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ABSTRACT Infection is correlated with increased risk of neurodevelopmental se-
quelae in preterm infants. In modeling neonatal brain injury, Toll-like receptor ago-
nists have often been used to mimic infections and induce inflammation. Using the
most common cause of bacteremia in preterm infants, Staphylococcus epidermidis,
we present a more clinically relevant neonatal mouse model that addresses the
combined effects of bacterial infection together with subsequent hypoxic-ischemic
brain insult. Currently, there is no neuroprotective treatment for the preterm popula-
tion. Hence, we tested the neuroprotective effects of vancomycin with and without
adjunct therapy using the anti-inflammatory agent pentoxifylline. We characterized
the effects of S. epidermidis infection on the inflammatory response in the periphery
and the brain, as well as the physiological changes in the central nervous system
that might affect neurodevelopmental outcomes. Intraperitoneal injection of postna-
tal day 4 mice with a live clinical isolate of S. epidermidis led to bacteremia and in-
duction of proinflammatory cytokines in the blood, as well as transient elevations of
neutrophil and monocyte chemotactic cytokines and caspase 3 activity in the brain.
When hypoxia-ischemia was induced postinfection, more severe brain damage was
observed in infected animals than in saline-injected controls. This infection-induced
inflammation and potentiated brain injury was inoculum dose dependent and was
alleviated by the antibiotic vancomycin. Pentoxifylline did not provide any additional
neuroprotective effect. Thus, we show for the first time that live S. epidermidis po-
tentiates hypoxic-ischemic preterm brain injury and that peripheral inhibition of in-
flammation with antibiotics, such as vancomycin, reduces the extent of brain injury.

KEYWORDS Staphylococcus epidermidis, bacterial infection, sepsis, hypoxia-ischemia,
neonatal mice, vancomycin, pentoxifylline, brain injury, neuroprotection, preterm

Preterm birth poses a major challenge for perinatal medicine, contributing to over
40% of perinatal mortality in infants born at 23 weeks of gestation in developed

countries (1). Compared to term infants, infants that survive preterm birth are more
likely to suffer respiratory, visual, and hearing impairment and have neurodevelopmen-
tal problems. Currently, there is a lack of neuroprotective treatments for the preterm
population. While maternal infection increases the risk of preterm birth, postnatal
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infections and their associated inflammation are also independently correlated with
brain injury affecting neurodevelopmental outcomes (2). Acute asphyxia followed by
developmental arrest of brain processes leading to hypoxic-ischemic encephalopathy
(HIE) is more common in preterm than in term infants (1). Factors leading to HIE in
preterm infants are complex, with multifactorial etiology involving concurrent pro-
cesses, such as inflammation, hypoxia-ischemia (HI) and excitotoxicity (3). Supporting
this, a significant number of animal studies have shown that the combination of innate
immune activation, via addition of a pattern recognition receptor agonist, and cerebral
HI increases the vulnerability of the developing brain, leading to brain injury (2).

Almost one-third of preterm infants admitted into neonatal intensive-care units
experience at least one episode of confirmed culture-positive sepsis, predominately
with Gram-positive coagulase-negative staphylococci (4). Staphylococcus epidermidis is
the most common cause of nosocomial or late-onset sepsis (LOS) in preterm infants.
Although the overall mortality of S. epidermidis LOS is low, the rate can be as high as
10% in very-low-birth-weight infants (5). In addition, the long-term health conse-
quences for surviving neonates and associated health care costs are significant (6). S.
epidermidis dominates the skin flora, and LOS is partly related to the microorganism
adhering as biofilms to intravascular catheters, posing a threat to infants once the
bacteria dislodge and enter the bloodstream (7). Due to high rates of resistance of
coagulase-negative staphylococci to methicillin, vancomycin has become the choice for
treatment of neonatal sepsis. However, since biofilms are highly resistant to antibiotics,
a search for adjunct therapies to boost immune defenses in newborns is needed (8). In
particular, the immunomodulating drug pentoxifylline (PTX) has been investigated as a
potential candidate (9, 10). PTX is effective in decreasing mortality in septic adult and
neonatal patients (11), increasing cerebral blood flow (CBF) in patients with cerebro-
vascular diseases (12) and providing neuroprotection in experimental models of neo-
natal HI (13–15), rendering it a candidate adjunctive therapy (i.e., along with antibiotics)
for neonates experiencing sepsis and HIE.

Advances in developing treatments for sepsis and HIE depend in part on predictive
animal models. Previously, Toll-like receptor (TLR) agonists have been used to mimic
infection in neonatal mice, but the use of these pure agonists does not fully recapitulate
the pathophysiology of infection with live microbes (16–18). Here, we introduce for the
first time an animal model of preterm HI brain injury where HI is combined with
systemic live-bacterial infection using a clinical isolate of S. epidermidis (the SE-HI
model) and postnatal day 4 (PND4) mice, where the brain is developmentally equiva-
lent to that of preterm infants (19, 20).

