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Abstract

Background Premature born infants are at high risk to develop white matter injury (WMI). Hyperoxia and perinatal
inflammation are main risk factors for preterm birth and associated brain injury. To date the majority of experimental
studies have focused on isolated insults. However, clinically, WMl injury is a multifactorial disorder caused by a variety
of triggers. To establish a clinically relevant rodent model of WMI, we combined prenatal inflammation with post-
natal hyperoxia to investigate individual, and additive or synergistic effects on inflammatory processes, myelination
and grey matter development.

Methods At embryonic day 20, pregnant Wistar rat dams received either a single intraperitoneal injection of 100 pg/
kg lipopolysaccharide (LPS) or sodium chloride. Offspring were either exposed to hyperoxia (80% O,) or normoxia
(21% O,) from postnatal day 3 to 5. Animals were sacrificed immediately after hyperoxia or 6 days later, corresponding
to term-equivalent age. White and grey matter development and neuroinflammatory responses were investigated

at cellular and molecular levels applying immunohistochemistry, western blotting, real time PCR in brain tissues

and multiplex protein expression analysis on serum samples.

Results Prenatal inflammation combined with postnatal hyperoxia resulted in reduced body weight and length

in the offspring, accompanied by increased serum leptin levels at term equivalent age. The altered body parameters,
like body weight, were associated with decreased brain volume, thinning of deep cortical layers and hypomyelination.
As potential underlying mechanisms, we identified severe myelination deficits and an increased microglia activa-

tion associated with elevated inflammatory cytokine expression in brain tissues, while peripheral cytokine levels

were reduced. Interestingly, effects on body size were mainly mediated by prenatal LPS, independent of hyperoxia,
while oligodendrocyte degeneration was mainly induced by postnatal hyperoxia, independent of prenatal inflamma-
tion. However, for the majority of pathological changes, including brain size, myelination deficits, microglia activation
and inflammatory cytokine expression, additive or synergistic effects were detected.

Conclusion Prenatal inflammation combined with postnatal hyperoxia results in aggravated myelination deficits
and inflammatory responses compared to single insults, making it an ideal model to improve our understanding
of the complex pathophysiology underlying WMI and to evaluate urgently needed therapies.
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Background

Representing 10% of newborns in Western countries,
preterm born infants are the largest paediatric patient
cohort [1, 2]. In particular, extremely preterm born
infants (<28 weeks of gestation) are at high risk of neu-
rodevelopmental impairment, caused by encephalopathy
of prematurity (EoP), which is associated with long-last-
ing disabilities such as motor-cognitive deficits and neu-
ropsychiatric problems [3-6]. A major hallmark of EoP
is diffuse white matter injury (WMI) associated with
altered grey matter development [5, 7]. The pathophysi-
ological mechanisms underlying WMI include degen-
eration and an impaired differentiation of immature
oligodendrocytes, accompanied by pronounced neuro-
inflammatory responses, such as microglia activation
[8-11]. Clinical and experimental studies have identified
several noxious stimuli that contribute to WMI, includ-
ing growth restriction, pain, stress and most importantly,
perinatal inflammation and disturbances in oxygen sup-
ply, i.e. hypoxia or hyperoxia [12—15]. This has led to the
“multiple hit hypothesis’, assuming that prenatal factors
sensitize the developing brain, rendering it more vulner-
able to injury from secondary insults in the early postna-
tal period [16—18]. To date, there is no effective therapy
for the treatment of WMI for prematurely born infants.
Furthermore, the majority of experimental studies have
focused on either single insults [6, 19-21] or a combina-
tion of postnatal insults [13]. Therefore, investigating the
combined effects of prenatal and postnatal insults in clin-
ically relevant animal models are of high importance to
better understand the complex pathophysiology of WMI
and to evaluate targeted treatment strategies.

