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Abstract

The combination of lipopolysaccharide (LPS) and hypoxia-ischemia (HI) has been used to

model the brain injury sustained by sick pre-term infants in order to study the pathological
conditions of diffuse white matter injury, which is a major cause of preterm morbidity. Prior
studies have shown that the timing and dose of LPS administration will determine whether the
injury is reduced or exacerbated. Here we show that administering a single injection of LPS (0.1
mg/kg) to postnatal-day-2 rat pups 14 hours before inducing HI effectively protects the brain

from Hl-associated damage. We show that the LPS-treated HI rat pups have significantly less
histopathology compared to the saline-treated HI rat pups. Apoptotic deaths were dramatically
curtailed in both the neocortex and white matter when evaluated at 2 days of recovery. Microglial
activation was reduced when the percentage of CD68+/Ibal+ cells was quantified in the neocortex
of the LPS-treated vs the saline-treated HI rat pups. One mechanism through which LPS pre-
treatment appears to be preventing injury is through the AKT-endothelial nitric oxide synthase
(eNOS) pathway as LPS induced an increase in both the expression and phosphorylation of eNOS.
Altogether these data show that the neocortex, as well as the white matter sustain damage after

HI at this timepoint in forebrain development and that acutely activating the immune system can
protect the brain from brain injury.
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Introduction

Preterm birth is a major cause of neonatal mortality and permanent neurological disabilities,
accounting for 17% of infant deaths every year in the United States [1]. It remains a

severe public health problem with around 15 million infants worldwide that are born before
37 weeks of gestation annually. Approximately 40% of preterm infants develop cognitive
and behavioral deficits [2, 3]. In the extremely preterm infant (born less than 28 weeks

of gestation), evidence suggests that perinatal and postnatal inflammation exacerbates the
extent of injury [3]. These inflammatory insults can induce focal necrosis in the deep white
matter (WM) but more often produce diffuse white matter injury (dWMI) [4]. Recent studies
investigating the conditions that trigger dWMI in rat models report that the combination of
LPS-induced fetal inflammation and hypoxia produces white matter injury [5]. However,
lipopolysaccharide preconditioning has been shown to have the opposite effect in other
dual-hit models of perinatal brain injury [6, 7].

Lipopolysaccharide (LPS) is a large glycolipid found in the outer membrane of Gram-
negative bacteria and it is widely used as an inflammatory agent. LPS is comprised of a
hydrophobic lipid A, a core oligosaccharide and an O antigen. The hydrophobic anchor of
LPS, lipid A, is detected by the innate immunity toll-like receptor 4 (TLR4) present on
dendritic cells, macrophages and endothelial cells [8]. Upon detecting the lipid A of LPS,
TLRA4 triggers the biosynthesis of inflammatory mediators like tumor necrosis factor alpha
(TNF-a) and interleukin 1B, which, in turn, activate adaptive immune responses and tissue
inflammation. LPS has been shown previously to sensitize hypoxia-ischemia (HI) induced
white matter injury through neuroinflammation induction [6]. However, other studies have
shown that LPS can exert a neuroprotective effect [7]. Altogether, different results are
obtained depending upon the LPS dose, timing, species and model.

Here, we investigated a dual-hit rat model in P2 rats to model injury sustained by sick
preterm infants. We injected a single dose of 0.1 mg/kg LPS to both male and female Wistar
rats on postnatal day 2, 14 hours prior to inducing systemic HI. The dose and the timing

of the LPS injection had previously been shown to induce neuroinflammation in a dual-hit
hypoxic model [5]. We used the Vannucci model to induce unilateral HI brain damage on P3
Wistar rat pups and evaluated the tissue damage in the ipsilateral neocortex and white matter.
In addition, we quantified the overall level of apoptosis and microgliosis in both regions.

