disrupt endogenous
recovery mechanisms.
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Figure 1. Temperature measurement after serial LPS injections in immature mice
Starting on postnatal day 10 mice received daily injections of either E. coli (O55:B5)
lipopolysaccharide (LPS, solid squares, n=6) 0.2 mg/kg in 0.9% NaCl i.p. daily for 3 days,
then 0.1 mg/kg for 2 days, or 0.9% NaCl (NS, open circles, n=5) 0.1 ml i.p. daily for 3 days,
then 0.05 ml for 2 days. Esophageal temperature was measured to the nearest 0.5 °C with an
analog telethermometer (see Methods) immediately prior to injection on day 1 (d1) of the
injection course (e.g. pre d1 on x-axis), and 2 and 4 hours post-injection (e.g. 2h d1 and 4h d1,
respectively), daily throughout the 5-day injection course. Error bars are ± 1 standard deviation
about the mean values.
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Figure 2. Serial LPS dosing increases damage due to prior hypoxic-ischemic insult
The spectrum of hypoxic-ischemic neuropathology at the level of striatum is illustrated in
cresyl violet stained coronal sections of P17 mice that underwent HI on P10 and then received
either normal saline injections for 5 days post-HI (A, C) or daily injections of LPS (see
Methods) for 5 days post-HI (B, D). At the milder end of the injury spectrum in both groups
(A, B) there is subtle right hemisphere atrophy with striatal shrinkage and pallor, and cortical
thinning. At the more severe end of the spectrum (C,D), there is readily evident right
hemisphere atrophy, striatal atrophy, and compensatory lateral ventriculomegaly (* in C), and,
more commonly in the HI + LPS group (see Results), cystic cortical infarction (arrow in D).
(Scale bar = 1 mm)
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Figure 3. Effect of post-hypoxic-ischemic LPS regimen on myelin basic protein
The same spectrum of pathology as in Figure 2 is illustrated in this montage of coronal sections
immunostained for myelin basic protein (MBP, see Methods); each section was taken adjacent
to the corresponding section in Figure 2. In addition to the ipsilateral atrophy, cystic infarction
and compensatory right lateral ventriculomegaly (*), there is localized increased staining,
suggestive of dysmelination, in more severely affected areas of cortex (arrow, B). In D, typical
of animals with cystic infarction, there is a rim of non-specific staining lining the cavity
(arrows). Panels E and F, which are corpus callosum enlargments from panels C and D
respectively, illustrate the method for outlining (white lines) the corpus callosum for area
measurement and density segmentation with pixel-counting. Note the reduced intensity of
MBP staining in the outlined corpus callosum with post-HI LPS administration, in F, compared
to E, which was stained concurrently. (Scale bar = 1 mm. Abbreviations: cc – corpus callosum;
ec – external capsule; aco –anterior commisure; CP – striatum, or caudate –putamen)
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Figure 4. Bilateral SVZ BrdU immunostaining at level of striatum
Two representative sections through bilateral SVZ are presented from each group (A,B: HI +
NS; C,D: HI + LPS), from experimental group 3. Mice underwent unilateral cerebral hypoxia-
ischemia (see Methods) on P10, followed by 5 daily injections of 0.9% NaCl or LPS beginning
2 hours after the end of HI (see Methods). All received daily BrdU injections of 100 mg/kg
from P15-P17, and brains were perfusion fixed on P17. The orientation of each
photomicrograph was adjusted such that the SVZ extended diagonally across each panel.
Bilateral SVZ, as used for stereology, is outlined in A. There is no obvious difference in SVZ
size or cell density between the two groups; this observation underscores the importance of
systematic cell counting using stereologic methods. Bilateral SVZ BrdU-labeled cell counts
(mean ± SD) were obtained using the Optical Disector method, from both the HI + normal
saline controls (HI + NS: left 3457 ± 801; right 5514 ± 1940) and from mice receiving LPS
injections post-HI (HI + LPS: left 4675 ± 1309; right 6146 ± 2560). The right SVZ BrdU-
immunoreactive cell count was increased by 60%, relative to left, in the HI + NS group (p <
0.05, paired t-test), but the left-right difference in SVZ BrdU+ cell count was not significant
in the HI + LPS treated mice. When comparing right SVZ cell counts between the HI + NS
and the HI + LPS groups, there was no increase in right SVZ cell count in the HI + LPS animals,
despite the fact that they had significantly worse brain injury (see Results and Table 3). (Scale
bar = 100 μm)
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