RESULTS
Intraperitoneal injection of S. epidermidis leads to self-clearing bacteremia and

systemic cytokine response. To characterize the effects of infection and inflammation
on the developing brain, neonatal mice were injected intraperitoneally (i.p.) with two
sublethal inocula of S. epidermidis. Mice injected with the lower inoculum of 1 � 107

CFU (n � 6) did not produce significant levels of interleukin 6 (IL-6) or CCL2 in the
serum (see Fig. S1 in the supplemental material), nor did this dose affect neuropathol-
ogy (see Fig. S2A in the supplemental material), and subsequent experiments were thus
performed with the higher S. epidermidis inoculum of 3.5 � 107 CFU per animal. In the
absence of any intervention, the survival rate of the animals past 24 h after the injection
of 3.5 � 107 CFU was 94% (203 out of a total of 216 mice used in this study).

Intraperitoneal injection can lead to entry of the bacteria into the bloodstream via
lymphatic drainage prior to systemic dissemination throughout the animal (21, 22).
Indeed, bacteremia was observed in 10 out of 12 mice within 2 h of intraperitoneal
administration of S. epidermidis into PND4 animals, with 8 of the 10 animals having
blood CFU counts above the detection threshold of 2,000 CFU/ml of blood (Fig. 1A).
Successful injection of bacteria into each animal was confirmed by the presence of S.
epidermidis in the spleen (Fig. 1A). The concentration of bacteria detected in the blood
was highest at 2 h postinjection. By 48 h, clearance of the bacteria from the blood to
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below the detection threshold of 1,000 CFU/ml of blood was observed in a majority (10
out of 11) of animals. No CFU were observed in the cerebrospinal fluid (CSF) sampled
from infected mice 14 h postinfection (n � 10) (data not shown).

To understand the immune response elicited by the bacterial infection, sera from
peripheral blood samples were analyzed for a panel of inflammatory cytokines (Fig. 1B;
see Table S1 in the supplemental material). A wide range of proinflammatory and
anti-inflammatory cytokines were produced, with the response of IL-6 and IL-1� the
most significant. Chemotactic cytokines, including the neutrophil chemoattractant
CXCL1 (KC) and the monocyte/macrophage chemoattractant CCL2 (MCP-1) were pro-
duced, and the granulocyte colony-stimulating factor (G-CSF), which stimulates the
production of granulocytes from the bone marrow and their mobilization into
the bloodstream, was upregulated. With the exceptions of IL-6 and CXCL1, for which
the highest cytokine concentration was detected as early as 2 h postinfection, most
other cytokines showed the highest levels at 14 h, and almost all the cytokines returned
to homeostatic levels by 48 h postinfection.

Since pyrogenic cytokines were produced by the infected mice, we monitored the
rectal temperature of treated animals over time and found no significant fluctuation in
body temperature between the saline- and S. epidermidis-injected groups (Fig. 2A). The
body weights of mice in the infected group (2.7 � 0.5 g; n � 22) were significantly
reduced compared to the control group (3.4 � 0.4 g; n � 22; P � 0.001) at 24 h
postinfection. Normalizing the body weight of each animal to its weight prior to
injection, body weight gain was impaired in infected animals compared to saline

FIG 1 Intraperitoneal injection of S. epidermidis results in bacteremia and organ infection in PND4 mice. Mice i.p. injected with
3.5 � 107 CFU S. epidermidis at PND4 were sacrificed for blood CFU enumeration and cytokine analysis at various times after infection.
(A) Bacterial-cell counts in the peripheral blood and spleen. The solid lines depict medians. The dotted lines represent detection
thresholds. The data shown are pooled from at least 3 independent experiments (n � 10 to 17 mice per time point). (B) Multiplex
cytometric bead array analysis of sera 2 to 48 h after i.p. injection of saline or S. epidermidis. The data are expressed as means plus SD
of 8 infected mice and 6 saline controls from at least three litters. Statistical analysis employed two-way ANOVA with the Bonferroni
post hoc test (*, P � 0.05; ***, P � 0.001).
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controls (Fig. 2B), with a lag in weight gain that continued until at least 8 days
postinfection. In addition, S. epidermidis-infected animals demonstrated significant
decreases in blood glucose levels compared to saline controls at 14 and 24 h after
injection (Fig. 2C).

Intraperitoneal injection of S. epidermidis does not affect brain development.
To determine if S. epidermidis infection alone at this age had an effect on brain
development, we examined the white and gray matter volume in animals that were
intraperitoneally injected with S. epidermidis at PND4. There was no difference in the
brain-to-body-weight ratios between saline- and S. epidermidis-injected animals 10 days
postinfection (at PND14). No difference in cerebral gray matter volume or regional
white matter was observed (Fig. 3).