To glean insights into the mechanisms through which systemic inflammation was affecting
brain physiology, we measured mMRNA levels of nitric oxide synthase 3 (Nos3), Insulin-like
growth factor 1 (Igfl) and nuclear factor erythroid 2-related factor 2 (Nfe212 or Nrf2), as
well as the protein levels of phosphorylated endothelial nitric oxide synthase (eNOS) and
AKT kinase.
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2. Materials and Methods
2.1 Rodents

All experiments were performed in accordance with research guidelines set forth by the
Institutional Animal Care and Use Committee of Rutgers New Jersey Medical School and
were in accordance with the National Institute of Health Guide for the Care and Use

of Laboratory Animals (NIH Publications No. 80-23) revised in 1996 and the ARRIVE
guidelines. Timed pregnant Wistar rats at embryonic day 18 of gestation were purchased
from Charles River Laboratories (Wilmington, MA, USA). Following delivery, litter sizes
were adjusted to 12-13 pups per litter, and efforts were made to ensure the number of
each sex and pup weights were equal and consistent. Animals were group housed and
kept on a 12-h light/dark cycle with ad libitum access to food and autoclaved water. Rat
pups were intraperitoneally injected with either single dose 0.1mg/kg lipopolysaccharide
(LPS, Sigma, St. Louis, MO, Cat # L2880 Escherichia coli strain O55:B5) or same dose
phosphate-buffered saline (PBS) at postnatal day 2, 14 hours before HI injury.

2.2 Neonatal HI brain injury

Cerebral HI in 3-day-old Wistar rat pups (P3, day of birth = PO; mean body mass =

7.07 g) as a model of late preterm injury was performed as previously described [9, 10].
Briefly, rats were anesthetized with isoflurane (3-4% induction, 1-2% maintenance) prior
to right common carotid artery cauterization. A special effort was made to carefully isolate
the carotid without damaging other structures contained within the carotid sheath (i.e.,
internal jugular vein and vagus nerve). The neck incision was sutured with 4-0 surgical
silk. Following a one-hour recovery period, rats were exposed to 75 min of hypoxia in

a humidified 8% oxygen/nitrogen balance. Sham rats were anesthetized and underwent
isolation of the right common carotid without cauterization and then were exposed to
hypoxia. Following hypoxia exposure, the pups were returned to their respective dam. At
least 2 litters of rats were used for each experiment to reduce potential litter effects. Rats
in each litter were randomly assigned to experimental groups after HI injury. Sample sizes
per experiment were chosen to achieve sufficient statistical power with minimal numbers of
animals based on pilot studies.

2.3 Brain Histology and Immunofluorescence

Two days after HI injury (P5), mice were deeply anesthetized with a mixture of ketamine
(87.5 mg/kg) and xylazine (12.5 mg/kg) and then perfused with 3% paraformaldehyde
(PFA). Whole brains were dehydrated in 70% ethanol and embedded into paraffin. A total
of six sections per brain were used to evaluate the damage produced by the HI insults.
Neocortex and white matter damages were assessed from sections taken 1.0 mm rostral

to Bregma. All sections were stained with hematoxylin and eosin and imaged under 40X
magnification using a Q-imaging mono 12-bit camera interfaced with iVision 4 scientific
imaging software (Scanalytics, Rockville, MD, USA). Sections were labeled with random
codes and evaluated by an investigator who was blinded to the identity of the samples.
The whole-brain images were scanned with Keyence BZ-X710 All-in-One Fluorescent
Microscope installed with BZ-X Viewer.
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In situ end labeling (ISEL): Two days after HI injury, rats were deeply anesthetized with

a mixture of ketamine (87.5 mg/kg) and xylazine (12.5 mg/kg) (or sodium pentobarbital)
before intracardiac perfusion with 3% PFA in PBS. Brains were post-fixed overnight in

4% PFA/PBS, cryoprotected with 30% sucrose overnight and embedded in Tissue-Tek OCT
matrix (Sakura Finetek, Torrance, CA, USA). Serial coronal sections of 25-30 um thickness
were taken through the 1.0 mm Bregma regions using a cryostat at =14 °C and mounted

on slides. Sections were dehydrated and rehydrated in ethanol and water and incubated with
10 uM dNTP mix containing Digoxigenin-dUTP and 20 U/mL Klenow Fragment (Roche;
Basel, Switzerland) at room temperature for 2 h. Digoxygenin-labeled nucleotides were
detected using Anti-Digoxigenin-Fluorescein (sheep polyclonal, Roche, 1:75) incubated
overnight at 4 °C. Images were collected by an investigator blinded to each group using

an Olympus Provis fluorescent microscope. Images were captured using a Q-imaging mono
12-bit camera interfaced with iVision 4 scientific imaging software (Scanalytics, Rockville,
MD, USA). Signal intensities were quantified using Fiji with plugins.