Several animal models have been developed to mimic
WMI such as those induced by postnatal inflammation
[20, 22], hypoxia [23, 24], and hyperoxia [21, 25-28]. In
our previous work, we have shown that postnatal inflam-
mation, induced by Lipopolysaccharide (LPS) injection
combined with postnatal hyperoxia results in subacute
hypomyelination deficits comparable to single insults
[13]. However, the target mechanisms differed (oligo-
dendrocyte cell death vs. differentiation) [13]. Further-
more, the inflammatory insult was set at postnatal age,
whereas the development of WMI in preterm infants is
often related to prenatal infection/inflammation [12, 19].
The time point of LPS application appears to be particu-
larly important in sensitizing the brain to a second insult.
As such, postnatal LPS application showed a neuropro-
tective effect on induced injury by secondary hypoxia
[29], while LPS application during pregnancy aggravated
WMI, demonstrated by increased hypomyelination and
altered microglia morphology [30-32]. In addition to
oxygen deprivation, hyperoxia is a frequent clinical con-
dition, not only due to physiological differences between
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in utero and postnatal oxygen tension but also due to the
additional required oxygen supply in a significant pro-
portion of preterm infants [33]. Systematic comparisons
between single and combined insults have rarely been
assessed in previous work, hampering conclusions about
potential combined effects.

In this study, we combined two clinically relevant
factors contributing to WMI: maternal inflammation
induced by LPS application in rat dams at late gestational
age (E20) corresponding to the last trimester in humans
[34, 35]. Offspring were exposed to hyperoxia (80% O,)
from postnatal day 3 (P3) to P5, aligning with the brain
development stage of a preterm infant at 26-28 weeks
of gestation [34, 36]. Outcomes were assessed at term-
equivalent age of P11 equivalent to 40 weeks of gesta-
tion in humans [35, 36]. We hypothesized that prenatal
inflammation exacerbates hyperoxia-induced WMI and
associated neuroinflammation.

Material and methods

Animal experiments, group allocation and tissue collection
Experiments were performed in accordance with the
Animal Research Reporting of In Vivo Experiments
(ARRIVE) guidelines with governmental approval by the
State Agency for Nature, Environment and Consumer
Protection North Rhine-Westphalia, Germany. Wistar
rats were bred in house and kept under a 12 h light/
dark cycle with food and water ad libitum. To mimic
a clinically relevant condition of WMI, we designed
an experimental setup combining prenatal inflamma-
tion and postnatal hyperoxia (Fig. 1A). Time-pregnant
Wistar rats received a single intraperitoneal (i.p.) injec-
tion of 100 pg/ kg LPS (E.coli O55:B5, LL-423, Biotrend,
Germany), dissolved in 0.9% sodium chloride (NaCl) at
50°C for 10 min, aliquoted and stored at —20°C, or 0.9%
NacCl (vehicle) at embryonic day 20 (E20). Previous stud-
ies showed that maternal inflammation induced by LPS
injection at late gestational age leads to alterations in
fetal cytokine production, increased leukocyte recruit-
ment to fetal membranes and more organ infiltration in
the fetus, supporting a heightened inflammatory state
in the fetus [37]. Furthermore, increased levels of pro-
inflammatory cytokines were detected particularly in the
brain, which persist until birth [38]. Therefore, we refer
to the term prenatal inflammation in the present experi-
mental setting. Dams were weighed daily up to two days
after birth. Pups body weight was recorded every day
until sacrifice at postnatal day 5 (P5) and postnatal day 11
(P11), respectively. According to our previous work [25],
P3 pups were exposed to hyperoxia (80% O,) for 48 h in
an oxygen chamber (OxyCycler, BioSperix, Lacona, NY,
USA). Appropriate controls were kept under normoxic
conditions (21% O,). In this experimental setting we did



Serdar et al. Journal of Neuroinflammation (2025) 22:57 Page 30f 18
A) experimental setup B) weight dams C) birth weight
(PO)
prenatal postnatal 6 * 107 gk
inflammation hyperoxia £ 4 T
m : o -
s > 2 5°)
OO O s O & -0 T : £ |
g birth '™ | RT-PCR, western blot, s 3 6
~ immunhistochemistry, °\°'2' - 3
100 pg/ kg_ LPS or hype:oma multiplex analysis 4. 4
NaCli.p. @80% O, NaCl LPS NaCl LPS
D) weight P5 E) weight P11 F) body length G) leptin serum
16- * %k %k % 30- k% 15- ﬁ 20 *