Infection with S. epidermidis potentiates HI brain injury. Inflammation, including
TLR agonist-induced responses, can potentiate HI brain injury (16–18, 23). To more
accurately model clinical disease in which a live microbial pathogen induces the
inflammatory response, we combined S. epidermidis infection with an established
model of HI. Mice were first injected with 3.5 � 107 CFU of S. epidermidis, and HI was
induced 14 h later, a time when peripheral inflammatory cytokine levels are high. In

FIG 2 S. epidermidis infection impairs body weight gain and decreases blood glucose. Mice injected with
saline or S. epidermidis at PND4 were monitored for body temperature, body weight, and blood glucose
over time. (A) Rectal temperature deviation from the mean temperature of the litter prior to treatment.
Means plus SD are plotted. The data were pooled from 3 independent experiments (saline, n � 11; S.
epidermidis, n � 13). Statistical analysis employing two-way repeated-measures ANOVA showed no
significant difference between the two treatment groups. (B) Weight gain. The data were pooled from 5
independent experiments. Means for the litter � standard errors of the mean (SEM) are plotted (n � 7
litters). Statistical analysis employed two-way repeated-measures ANOVA with the Bonferroni post hoc
test (*, P � 0.05). (C) Blood plasma glucose measurements taken at 14 or 24 h postinfection. Means plus
SD are plotted (n � 6 to 9 mice per group). Statistical analysis employed two-way ANOVA with the
Bonferroni post hoc test (***, P � 0.001).
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animals experiencing HI alone (n � 23), the gray matter tissue loss was mostly localized
to the hippocampus and, to a lesser extent, the striatum. However, when HI was
combined with S. epidermidis infection (SE-HI; n � 23), increased injury/tissue loss was
observed in all brain regions measured: the cortex (5.0 � 5.1 versus 19.6 � 21.0
[mean � standard deviation {SD}]; P � 0.01), hippocampus (34.7 � 33.4 versus 72.4 �

26.6; P � 0.001), and striatum (13.4 � 14.6 versus 45.1 � 26.7; P � 0.0001) compared to
saline-injected mice experiencing HI (Fig. 4A). There was no significant difference in
gray matter loss between males and females (see Fig. S2B). Analysis of white matter
tissue loss by tissue volume or integrated density revealed that S. epidermidis signifi-
cantly exacerbated HI white matter injury in the hippocampal fimbria and the striatum
(Fig. 4B).

Vancomycin reduces peripheral inflammation and provides neuroprotection in
S. epidermidis-potentiated HI brain injury. To test the hypothesis that infection/
inflammation contributes to S. epidermidis-mediated potentiation of brain injury, we
treated animals with vancomycin in the presence or absence of PTX. In S. epidermidis-
infected animals, administration of vancomycin at the time of infection (n � 11) effec-
tively decreased the number of viable bacteria detected in the spleen at 14 h postin-
fection (Fig. 5A) compared to saline-treated mice (n � 9). Caspase 3 activity and
inflammatory cytokine levels in the periphery and the brain were also significantly
reduced (Fig. 5B and C). Using PTX as an adjunct therapy to vancomycin did not

FIG 3 S. epidermidis infection alone did not affect the gross measurements of the brain 10 days
postinfection. Mice injected with saline or S. epidermidis (SE) at PND4 were sacrificed at PND14 for
analysis of the brain. (A) Means plus SD of the brain-to-body weight ratio (n � 15 or 16 mice per group
from 5 litters). (B and C) Brain sections were stained for microtubule-associated protein 2 (B) or myelin
basic protein (C) for gray and white matter quantification, respectively. Means plus SD of cerebral gray
matter volume, regional white matter thickness or volume, and average integrated density across the
striatum are presented. The data were pooled from two independent experiments with 13 mice per
group. Statistical analysis employing Student’s t test showed no statistical significance between saline-
and S. epidermidis-treated animals.
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significantly further reduce the inflammation or affect the bacterial load in the infected
animals (n � 9). When HI was combined with S. epidermidis infection, vancomycin
treatment (n � 30) significantly reduced gray matter injury in the cortex, thalamus, and
striatum, but not in the hippocampus (Fig. 6A), compared to saline-treated animals
(n � 21). White matter injury in the striatum was also significantly reduced when SE-HI
mice were treated with vancomycin. However, injury in the hippocampal fimbria was
not reduced with the antibiotic treatment (Fig. 6B). Similar to the effects on inflamma-
tory cytokines and the bacterial load, combining PTX with vancomycin (n � 30) did not
provide further neuroprotection compared to vancomycin treatment alone.

Systemic S. epidermidis infection leads to transient perturbations in the brain.
To further investigate the mechanism of infection-potentiated HI brain injury, the
blood-CSF barrier and blood-brain barrier (BBB) were examined for integrity after
infection. S. epidermidis induced a modest number of leukocytes in the CSF at 6 h
(23 � 48 leukocytes/�l of CSF; n � 20) and 14 h (13 � 17 leukocytes/�l; n � 11), which
was not different from saline-injected animals at 14 h (0 leukocytes/�l; n � 5; P � 0.127)
and was similar to the level observed when S. epidermidis was injected into PND0
animals intravenously (24).

Under homeostatic conditions, sucrose entry into the brain is tightly regulated by
the BBB. In S. epidermidis-infected animals, sucrose entry into the brain was significantly
increased (Fig. 7A), suggesting the BBB integrity was modulated to permit augmented
small-molecule blood-to-brain flux. Systemic inflammation induced by a high dose of
lipopolysaccharide (LPS) can alter CBF in adult rats (25). Accordingly, we evaluated CBF
upon S. epidermidis infection of mice and noted a trend toward reduced CBF in the
infected animals that was not statistically significant (Fig. 7B).