Two days (P5) after HI injury, mice were deeply anesthetized with ketamine/xylazine before
intracardiac perfusion with 3% PFA in PBS. The brains were postfixed overnight and
embedded in Tissue-Tek OCT matrix (Sakura Finetek, Torrance, CA, USA). Serial coronal
sections 20 um thick were taken through the 1.0mm Bregma using a cryostat cooled to —14
°C and mounted onto Superfrost+ slides. Sections were incubated with primary antibodies
in 1% goat serum/0.05% Triton X-100/PBS at 4 °C overnight. Primary antibodies included:
(1) anti-1ba-1 (rabbit polyclonal; Wako Chemicals USA, Cat. # 019-19,741; 1:250); (2)
anti-CD68 (rat monoclonal; Bio-Rad, Cat. # MCA1957; 1:50). Secondary antibodies against
the appropriate species were incubated for 2 h at room temperature. Secondary antibodies
included: donkey anti-rabbit Cy5 (Cat. # 711-175-152); (2) Donkey anti-rat Alexa 488

(Cat. # 712-546-153) (all from J. Lin, et al. Experimental Neurology 330 (2020) 113324 2
Jackson ImmunoResearch Labs; 1:250). Sections were mounted in Prolong Gold Antifade
with DAPI (ThermoFisher Scientific).

2.4 RNA extraction, reverse transcription and real-time quantitative PCR

Sixteen hours post intraperitoneal administration of either a single dose 0.1mg/kg of LPS

or the same volume of PBS (vehicle) on postnatal day 2, the dorsal neopalium within

the territory of the middle cerebral artery was extracted and flash frozen. The tissue was
then pulverized using a micro-mortar and pestle and the RNA was extracted using the
RNeasy Mini Kit (Qiagen, Cat # 74106). cDNA was reverse transcribed using the iScript™
cDNA Synthesis Kit (Bio-Rad, Cat # 1708891) and real-time quantitative polymerase chain
reaction (QPCR) was performed using iTaq SYBR supermix (Bio-Rad, Cat # 172-5124) on
a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). For all samples, the mRNA
levels of Nos3, Igfl and Nrf2 were normalized to the levels of the housekeeping gene
Peptidylprolyl Isomerase A (Ppia). The primers for the different genes were purchased from
Integrated DNA Technologies (Nos3: Rn.PT.58.6917365, Igfl: Rn.PT.58.37138478, Nfe2l2:
Rn.PT.58.23835958, Ppia: Rn.PT.392.22214830).
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2.5 Western Blotting

Sixteen hours post intraperitoneal administration of LPS or PBS at postnatal day 2, the
dorsal neopalium within the territory of the middle cerebral artery was extracted and flash
frozen. The tissue was pulverized using a micro-mortar and pestle and then solubilized

in lysis buffer (Thermo Scientific, Cat # 89900), supplemented with 1x Halt Protease/
Phosphatase Inhibitor Cocktail (Thermo Scientific, Cat # 78440). Twenty micrograms of
protein for each sample were loaded onto 4-12% Bis-Tris gels for SDS-PAGE. Protein
levels were then quantified by Western blot using the following primary and secondary
antibodies: p-eNOS (S1177) (Fisher Scientific, Cat. # BDB612393; 1/1000), p-AKT(S473)
(Cell Signaling Cat. # 4060; 1/1000), t-AKT (Cell Signaling, Cat. # 9272; 1/1000), p-actin
(Cell Signaling, Cat. # 5125; 1/1000), goat anti-rabbit HRP (Jackson ImmunoResearch Labs,
Cat. # 111-035-003; 1/5000) and goat anti-mouse HRP (Jackson ImmunoResearch Labs,
Cat. # 115-035-003; 1/5000). Three different total eNOS antibodies were tested on the rat
lysates (Fisher Scientific, Cat. # BDB610297, Fisher Scientific, Cat # 610299 and Cell
Signaling, Cat. # 32027), but none of these antibodies detected a band at the appropriate
molecular weight for eNOS (140 kDa). Quantification was performed after normalizing each
sample to B-actin.