R Y : —141 g ! o S
Bold = 0 s Toeln T S E N S 151 i
S ks o S2F ] 0 8a3{ i & b e 2
E1r% FTE | L Tee |ty o T Sl g o
i © %200 = . o 2 = | =

B LT o 57 H
41 . — 15+— ; . . 10— . r r 0 — . :
LPS - + -+ LPS - + - + LPS - + -+ LPs - + -+
21% 0, 80% O, 21% 0, 80% O, 21% 0, 80% O, 21% 0, 80% O,

Fig. 1 Prenatal inflammation combined with postnatal hyperoxia leads to growth restriction and disturbed metabolism. A Experimental

setup (created wit BioRender): Dams received a single intraperitoneal (i.p.) injection of 100 ug/ kg LPS or NaCl at embryonic day 20 (E20). Newborn
pups were exposed to normoxia (21% O,) or hyperoxia (80% O,) for 48 h from postnatal day P3 to P5. Analyses were performed either immediately
after hyperoxia at P5 or at term-equivalent age at P11. B Alterations in dam weight was recorded within 24 h after LPS application (n=4-5 dams/
group). C-E) The offspring’s body weight was recorded daily and is shown here for relevant ages PO, P5 and P11. F At P11 the body length (head

to tail) was measured. G Leptin protein levels were analysed in serum samples by multiplex protein expression analyses. n=8-10 rats/group at P5,

n=14-16rats/group at P11. *p <0.05, *p < 0.01, **p < 0.001

not observe mortality due to prenatal inflammation and/
or postnatal hyperoxia in pups and rat dams, respectively.
In total 94 pups derived from nine litters were enrolled in
this study. Sixty pups (28 female, 32 male) were used for
analyses of subacute white matter injury at P11. Another
set of 34 animals (14 female, 20 male) was analysed at P5.
All pups were randomly assigned to the following experi-
mental groups: NaCl+21% O, LPS+21% O, NaCl+80%
O, LPS+80% O,.

At the corresponding analyses time points (P5 or P11)
pups were deeply anesthetised with chloralhydrate; body
length was determined followed by transcardial perfu-
sion with ice-cold PBS. Brains without cerebellum were
divided into hemispheres. The right hemisphere was used
for histological and immunohistochemistry analyses by
immersion fixation in 4% paraformaldehyde (PFA) over-
night and paraffin-tissue embedding. For real time PCR
and western blot analysis the left hemisphere was snap
frozen in liquid nitrogen and stored at —80°C until fur-
ther processing.

Histology and immunohistochemistry analyses
Analyses were performed on 7 um paraffin tissue sections
taken from hippocampal (— 3.72+0.7 mm) and striatal

(= 0.6+0.3 mm) tissue levels. Hemisphere volumes was
determined in cresyl-violet stained tissue sections taken
from bregma level — 4.1£0.2 to — 0.5£0.2 mm at a dis-
tance of 140 pm. Volume was calculated by summing up
part volumes between tissue sections, which were calcu-
lated by the following formula: section area*distance to
the next section [39].