To determine if S. epidermidis directly affects the brain, cytokine profiling of brain
tissue homogenates was performed (Fig. 7C). Of the 23 cytokines tested, three, namely,
CXCL1, CCL2, and G-CSF, were significantly upregulated in PND4-infected mice. Com-

FIG 4 S. epidermidis infection 14 h prior to hypoxia-ischemia-enhanced brain injury. Hypoxia-ischemia was induced 14 h after injection of
saline or S. epidermidis into PND4 mice (n � 23 per group). Brains were harvested 9 days later (on PND14), stained for microtubule-
associated protein 2 (MAP-2) or myelin basic protein (MBP), and analyzed for tissue loss in the ipsilateral hemisphere. (A) Percentages of
gray matter tissue loss in individual cerebral regions. (B) White matter tissue loss in the subcortical area, hippocampal fimbria, and
striatum. Box-and-whiskers plots, with the box extending from the 25th to 75th percentiles and the median (line) depicted. The whiskers
indicate the minimum and maximum values. The data were pooled from 4 independent experiments. Statistical analysis comparing the
same brain region between the control and infected groups employed the Mann-Whitney test (**, P � 0.01; ***, P � 0.001). (C)
Representative images of MAP-2- and MBP-stained sections at the hippocampus and striatum levels. Hemispheres ipsilateral to the carotid
artery ligation are indicated with plus signs.
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pared to the same cytokines detected in the peripheral blood, there was a lag in the
production of cytokines in the brain, and peak levels were found between 14 and 24 h.
Sepsis and inflammation can induce apoptotic cell death in the brain (26, 27). To
determine if infection of PND4 mice via i.p. injection caused apoptotic events in the
brain, the caspase 3 activity of brain lysates was measured (Fig. 7D). Following the time
course of peripheral cytokine production, significant caspase 3 activity was observed at
14 and 24 h postinfection, which tapered back to basal levels by 48 h (n � 7 to 14
saline- and 10 to 12 S. epidermidis-injected mice per time point).

DISCUSSION

Infection and inflammation in newborns are well-established risk factors for neuro-
logical impairment. In this study, we demonstrate for the first time that infection with
live S. epidermidis markedly increases the vulnerability of the preterm brain to HI-
induced brain injury and that antibiotic treatment with vancomycin provides neuro-
protection. Therapeutic hypothermia is the primary standard-of-care option in term
neonates with HIE; however, the safety and efficacy of using hypothermia to treat even
moderately preterm infants remain questionable (28). Moreover, as the etiology of
brain injury in the preterm infant is likely different from that in the term infant (29),

FIG 5 Vancomycin treatment reduced the bacterial load, peripheral inflammation, and caspase 3 activity in the brain. Mice i.p. injected
with 3.5 � 107 CFU of S. epidermidis (SE) at PND4 were administered saline (n � 9), vancomycin (Van) (n � 11), or vancomycin with
pentoxifylline (Van/PTX) (n � 9). Control mice were injected with saline only (n � 6). The mice were sacrificed for spleen CFU enumeration
and cytokine analysis at 14 h postinfection. (A) Bacterial-cell counts in the spleen. The solid lines depict medians; the dotted line represents
the detection threshold. (B) Caspase 3 activity analysis by cleavage of fluorometric substrates. The data are expressed as means plus SD.
(C) Multiplex cytometric bead array analysis of cytokines in the serum and the brain. The data are expressed as means plus SD. The data
were pooled from 3 independent experiments. Statistical analysis employed the Kruskal-Wallis test with Dunn’s multiple-comparison post
hoc test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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there is an unmet need for age-specific agents to prevent and/or treat preterm brain
injury. Our newly developed neonatal model of live-bacterial infection combined with
HI provides an important platform for testing novel neuroprotective therapies, which
will help fill the current gap of lack of treatments for the vulnerable preterm population.

S. epidermidis infection model in neonatal mice. Most studies investigating the
interaction of staphylococci with the immune system have focused on Staphylococcus
aureus (30). Although S. epidermidis causes a less pronounced inflammatory response
than the more virulent S. aureus, infections with the commensal S. epidermidis are much
more common in preterm infants (31, 32). Chemokines are the main proinflammatory
mediators produced by human monocytes when activated by S. aureus or its constit-
uents (33). Similarly, we found that S. epidermidis induced expression of multiple
chemokines. Furthermore, several cytokines increased markedly in the blood, with IL-6
and IL-1� demonstrating more than 10-fold increases upon S. epidermidis infection.

Although IL-6 plays a role in the maintenance of fever (34, 35), we did not observe
temperature change in our infected animals. This was likely because mechanisms of
thermoregulation are limited in neonatal pups (36), and their body temperature is
maintained by nesting with the dam. In addition to temperature instability, weight loss
is another clinical symptom of neonatal sepsis. The observed significant weight loss in
our infected animals could be correlated with temporary loss of appetite and feeding
(37), which also could partly explain the transient hypoglycemia observed in infected
mice.