2.6 Data Analysis and Statistics

Raw data from Image J/ Fiji analyses were imported into Prism 9 (GraphPad Software,

La Jolla, CA, USA) for statistical analyses using unpaired t-test for comparison between 2
groups or ANOVA followed by Tukey’s post hoc when comparisons were made between
more than 2 groups. For non-parametric analyses, results were analyzed using the Mann-
Whitney test. Graphs were produced in Prism 9, and error bars denote standard error of the
mean (SEM). Comparisons were interpreted as significant when associated with p < 0.05.

3. Results

3.1 LPS administered before HI surgery protects the neocortex and WM from HI-
associated brain damage

To assess the effects of LPS on Hl-associated brain damage, we injected Wistar rats with
0.1 mg/kg LPS 14 hours before HI on postnatal day 3 (Figure 1A). After perfusion, brain
slices at 1.0 mm rostral to bregma were collected and stained with H&E to evaluate overall
brain histopathology. HI induced significant brain tissue loss in the PBS-treated rats on the
ipsilateral side of the brain (Figure 1E). Contrary to our expectations, there was both gray
and white matter damage. Also contrary to our expectations, there was limited brain damage
in the LPS-treated HI rats (henceforth referred to as the dual hit group) (Figure 1). To further
evaluate the effects of LPS on the neocortex and WM, we performed high-power imaging

of ipsilateral H&E brain slices from the naive, LPS+Sham, dual hit, and PBS+HI groups.
Under 40X magnification, the PBS+HI group showed low tissue density and shrunken
nuclei in the neocortex within the territory of the middle cerebral artery, which was not
observed in the LPS-treated group, that looked more similar to the brains of the naive group
(Figure 1F-I). In the subcortical WM there was extensive tissue loss in the PBS+HI brains
(Figure 1M). In contrast, the dual hit rats showed much less tissue damage compared to the
PBS+HI group and more resembled the naive group (Figure 1J-L). Taken altogether, LPS
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administration 14 h before HI surgery protected the ipsilateral neocortex and WM of the P3
rat brain from HI-induced tissue loss.

3.2 LPSreduces Hl-induced neocortical and WM apoptosis

To further investigate the mechanism of LPS neuroprotection from the Hl-induced brain
damage, sections from 1.0 mm rostral to bregma were collected from pups terminated 2
days after HI and stained using the in-situ end labeling (ISEL) method to evaluate apoptosis.
ISEL detects early-stage apoptotic cells by filling in fragmented DNA with digoxigenin-
labeled deoxyuridine triphosphates (dUTPs) and deoxyribonucleotide triphosphates
(dNTPs), and yields fewer false positives than terminal deoxynucleotidyltransferase nick-
end labeling (TUNEL) [11, 12]. ISEL+ cells were readily apparent in the dorsomedial
neocortex of the PBS-treated HI rats (170 + 51.61 cells/mm?2; mean + SEM). By contrast
there were few (16.13 £+ 10.29) ISEL+ cells in the dual hit group and even fewer (4.88

+ 1.59) ISEL+ cells in the naive groups (**p<0.01 comparing PBS-HI vs dual hit group)
(Figure 2A, B). In the subcortical WM, significantly higher ISEL+ cells were detected in
the PBS+HI group than in the naive and the LPS-treated groups (PBS-HI 12.75 + 2.33
cells/mm? vs. dual hit 5.38 + 0.68; LPS-Sham 2.50 + 0.42; naive 4.63 + 0.73 cells/mm?;
mean + SEM **p<0.01 for PBS-HI vs dual hit). There was no significant difference between
the LPS+Sham, dual hit and naive rats (Figure 2C, D). These observations indicate that LPS
14 hours before HI reduced the extent of apoptotic cell deaths in both the rat neocortex and
the subcortical WM.