For immunohistochemistry analyses, tissue sections
were stained according to previous studies [13, 21]. Mye-
lination and oligodendrocyte differentiation capacity
were analysed by staining of adenomatous polyposis coli,
clone CCl1 positive (referred as CC1, mature oligoden-
drocytes; P5 and P11) and myelin basic protein (MBP;
P11) combined with oligodendrocyte transcription factor
2 (Olig2). Oligodendrocyte proliferation was evaluated by
co-staining of Ki67/ Olig2 and cellular degeneration was
determined by staining of DNA fragmentation using ter-
minal transferase dUTP nick end labeling (Tunel) accord-
ing to the manufactures’ protocol (In situ Cell Death
Detection Kit, Roche, Switzerland) in combination with
Olig2. Microglia activation was assessed in co-staining
of ionized calcium-binding adaptor protein 1 (Ibal) and
macrosialin (CD68) [40]. Cortical thickness in the deep
cortical layers was analysed in tissue sections stained for
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the transcription factor T-box brain 1 (TBR1). Briefly,
sections were deparaffinised and rehydrated followed
by antigen-retrieval in pre-heated 10 mM sodium-cit-
rate-buffer (pH 6.0) for 30 min. After blocking with 1%
bovine serum albumin, 0.3% cold-fish-skin-gelatine in 1%
Tween-20 in phosphate-buffered saline (PBS-T), slides
were incubated with the primary antibody over night at
4°C. The following primary antibodies were used: rabbit
anti-Olig2 (1:100, Millipore, Germany), mouse anti-CC1
(1:100, Calbiochem, Germany), rat anti-MBP (1:100,
abcam, Great Britain), rabbit anti-TBR 1 (1:100, abcam),
rabbit anti-Iba (1:1000, WAKO, USA), mouse anti-CD68
(1:100, Bio Rad, USA) and mouse anti-Ki67 (1:100,
abcam). Antibody binding was visualised by incubation
with appropriate Alexa Fluor 488, Alexa Fluor 555 or
Alexa Fluor 647 conjugated secondary antibodies (anti-
rat/mouse or rabbit, all 1:500 Thermo Fisher, Germany)
for 2 h at room temperature. Nuclei were counterstained
with 47, 6-Diamidin-2-phenylindol (DAPI, 100 ng/ml;
Molecular Probes, USA).

Sections were assessed by confocal imaging (Alplus,
Eclipse Ti, with NIS-Elements AR software, Nikon,
Germany, four laser lines (laser diode 405 nm, Ar laser
514 nm, G-HeNe laser 543 nm, Rn laser 639 nm). Con-
focal z-stack (7.5 pm thickness, z-plane distance 1.5 pm)
large-scale images of the entire hemispheres were
acquired with the 10X objective. From each animal two
slides were assessed, and data were analysed by investi-
gators blinded to treatment. Nine regions of interests
(ROI, each 302.5 um? three ROIs white matter, three
ROIs cortex and three ROIs thalamus, Suppl. Fig. S1)
were analysed. For structural analysis of MBP fibres,
three ROIs of the white matter (Suppl. Fig. S1, yellow
boxes) were acquired with the 20X objective. All images
were converted into maximal intensity projections. Unbi-
ased software-based object counting was used to assess
the number TBR1*cells. The number of CC1*, KI67*
and Tunel™ was determined manually and related to the
ROI area. The percentage of Ibal* and MBP* area nor-
malized to ROI areas (Iba-1) or hemisphere areas (MBP)
was quantified as measures of microglia cell density and
the degree of myelination, respectively. The percentage
of CD68* area normalized to the Ibal* area was investi-
gated as a measure of activated microglia. Morphological
analysis of Ibal* microglia was performed semi-auto-
matically with NIS elements software. As a measure of
morphological changes elongation was quantified, i.e.
reduced values reflect a more amoeboid morphology and
increased values can be interpreted as longer processes,
i.e. more ramification/ decreased activation [41, 42]. For
structural analysis of myelin fibres, 3D images of MBP
stained tissue sections were converted to TIFF-images
followed by analysis with the adapted Diameter] plugin
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of Image] (National Institutes of Health, Java 1.4.0) [43].
Thickness of the deep cortical layer, stained by TBR1, was
demarcated manually and related to the section area of
the whole hemisphere.