Cytokines released in the peripheral blood during an immune response can affect
the endothelium, leading to vasodilation and capillary permeability, and in severe
cases, such as sepsis-associated encephalopathy, the BBB can become dysfunctional
(38). Indeed, we observed decreased integrity of the BBB, as well as a trend toward
decreased CBF. Both of these factors may have contributed to the increased vulnera-

FIG 6 Vancomycin treatment reduced potentiated hypoxic-ischemic brain injury in S. epidermidis-
infected animals. Hypoxia-ischemia was induced 14 h after infection of PND4 mice with S. epidermidis. At
the time of infection, mice were injected with saline (n � 21), vancomycin (n � 30), or vancomycin with
pentoxifylline (n � 30). Brains were harvested 9 days later (on PND14), stained for microtubule-associated
protein 2 or myelin basic protein, and analyzed for tissue loss in the ipsilateral hemisphere. Shown are
percentages of gray matter (A) and white matter (B) tissue loss. Box-and-whiskers plots with the box
extending from the 25th to 75th percentiles and the medians (line) are depicted. The whiskers indicate
the minimum and maximum values. The data were pooled from 6 independent experiments. Statistical
analysis comparing different treatment groups employed the Kruskal-Wallis test with Dunn’s multiple-
comparison post hoc test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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bility of the brain, as loss of BBB integrity can lead to vasogenic edema and brain
swelling (39), and decreased CBF would add further to the ischemia during HI. Of the
elevated inflammatory cytokines found in the periphery, only CCL2 and CXCL1 were
found at increased levels in the brain. These cytokines were most likely produced by
brain-resident cells or endothelial cells rather than crossing the BBB from the periphery
(40). However, CCL2 can lead to BBB modulation (41), which could have contributed to
the compromised BBB integrity observed.

Live bacteria compared to TLR agonists. We are the first to show that a transient
systemic live-bacterial infection prior to HI exacerbates brain damage in neonatal mice.
Previous studies employed synthetic or purified bacterial components or TLR agonists
to induce inflammation (16–18, 23). Because cross talk of multiple TLRs and innate
signaling pathways shapes the overall immune response, there are fundamental dif-
ferences between using a single TLR agonist and using a live pathogen (42). Escherichia
coli induces an immune response in neonatal rats different from that of LPS, a
component of the Gram-negative bacterial cell wall that activates the TLR4 signaling
pathway (43). Similarly, S. epidermidis can stimulate the TLR2 signaling pathway (44).
Intact staphylococci can also activate other innate immune pathways through formy-
lated peptide receptor, nucleotide-binding oligomerization domain (NOD) proteins,
and TLR9 (45). Therefore, S. epidermidis infection is likely to activate multiple innate
immune signaling pathways and to cause different changes in the animals than the
synthetic bacterial lipopeptide TLR2 agonist Pam3CSK4. This is supported by our

FIG 7 Perturbations in the brain after systemic S. epidermidis infection. (A) Blood-brain barrier permea-
bility assay. [14C]sucrose was administered to mice 14 hours after S. epidermidis or saline injection (n � 5
per group). Plasma and brain tissues were harvested 30 min later for scintillation counting. The data are
expressed as the ratio between tissue and plasma scintillation counts (dots per minute). Box-and-
whiskers plots with the box extending from the 25th to 75th percentiles and medians (lines) are depicted.
The whiskers indicate the minimum and maximum values. Statistical analysis employed Student’s t test
(**, P � 0.01). (B) Cerebral blood flow assay. [14C]iodoantipyrine was administered to mice 14 h after S.
epidermidis (n � 14) or saline (n � 15) injection. Plasma and brain tissues were harvested 30 min later for
scintillation counting. The data were pooled from two independent experiments. Statistical analysis
employed Student’s t test. (C and D) Mice were injected with saline or S. epidermidis. At various times
postinfection, mice were sacrificed and perfused with saline, and brains were harvested for cytokine
detection with a multiplex cytometric bead array (saline, n � 6; S. epidermidis, n � 8) (C) and caspase 3
activity analysis by cleavage of fluorometric substrates (saline, n � 7 to 14; S. epidermidis, n � 10 to 12)
(D). Means plus SD are plotted. Statistical analysis employed two-way ANOVA with the Bonferroni post
hoc test (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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previous observations that, while TLR2-deficient mice are protected from HI (17), brain
pathology following S. epidermidis is not solely dependent on TLR2 (24).

We previously showed that Pam3CSK4 induces significant infiltration of leukocytes
into the CSF of PND9 mice (46) and that the choroid plexus was the route of entry of
immune cells from the periphery into the CSF (47). As S. epidermidis expresses multiple
pathogen-associated molecular pattern (PAMP) molecules, including bacterial pepti-
doglycan and lipoteichoic acid, that can activate TLR2 (48, 49), we assessed whether S.
epidermidis induces leukocyte infiltration in the CSF. In our PND4 mice, i.p. injection of
S. epidermidis led to 100 times fewer leukocytes infiltrating into the CSF than when
Pam3CSK4 was injected, but the degree of cell infiltration was similar to that in
intravenously injected bacteria to PND0 animals (24). The different amounts of CSF-
infiltrating cells may be due to the maturity of the immune system or the degree of
innate TLR2 stimulation in the two different animal models. However, it should be
noted that although Pam3CSK4, LPS, and S. epidermidis induced similar peripheral
cytokine responses, only Pam3CSK4 led to a significant influx of leukocytes into the CSF,
suggesting that the peripheral inflammatory response per se is not the determining
factor (46). In addition to using potentially nonphysiological doses when employing a
synthetic TLR ligand, our data suggest that live S. epidermidis induces an immune
response different from that to Pam3CSK4, supporting the notion that it is important to
use actual pathogens rather than purified TLR agonists in animal models.