3.3 LPS modestly suppresses microglial cell activation

We postulated that the LPS was suppressing tissue inflammation during recovery from

HI based on earlier studies [13]. To test this hypothesis, sections from 1.0 mm bregma
taken at 2 days after HI (P5) were stained for Iba-1 and CD68. CD68 is a transmembrane
lysosomal glycoprotein expressed by tissue macrophages that indicates phagocytic activity.
Iba-1 is a cytoplasmic protein considered to be a pan microglial/macrophage cell marker
[14, 15]. From a pilot study, where we compared CD68 expression between controls and
injured brains, we classified Iba-1+ cells as positive for CD68 if they had 3 or more
punctate CD68+ dots in their cytoplasm. Using these criteria, the PBS+HI group had
significantly more 1bal+/CD68+ cells in the dorsomedial neocortex compared to the naive
group (PBS-HI 10.25 + 2.96 cells/mm? vs naive 0.25 + 0.16 cells/mm?; mean + SEM
***n<0.01 for PBS-HI vs naive) (Figure 3A, B), consistent with previous data showing that
HI increases microgliosis [16]. However, there were significantly fewer Ibal+/CD68+ cells
in the dual hit group when compared to the PBS-HI (dual hit 1.13 + 0.48 cells/mm? vs.
PBS-HI 10.25 + 2.96 cellss/mm?2; mean = SEM **p<0.01 for dual hit vs PBS-HI), indicating
LPS pre-administration either reduced microglial activation or decreased the migration of
macrophages into the brain. We then evaluated the subcortical WM, but no significant
differences were observed between the naive, LPS-treated, HI-PBS and dual hit groups.

3.4 LPS preconditioning increases AKT-eNOS signaling

To further understand how the systemic inflammation induced by LPS was reducing the
extent of HI brain damage, we performed gPCR analysis for Nos3, the gene encoding for
endothelial nitric oxide synthase (eNOS), and we performed Western blotting to measure the
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phosphorylation status of eNOS (p-eNOS S1177) at 16 h after LPS administration (Figure
4A, D, E). These analyses revealed that LPS significantly increased the mRNA levels of
Nos3 (vehicle 0.98 normalized units vs LPS 1.49; medians ****p<0.001 for vehicle vs
LPS), as well as the protein levels of p-eNOS (vehicle 2.19 normalized units + 0.06 vs

LPS 2.39 £ 0.06; means + SEM *p<0.05 for vehicle vs LPS). Since AKT kinase can
directly phosphorylate eNOS we also evaluated both phosphorylated and total levels of
AKT by Western blot (Figure 4D). Although the ratio of phosphorylated to total AKT was
not different (Figure 4H), we observed an increase in both the phosphorylated (vehicle

1.33 normalized units £ 0.05 vs LPS 1.65 + 0.07; means + SEM **p<0.005 vehicle vs

LPS) and total levels (vehicle 1.23 normalized units + 0.04 vs LPS 1.49 + 0.04; mean +
SEM ***p<0.001 vehicle vs LPS) of AKT kinase (Figure 4 F, G). As IGF-1 can increase
the levels of p-AKT [17], we evaluated the mRNA levels of Igf1; however no significant
difference was detected (Figure 4B). Finally, as the transcription factor Nrf2 has been shown
to reduce HI brain injury [18], we evaluated the levels of Nrf2 mRNA,; although there wasn’t
a statistically significant increase in Nrf2 mRNA levels between the vehicle treated and LPS
treated group, there was a trend towards higher mRNA levels in the LPS group (Figure 4C).