Protein and RNA isolation

Protein and RNA were isolated from left hemispheres
with the TRIzol procedure (Thermo Fisher, Germany)
using the QIAzol reagent (Qiagen, Germany). Briefly,
tissue samples were homogenized in QIAzol Reagent
followed by the addition of chloroform to separate the
homogenate into different phases. The clear upper aque-
ous phase was used for RNA precipitation. The pre-
cipitated RNA was washed with ethanol, subsequently
air-dried, and resuspended in RNAse-free water. RNA
yield was determined with the NanoDrop Spectropho-
tometer (Peqlab, Germany). Ethanol was added to the
phenol-chloroform phase and centrifuged, the superna-
tant was used for protein precipitation by adding isopro-
panol. Precipitated protein samples were washed three
times with guanidine hydrochloride, followed by an etha-
nol washing step and air-drying of the pellet. Pellets were
dissolved in 1% sodium dodecyl sulfate (SDS) for 2 days
at 40°C. Protein as well as RNA were stored at — 80°C
until further use.

Western blot

After quantification of the protein concentration using
the Pierce BCA assay (Thermo Scientific, USA) 20 pg
protein per lane were separated on 12.5% SDS poly-
acrylamide gels including 2,2,2,-trichlorethanol for vis-
ualization of total protein abundance [44]. Separated
proteins were transferred to nitrocellulose membranes
(0.2 um, Amersham) at 4°C overnight and equal load-
ing and transfer of proteins was further confirmed by
membrane staining with Ponceau S solution (Sigma
Aldrich). Nonspecific binding was blocked by incubation
in 5% non-fat dry milk powder (Cell Signaling) and 0.1%
Tween-20 in tris-buffered saline (TBS) followed by incu-
bation with the primary antibodies Myelin associated
glycoprotein (MAG; 1:1000, abcam) and 2’, 3’-Cyclic-
nucleotide-3-phosphodiesterase (CNPase; 1:2000, Mil-
lipore) overnight at 4°C. Membranes were incubated with
appropriate peroxidase-conjugated secondary antibodies
(all 1:5000, Dako) in blocking solution at room tempera-
ture for 1 h followed by chemiluminescent detection with
the enhanced chemiluminescence prime western blot-
ting detection reagent (Amersham, GE Healthcare Life
Science, USA). The total amount of transferred proteins
and specific antibody-labelled proteins were visualised
and analyzed with the ChemiDocXRS +imaging system
and ImageLab software (Bio-Rad). The target protein
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expression was normalised to whole protein content and
the control group NaCl+21% O,,.

mRNA expression analysis

First strand complementary DNA was synthesized using
1 pg of total RNA and TagMan reverse transcription rea-
gents (Applied Biosystems/Thermo Fisher Scientific).
PCR amplification was performed in 96 well optical reac-
tion plates for 40 cycles with each cycle at 94°C for 15 s
and 60°C for 1 min using the StepOnePlus Real Time PCR
system (Applied Biosystems/Thermo Fisher Scientific).
PCR products were quantified by the use of fluorogenic
reporter oligonucleotide probes (Suppl. Table 1). Analysis
was performed in duplicates and target gene expression
was quantified according to the 2722T method [45] with
animals of the NaCl+21% O, group serving as controls.

Multiplex-analysis of serum samples

Blood was collected from the right atrium prior to per-
fusion, collected and centrifuged at 3500 X g for 7 min at
4°C. The supernatant was frozen at— 80°C until further
analysis. Serum samples were analyzed for the abundance
of TNFq, IL 6, IL 10, IL 4, and Leptin performing an MSD
multiplex screening assay (Meso Scale Discovery, USA).
Sampling and assay conduction were exactly performed
as described in the manufacturers’ manual. Briefly, MSD
Multiplex Assay allows the simultaneous detection of
multiple analytes in a single sample using electrochemi-
luminescent (ECL) detection. Capture antibodies, spe-
cific to each analyte were coated on a 96-well-plate.
Binding of target molecules within the sample to capture
antibodies was visualised by incubation with ECL-labeled
secondary antibodies. In the present study, 25 pl of serum
was required to achieve signals above the detection limit.
ECL-signals were analysed with the MESO QuickPlex
SO 120MM system using the Methodical Mind software
(Meso Scale Discovery, USA).