Similar models of live-bacterial infection or inflammation. A previous study

showed that intravenous injection of S. epidermidis in PND0 pups caused reductions in
the gray and white matter (24). However, in our model, when bacteria were i.p. injected
into PND4 mice, no gross changes in the brain tissue were observed. This difference
could be due to the age of the animals and the route of infection, as well as the dose
of the inoculum. For example, LPS causes white matter changes only when injected into
mice at PND1 or -2, but not at PND3 or later (50). Nevertheless, transient molecular
perturbations, including chemokine production and caspase activation, as well as
physiological changes in the brain, were observed in our infected PND4 animals, similar
to observations previously made in PND0 animals (24).

Decreasing inflammation as a neuroprotective strategy. In this model of HI brain

injury, a live-bacterial infection was used to induce inflammation, and we therefore
investigated if antibiotics are beneficial for suppressing the potentiated brain injury. In
the context of E. coli infection and treatment with beta-lactam antibiotics, antibiotic-
induced endotoxin release can lead to septic shock (51); it is therefore possible that
using the bacterial-cell-wall-active glycopeptide bactericidal antibiotic vancomycin
would induce release of bacterial constituents, leading to a spike in inflammation,
further exacerbating the HI brain injury. While a single dose of vancomycin did not
completely eliminate the bacteria, vancomycin reduced brain damage in the cortex,
striatum, and midbrain of S. epidermidis-infected animals experiencing an episode of HI.
Although the dose of vancomycin used in this experiment was not enough to eliminate
the bacterial infection, the outcome of the vancomycin treatment may merely be due
to the bactericidal effects leading to an overall reduction of the bacterial load and
associated inflammation in the animals at the time of HI. However, since vancomycin
can specifically inhibit LPS-induced tumor necrosis factor alpha (TNF-�) (52) but stim-
ulate IL-10 production (53), this suggests that vancomycin might also shift the pattern
of cytokine release to an anti-inflammatory profile.

We also evaluated the immunomodulating drug PTX as an adjunct therapy to
vancomycin to further suppress inflammation with the final goal of further decreasing
HI brain injury. In this experimental model, we found that coadministration of PTX with
vancomycin did not further suppress inflammation, consistent with a recent in vitro
study in which PTX was more effective at inhibiting inflammation induced by E. coli
than that induced by S. epidermidis (54). Consistent with the lack of adjunct effects of
PTX on S. epidermidis-induced inflammation, administration of PTX with vancomycin
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did not provide further neuroprotection in our SE-HI model compared to using van-
comycin alone.

Limitations of the study. Our animal model of combined bacterial infection and HI
resulted in severe injury in the hippocampus, which may have limited the neuropro-
tective effects in this region. By reducing the hypoxia period and thereby decreasing
the injury, neuroprotection may also have been achieved in this brain region. The study
has some limitations, including the following: (i) innate immune responses may be
species specific, (ii) the timing of antibiotic and anti-inflammatory agent administration
may substantially affect outcomes, and (iii) the timing of the infection with respect to
the HI insult varies case by case clinically and can occur after the HI insult.

Innate immune response differences between humans and rodents have long been
observed. Pertinent to this study, TLR2 expression on murine blood cells is strongly
inducible, whereas human TLR2 is constitutively expressed (55). Human and mouse
physiologies are influenced by the microbiome, and specifically, S. epidermidis is not
part of the normal flora in mice (56). These confounding factors affect our mouse
model’s ability to fully reflect human immune responses upon S. epidermidis infection.

Conclusions. Overall, our study has multiple strengths, including (i) establishment
of a novel in vivo model of S. epidermidis infection that triggers systemic inflammation
and preterm brain injury, (ii) use of a clinically relevant live bacterial pathogen, (iii)
demonstrating that the antibiotic vancomycin can reduce S. epidermidis-potentiated HI
brain injury, and (iv) evaluation of a candidate adjunctive agent, PTX. Although there
are limitations, we present evidence that decreasing the bacterial load and inflamma-
tion with the use of antibiotics is beneficial for alleviating brain injury in newborn mice.

MATERIALS AND METHODS
Animals. Six- to 8-week-old C57BL/6 mice purchased from Janvier Laboratories (Le Genest-Saint-Isle,

France) and Charles River Laboratories (Sulzfeld, Germany) were bred at the Laboratory for Experimental
Biomedicine (University of Gothenburg, Gothenburg, Sweden). Paired breeders were housed in single
cages with a 12-h light-dark cycle with free access to food and water. The day of birth was defined as
PND0. The median weight for PND4 animals was 2.5 g. All animal studies were performed in accordance
with the ethical standards of the University of Gothenburg and in accordance with protocols approved
by the Gothenburg Animal Ethics Committee (no. 18/2015 and 633/2017). Unless otherwise stated,
experiments were performed independently at least 3 times, using animals from at least 3 different
litters, with a minimum of 2 or 3 animals from each litter in each treatment group.