4. Discussion

In this study, we demonstrate that LPS can serve as a preconditioning stimulus to protect
the immature brain from HI-induced damage. Wistar rats on P3 are comparable, in terms of
neocortical and WM development, to preterm human infants of 24-28 weeks of gestation
[19]. LPS had been previously shown to exacerbate HI-induced white matter tissue loss
when administered 14 h prior to HI on P9 [6]. Similarly, Wang et al., 2012 found that LPS
sensitized P2 rat pups to HI [20]. By contrast, we found that LPS administered 14h before
HI on P3 prevented HI-induced brain tissue loss. Our analyses of cell apoptosis using ISEL
staining show that HI alone triggers widespread apoptotic cell death in both the neocortex
and subcortical WM, while LPS preconditioning protects these regions. Moreover, we found
that the LPS pre-administration significantly reduced microglial/macrophage activation as
evaluated by quantifying the numbers of 1bal/CD68 double positive cells. These differences
in our results versus those reported by Wang et al., 2009 can be attributed to several

factors that include the doses of LPS, differences in immune tolerance between species and
differences in developmental stage between the rats and mice used in HI models [6].

LPS can differentially affect immune tolerance between species. For example, in our study,
we used a Wistar rat pup model and found that LPS acted as a pre-conditioning stimulus in
contrast to studies by Wang et al., 2009 who used a C57BL/6 mouse model and found that
LPS sensitized the brain to subsequent injury [6]. There are numerous differences between
rats and mice that could account for their disparate responses to LPS. Phylogeographic
studies have shown that the common house mouse, originated in the Himalayan mountains
whereas common rats resided in the lowlands of China and India. When exposed to hypoxia,
mice show increased ventilatory, metabolic, and mitochondrial responses compared to rats.
By contrast, rats mounted a faster and stronger hematological response than mice with

only minor ventilatory and metabolic adjustments[21]. Significant hematological differences
also exist: rats have almost 3 times as many T cells in their peripheral blood compared to
mice (~59% vs. ~20%). Rats also have almost 3 times as many neutrophils in their blood
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compared to mice (~17% vs. 5%). By contrast, mice have more B cells than rats (~47%

vs. 32%). Mice also have a higher platelet count compared to rats and rat (and human)
T-cells can express MHC-I1, whereas mouse T-cells do not [22, 23]. These differences likely
contribute to the differences in their temporal responses to LPS.

There are prior studies that showed that LPS tolerized the brain to a subsequent insult. One
study investigated immune tolerance in the neonatal rat hippocampus and demonstrated that
prenatal LPS exposure induced immune tolerance to subsequent postnatal LPS exposure that
was accompanied by reduced microglial activation indicated by low Iba-1/CD68 expression,
which is similar to our results for the neocortex [13]. Similarly a study of LPS-induced
immune tolerance in the P6 rat brain showed that LPS preconditioning (0.05 mg/kg)

induced eNOS in cerebral vessels, which attenuated HI-induced cerebral vessel damage,
oxidative stress and apoptosis [24]. Based on that study, we hypothesized that the LPS
administered to the P2 rat pups was increasing eNOS activity. Supporting that hypothesis we
observed that LPS (0.1mg/kg), administered to P2 rats induced eNOS mRNA and increased
levels of phosphorylated eNOS. Furthermore, we evaluated the levels of AKT, a major
pro-survival kinase that can directly phosphorylate eNOS on Ser1177, which increases its
enzymatic activity [25, 26]. Similarly to Lin et al., 2010 we observed higher levels of
p-AKT (S473). Interestingly, we also observed a concomitant increase in total levels of
AKT in the LPS group compared to the vehicle injected group 16h post LPS administration
suggesting increased AKT signaling is a result of gains at both translational as well as post-
translational levels. Based on a review of the literature, we surmise that increased VEGF
signaling through VEGFR1 could be responsible for increasing pAKT in the neurons and the
endothelial cells [24, 27]. Overall, our data suggest that LPS preconditioning increases AKT-
eNOS signaling. Increased levels of AKT kinase can lead to higher eNOS enzymatic activity
that, in turn, will increase nitric oxide (NO) production. As NO stimulates vasodilation,
increased blood flow would lead to more efficient delivery of nutrients and oxygen that
would serve as a potential neuroprotective mechanism induced by LPS to counteract the
hypoxia and ischemia.