Statistical analysis

Results are expressed as scatter plots with individual data
points, including median values, the 25th and the 75th
percentiles. Statistical analyses were performed using
the GraphPad Prism 9.0 software package (GraphPad
Software). Two-way ANOVA was applied to determine
main and interaction effects between treatment groups
(Suppl. Table S1). For intergroup comparisons, data were
tested for Gaussian distribution and analysed by one-
way ANOVA followed by Bonferroni’s multiple compari-
son test for parametric data or Kruskal-Wallis test with
Dunn’s multiple comparison test for non-parametric
data. We defined synergistic effects between treatment
groups when single insults did not show differences com-
pared to controls, but the combination of insults resulted
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in significant group differences [46]. This was also con-
firmed by significant interaction effects in two-way-
ANOVA analyses (Suppl. Table S2-4). Additive effects
were defined when the combination resulted in larger
group differences compared to effects by single insults,
which should, however, not be larger than the sum of
single effects. Principal component analysis (PCA) was
performed using R packages FactoMineR [47]. Depend-
ing on data distribution, correlation analyses were either
performed with Pearson tests (parametric) or Spearman
tests (non-parametric).

Results

Prenatal inflammation combined with postnatal hyperoxia
decreases body growth

Severe prenatal inflammation, linked to preterm birth
and growth restriction [48-51], combined with oxygen
excess, remain the most important risk factors for WMI
[33, 52, 53]. To model this, we combined prenatal inflam-
mation induced by i.p. injection of LPS with postnatal
hyperoxia between P3 and P5 (Fig. 1A). While litter size
was not affected (NaCl: 10.8 +1.5; LPS: 11+1.9), prena-
tal LPS exposure induced a significant reduction in the
weight gain of dams 24 h after injection (NaCl: 3.5+ 1.1%;
LPS: 0.48+1.92%, Fig. 1B). Interestingly, prenatal LPS
exposure also led to growth restriction in the offspring
revealed by a significantly lower body weight of pups at
PO (NaCl: 6.6+0.98 g; LPS: 6.1 £0.69 g, Fig. 1C). Reduced
body weights in LPS offspring persisted until term equiv-
alent age, i.e. P11 (Fig. 1C-E). Even though the offspring’s
weight was also slightly reduced by postnatal hyperoxia,
the most pronounced effects were detected in pups from
LPS-treated dams and additional hyperoxia (Fig. 1C-E).
Reduced body weights in offspring of LPS-treated dams
were accompanied by decreased body length, which was
slightly reduced by postnatal hyperoxia (Fig. 1F). Never-
theless, the main factor contributing to reduced growth
was prenatal LPS exposure (F=11.78, p=0.0011 Suppl.
Table S2). Growth restriction, induced by prenatal factors
is often associated with metabolic disturbances, includ-
ing alterations in leptin signalling [54]. Therefore, we
quantified the amount of circulating leptin levels, which
in addition to its endocrine function in metabolism is
also required for normal brain development by regulat-
ing neurogenesis and circuit formation [55]. Interest-
ingly, while single postnatal hyperoxia had limited effects
on leptin levels in the offspring, prenatal LPS increased
serum leptin levels, which were further elevated in the
combined setting (Fig. 1G), indicating a synergistic effect,
as revealed by a significant interaction between both sin-
gle insults (F=6.383, p=0.0172, Suppl. Table S2).
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Double hit of prenatal inflammation and postnatal
hyperoxia results in reduced brain volume and decreased
deep cortical layer thickness

To assess whether reduced body weight and length were
associated with differences in brain growth, the hemi-
sphere volume was quantified in cresyl-violet stained
tissue sections at P11 (Fig. 2A, B). While only slight
reductions were observed with single insults, we detected
a remarkable decrease in brain volume in the combined
insult group (Fig. 2B), suggesting synergism between
single insults as demonstrated by a significant interac-
tion (F=8.370, p=0.0054, Suppl. Table S2). A reduction
in brain volume has recently been linked to decreased
cortical thickness in extremely preterm born infants