Bacterial inoculum preparation. S. epidermidis 1457, an invasive clinical strain obtained from an
adult patient with a central venous catheter infection, was a kind gift from Michael Otto’s laboratory (57).
A mid-log-phase bacterial culture was mixed with 50% glycerol at a 1:1 ratio and stored at �80°C. On the
day of infection, 15 �l of an overnight culture prepared from the frozen stock was added to 15 ml of
tryptic soy broth (Corning; 46-060-CI; Fisher Scientific, Sweden) in a 125-ml vented Erlenmeyer flask and
shaken for approximately 4 h at 37°C and 240 rpm (MaxQ 4450 benchtop orbital shaker; Thermo
Scientific, Sweden). The optical density (OD) of the bacterial culture at 600 nm was measured with a
Spectramax Plus spectrophotometer (Molecular Devices) to ensure an exponential growth phase be-
tween OD 0.3 and 0.4 was reached. The density of the bacteria was calculated using a conversion factor
of 2.975 � 108 CFU/ml per OD unit. The culture (12 ml) was centrifuged at 3,000 � g for 5 min at 4°C and
then resuspended in endotoxin-free saline (Sigma-Aldrich, Sweden) at 5 � 108 or 1.75 � 109 CFU/ml for
injection. For each experiment, retrospective confirmation of the correct inoculum dose and a check for
contaminating microorganisms were performed by spread plating on tryptic soy agar plates (Sigma-
Aldrich) and incubating at 37°C overnight.

To generate the OD-to-CFU per milliliter conversion factor, mid-log-phase bacterial cultures were
sampled for CFU enumeration by spread plating, while the OD measurement was taken simultaneously.
A conversion factor based on the slope of the CFU per milliliter-versus-OD plot was used initially and was
later adjusted based on retrospective spread-plating results to account for errors due to the centrifu-
gation and resuspension steps.

Infection and hypoxia-ischemia model and sample preparation. Animals, independently of sex,
were ranked according to body weight and then assigned in equal numbers to different treatment
groups to reduce experimental bias. Pups were intraperitoneally injected with a sublethal dose of S.
epidermidis (1 � 107 or 3.5 � 107 CFU in 20 �l of saline) at PND4 or -5. The age of S. epidermidis
administration was chosen to mirror a stage in murine brain development equivalent to the preterm
human (58).

At 2, 14, 24, or 48 h postinfection, mice were euthanized via i.p. administration of pentobarbital
(Pentacour). Blood was collected via cardiac puncture for serum analysis or mixed with EDTA to a final
concentration of 12 mM for bacterial CFU enumeration. The animals were then perfused intracardially
with saline, and the spleens were collected in 100 �l of ice-cold saline. Brains were flash frozen on dry
ice and stored at – 80°C until lysate preparation 2 to 7 weeks later. Brain lysates were prepared by first
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homogenizing the brain in phosphate-buffered saline (PBS) with a pellet mixer (VWR, Spånga, Sweden)
and then sonicating it in homogenization buffer (5 mM EDTA, 1% Triton X-100, PBS) containing 1%
protease inhibitor cocktail (Sigma-Aldrich; P8340), with centrifugation at 10,000 � g for 10 min at 4°C for
clearance. The cleared lysates were aliquoted and stored at – 80°C until analysis the next day. In certain
experiments, CSF was sampled from euthanized mice and analyzed for bacterial CFU enumeration or
leukocyte infiltration as described previously (24).

For the combined bacterial infection and HI (SE-HI) model, HI procedures were performed as
described previously (59). In brief, the left common carotid artery was ligated at 12 h postinfection and
then, at 14 h postinfection, exposed to 10% O2 for 60 min. Mice were sacrificed 9 days later (PND14) for
analysis of the brain pathology. In some experiments, pentoxifylline (Sigma-Aldrich; P1784) and vanco-
mycin (Sigma-Aldrich; V8138), dissolved in saline and filter sterilized, were i.p. injected into mice 2 min
after the injection of bacteria (at a site contralateral to the bacterial injection site) at 40 and 15 mg/kg of
body weight, respectively. The pentoxifylline dose was based on what was shown in previous studies to
provide neuroprotection in rats (15) but not causing morbidity in infected neonatal mice (60). The
vancomycin dose was determined based on a previous neonatal infection model (61) and trial experi-
ments that led to reduction, but not elimination, of the bacterial load in infected animals. Drugs or
vehicle were randomly assigned to the pups after body weight ranking. Due to high biological variation,
the average number of animals used for the HI brain injury model was 15 to 20 (59, 62). Factoring in
variations in response to bacteria and therapeutic drugs, we used between 20 and 30 animals for each
treatment group.