We should also note that our model differs in multiple parameters compared to that of Lin
et al. 2010 as the authors administer 0.05 mg/kg to P6 Sprague-Dawley female rat pups
whereas in our model both males and female Wistar rats were included for analysis (we
did not detect sex differences, although our studies were not sufficiently powered to do so).
In addition, the timepoint of the single 0.1 mg/kg LPS injection was administered at P2, a
timepoint when both the brain and immune systems are more immature than at P6. On the
other hand, it should be noted that in both rat perinatal HI models AKT-eNOS signaling
seems to play a major neuroprotective role.

In addition to eNOS we evaluated whether Igfl expression might be contributing to the
increase in AKT phosphorylation, as we and others have previously shown that IGF-1
prevents white matter damage caused by hypoxia-ischemia and IGF-1 is known to activate
AKT [28-32]. However, Igf1 mRNA expression was not different between the vehicle and
LPS group 16 h post administration. While this does not negate a role for IGF-1, this
observation does not implicate it as contributing to the observed neuroprotection. Lastly, we
measured the mRNA levels of Nrf2 which also has been shown to provide neuroprotection

Neurosci Lett. Author manuscript; available in PMC 2024 January 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 9

against perinatal HI [18]. Here we observed a trend towards higher levels in the LPS group,
but this increase did not reach statistical significance.

The ultimate neuropathological outcome can be affected by the timing of the inflammatory
stimulus. Data from rodent studies have found that the timing of LPS administration will
determine whether the injury is exacerbated or reduced in extent. For instance, Eklind et al.,
2005 showed that administering LPS reduced brain injury when administered 24 h before
HI in P7 rats. However, when LPS was administered either 6 h or 72 hours before HI,

brain injury was increased [33]. Hickey et al., 2011 obtained neuroprotection when LPS was
administered to rat pups aged P7, P9 or P14 prior to HI; but there was no neuroprotection
when the LPS was administered prior to HI at P3 or P5, which differs from our results

[34]. However, they used LPS from a different strain of bacteria (0111:B4) and the interval
between the LPS and the HI in their study was 48 h; thus there are at least two important
variables that differed between their study and ours. In a paper by Wang et al., 2012 that
investigated the role of JNK signaling they found that LPS sensitized P2 rat pups to HI [20];
however, in their study they used Sprague Dawley rat pups whereas we used Wistar Rats;
they also used LPS from the 0111:B4 strain of Escherichia coli. Also the interval between
the LPS and the HI in their study was only 3 hours. Thus, there are at least 3 important
variables to account for the differences in their results vs. ours.

Previous studies investigating the effects of HI in very immature rats (P3) showed that
damage was predominantly restricted to the subcortical WM which was neuropathologically
similar to the dWMI seen in very premature human infants [35, 36]. The vulnerability of the
subcortical WM to HI has been explained by the vulnerability of the late oligodendrocyte
(OL) progenitors to the HI insult, which are the predominant OL lineage cells present in the
WM at this age [35]. The impact of HI on the gray matter in very young rat pups has not
been well characterized. In 2003 McQuillen and colleagues showed that rat subplate neurons
are very vulnerable to apoptosis after HI and their loss correlated with cognitive and sensory
deficits, due to the deficits in connections between thalamus and the somatosensory cortex
[37]. Although that study revealed the potential damage sustained by the sensory cortex, the
gray matter is often considered to be spared when compared to the white matter in preterm
brain injury models. Therefore, our results, which show that a unilateral HI insult delivered
at P3 in the Wistar rat induces significant apoptosis and tissue damage in dorsal neopallium,
challenges existing notions that the WM is the only region in rodent brain that is severely
damaged by HI at this timepoint in forebrain development.

Our studies have several limitations. One limitation of this study is that the measurements
were obtained only 2 days after the HI, thus it is not clear whether the LPS pre-conditioning
truly protected the brain from injury or simply slowed the rate of cell death. Another
limitation of this study is that we used a single lot of LPS and we used a single dose. It is
conceivable that we would have obtained different results from using a more homogenous
preparation of LPS, a different strain or a different dose. The experiment reported in Fig.

4 also has limitations in that we only evaluated the effects of LPS vs. saline rather than
including all 4 groups as in earlier figures. Additionally, our data suggest that the LPS
preconditioning is modifying cerebral blood flow, therefore, future studies should assess
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cerebral blood flow using this paradigm to establish whether, indeed, that is one mechanism
for the neuroprotection observed.