Bacterial enumeration. Spleens in saline were homogenized with a pellet mixer and serially diluted
with saline for plating and CFU enumeration. Samples from infected mice were spot plated (10 �l per
spot) onto tryptic soy agar plates in duplicate. The spots with countable colonies between 9 and 60 CFU
were used to calculate the number of CFU per gram of tissue. Samples from control (saline-injected)
animals were spread plated (100 �l) on tryptic soy agar plates. The detection threshold of bacteria in the
spleen was 7,300 CFU/g of tissue.

EDTA-treated blood (5 or 10 �l) was spread on tryptic soy agar for CFU enumeration. With 9 CFU
being the lower limit for plate counting, spread plating 5 �l (for the 2-, 14-, and 24-h time points) and
10 �l (for the 2-, 3-, and 5-day time points) of blood corresponded to detection thresholds of 1,000 and
2,000 CFU/ml of blood, respectively.

Physiological measurements. Rectal temperatures were measured with a thermistor microprobe
(BAT-12; Physitemp Instruments, Clifton, NJ, USA). Pups were removed from their dams in a randomized
order, and the microprobe lubricated with petroleum jelly was inserted into each animal for temperature
recording (one measurement per animal). The procedure was performed quickly on the entire litter to
prevent a significant body temperature drop. Body temperature was measured at 2, 6, 14, 24, and 48 h
postinfection. The body weights of the animals were measured at 24, 48, and 72 h and at 5, 8, and 10 days
postinfection. Cytokines in sera and brain lysates were detected with a cytometric bead array using the
Bio-Plex Pro mouse cytokine 23-plex assay (Bio-Rad) and analyzed with the Luminex 200 system (Bio-Rad)
according to the manufacturer’s instructions. Trunk blood plasma collected by decapitation of the animal
was used for glucose measurements with an Accu-chek Compact Plus blood glucose monitor (Roche).

Assessment of brain injury. Brain tissue processing and immunohistochemistry procedures were
performed as previously described (63). Seven-micrometer-thick coronal sections were cut at 6 brain
levels, 50 sections apart, and stained for microtubule-associated protein 2 (MAP-2) or myelin basic
protein (MBP). Images of the stained sections were analyzed with ImageJ (NIH), with the experimenter
blinded to the animal identities. The functions area, length, and mean gray value (pixel intensity) were
used to make measurements within a highlighted region of interest (ROI). The integrated density was
calculated as the area within the ROI times the mean gray value of the ROI. The MAP-2-stained areas of
the cortex (6 levels), hippocampus (3 levels), thalamus (3 levels), and striatum (4 or 5 levels) were
measured. The MBP-stained area of the hippocampal fimbria (2 or 3 levels), the area of subcortical white
matter dorsal to the hippocampus (2 or 3 levels), the thickness of the corpus callosum (4 levels), and
the integrated density of the striatum (3 levels) were measured. Volumes were calculated according to
the Cavalieri principle using the following equation: V � �A � P � T, where V is the total volume, �A is
the sum of the areas measured, P is the sampling fraction, and T is the section thickness. Tissue loss in
the ipsilateral hemisphere was calculated as a percentage of the contralateral hemisphere: (contralateral
� ipsilateral) � contralateral � 100%.

Blood-brain barrier permeability and cerebral blood flow assays. Assessments of BBB permea-
bility were performed 14 h after saline or S. epidermidis injection in PND4 animals. The animals were
injected with [14C]sucrose intraperitoneally (600 mCi/mmol; 0.3 �Ci/g of body weight; American Radio-
labeled Chemical, Saint Louis, MO, USA) and sacrificed 30 min later by pentobarbital injection. Blood
samples were mixed with EDTA, while brain regions were dissected out and dissolved in Soluene 350
(PerkinElmer), and isotope activity in each tissue or blood plasma sample was determined by liquid
scintillation counting. Brain/plasma sucrose concentration ratios were used as a measure of blood-brain
permeability as previously described (64). For CBF analysis, 3 �Ci of 4-iodo[N-methyl-14C]antipyrine in 30
�l of saline was injected subcutaneously. The animals were sacrificed 30 s later by decapitation. Brain and
blood samples were collected as described above, and CBF calculations were performed as previously
described (64). Due to the high sensitivity and low variation of the assay, the BBB permeability assay was
performed once, and CBF was analyzed in two independent experiments.

Caspase 3 activity measurement. The caspase 3 activities of cleared brain lysates were measured
by the cleavage rate of acetyl-Asp-Glu-Val-Asp-�-(4-methylcoumaryl-7-amide) peptide substrate (Peptide
Institute; no. 3171-v) at 37°C using a SpectraMax Gemini fluorometer (Molecular Devices) as previously
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described (27, 64). The protein concentrations of the cleared lysates were determined using a bicin-
choninic acid protein assay kit (Sigma-Aldrich) according to the manufacturer’s instructions.

Statistics. After testing for normality and variance, nonparametric tests were selected for
statistical analyses of brain histology data. A Mann-Whitney U test or one-way analysis of variance
(ANOVA) using the Kruskal-Wallis test with Dunn’s multiple comparisons was employed. For analysis
of physiological data (cytokines, body temperature, blood glucose, and CBF), where data showed
Gaussian distribution, 2-way ANOVA or two-way repeated-measures ANOVA with the Bonferroni post
hoc test was employed.

SUPPLEMENTAL MATERIAL
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