5. Conclusion

In conclusion, LPS preconditioning when initiated 14 hours prior to HI in the P2 rat

pup protects against brain damage by reducing neuroinflammation and increasing levels of
phosphorylated eNOS. Clearly further work is required to fully unravel the mechanisms that
will determine whether an infection will exacerbate damage to the brain or protect that brain
from damage, which clearly has relevance for treating neonatal brain injuries with comorbid
fetal/neonatal inflammation.
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Highlights
. Hypoxia-ischemia in P3 rats damages both the neocortex and white matter
. LPS pre-conditioning reduces neocortical and white matter apoptosis induced
by HI on P3
. LPS preconditioning suppresses microglial cell activation induced by HI on
P3

. LPS preconditioning activates AKT-eNOS signaling
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Figure 1. Pre-administering LPS before HI surgery protects neocortex and white matter from
HI-associated brain damage.

(A) Outline of the experimental paradigm of LPS injection and HI injury. Single-dose
0.1mg/kg LPS was administered 14 hours before artery cauterization and 75 min, 8%
oxygen condition. Perfusion was performed on postnatal day 5. (B-E) Whole-brain scanning
of the H&E stained p5 rats” 1.0mm bregma sections. Images from Naive, LPS+Sham, PBS+
HI, and LPS+HI, respectively (ipsi=ipsilateral, contra=contralateral). (F-1) Representative
40X images of H&E stained P5 brain sections from 1.0mm rostral to bregma at the
neocortex. Sections are from Naive, LPS+Sham, PBS+ HI, and LPS+HI, respectively. Scale
bar= 40um. (J-M) Representative 40X images of H&E stained P5 brain sections from
1.0mm rostral to bregma at WM. Sections are from Naive, LPS+Sham, PBS+ HlI, and
LPS+HI. Scale bar= 40um.
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Figure 2. LPS reduces Hl-induced neocortical and WM apoptosis.
(A, C) Representative images of ISEL (green) staining of the ipsilateral neocortex and

WM two days after HI. Brain sections are from Naive, LPS+Sham, PBS+HI, LPS+HI,
respectively (n=4). Scale bar= 100um. (B, D) Violin plots showing ISEL counts per mm?2
at neocortex and WM. Bold dash lines represent the median, and thin dash lines represent
upper and lower quartiles. Statistical analyses were performed using one-way ANOVA with
multiple-comparison tests. F (3, 28) =9.448(B) and 12.07(D), respectively.
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Figure 3. LPS preconditioning suppresses microglial cell activation in the dual-hit rat model.
(A) Representative images of Iba-1(red)/CD68(green) staining of the neocortex 2 days after

HI (P5). Brain sections are from Naive, LPS+Sham, PBS+HI, LPS+HI, respectively (n=4).
Scale bar=100 pm. (B) Violin plots showing Ibal+ and Ibal+/CD68+ counts per mm? in the
neocortex, respectively. Bold dash lines represent the median, and thin dash lines represent
upper and lower quartiles. Statistical analyses were performed using one-way ANOVA with
multiple-comparison tests. F (3,28) =13.83 and 9.034, respectively.
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Figure 4. LPS upregulates the expression levels of eNOS and AKT.
(A-C) Relative mRNA expression of Nos3, Igfl and Nrf2 (n=11, p<0.001 for Nos3, p=0.34

for Igfl and p=0.07 for Nrf2). (D) Representative Western blot results for p-eNOS (S1177),
p-AKT (S473), t-AKT and p-actin. (E-H) Quantification of protein expression levels (n=7,
p=0.03 for p-eNOS, p=0.003 for p-AKT, p<0.001 for t-AKT and p=0.87 for p-AKT/t-AKT
ratio). Statistical analyses were performed using unpaired t-test for all comparisons between
the vehicle and LPS groups for the different targets. The non-parametric Mann-Whitney test
was only performed for the comparison of p-eNOS (S1177) target, since the LPS group did
not pass the test for normal distribution.
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