NaCl
+80% O,

A)  NaCl LPS
+21% O, +21% O,
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[56]. Therefore, we quantified the thickness of the deep
cortical layers V-VI by immunohistochemistry for TBR1
(Fig. 2C). While only slight effects were detected in single
treatment groups, the combination of prenatal inflamma-
tion and hyperoxia caused a significant reduction in the
proportion of the TBR1 positive layer at the hippocampal
level indicating synergy supported by a significant inter-
action between both single insults (F =4.843, p=0.0319,
Suppl. Table S2 Fig. 2D). No differences were observed at
the striatal level (Fig. 2E). Furthermore, neither the cel-
lular density of TBR1 positive neurons in the total TBR1*
cortical layer (Suppl. Figure 2A) nor the global expres-
sion of the post-mitotic marker NeuN in total hemi-
sphere protein lysates (Suppl. Figure 2B) were modulated,
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Fig. 2 The combination of prenatal inflammation and postnatal hyperoxia leads to a reduced brain volume and deep cortical layer thinning at P11.
After prenatal inflammation at E20 pups were exposed to postnatal normoxia (21% O,) or hyperoxia (80% O,) from P3 to P5 and analysed at P11.

A, B Hemisphere volume were determined on cresyl-violet stained sections taken from bregma level — 4.1 £0.2 to — 0.5+£0.2 mm with a distance
of 140 um between sections. C Cortical thickness of layer V and VI was analysed in TBR1 stained tissue sections. White boxes illustrate the deep
cortical layer V-VI depicted on the right side. D, E The ratio of the TBR1 positive deep cortical layer related to the whole hemisphere area

was quantified at the hippocampal (3.72+0.7 mm, D) and striatal (— 0.6£0.3 mm, E) level. n=14-16 rats/ group. *p <0.05, **p < 0.001,

P <0.0001
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suggesting a selective atrophy of the cortical layers V-VI,
near the white matter.

Prenatal inflammation and postnatal hyperoxia differently

affect oligodendrocyte survival and maturation

Proper neurodevelopment depends on the support of
oligodendrocytes. However, in the premature brain, the
majority of oligodendrocytes is still immature, mak-
ing them particularly vulnerable to pre- and postnatal
insults such as inflammation and hyperoxia [8, 10, 13, 21,
22]. The most prominent hallmarks of WMI are degen-
eration and impaired differentiation of immature oligo-
dendrocytes, resulting in disturbed myelination, a major
determinant of long-term neurodevelopmental deficits
[21, 27, 57]. To assess a potential relation between dis-
turbed cortical neuronal development (Fig. 2C-E) and
oligodendrocyte responses, we focused our analyses on
white matter regions in close proximity to the degener-
ated cortical layer V-VI (Suppl. Figure 1A, B). Quantifi-
cation of Tunel*/Olig2* and mature CC1* cells revealed
a marked increase in oligodendrocyte degeneration and
a reduction in mature oligodendrocytes immediately
after hyperoxia at P5, which was, however, independ-
ent of prenatal LPS exposure (Fig. 3, main effect hyper-
oxia, p<0.001, 3B) F=65.53; 3C) F=30.11; 3E) F=23.38;
3F) F=12.51, Suppl. Table S2). Similar regulations were
observed in other brain regions, i.e. cortex, thalamus and
striatum (Suppl. Figure 3A-D). To determine whether
the reduction in mature CC1* cells was not only due to
cell degeneration but also to decreased generation of new
oligodendrocytes, we quantified oligodendrocyte prolif-
eration (Suppl. Figure 4 A). Except of slight reductions
by postnatal hyperoxia in the thalamus and striatum, no
differences were detected in other brain regions (Suppl.
Figure 4 B, C) excluding compensatory effects by oligo-
dendrocyte proliferation at P5.

To assess whether the acute loss of mature CC1* oligo-
dendrocytes at P5 translates into the subacute phase at
term equivalent age, we further quantified CC1*/Olig2™*
cells at P11 (Fig. 3G-I). Between P5 and P11 regulation
of CC17" cell numbers changed depending on the insult.
As such, single postnatal hyperoxia was still associated
with reduced numbers in the white matter at the hip-
pocampal level, again independent of prenatal LPS expo-
sure (Fig. 3G, H). However, prenatal LPS exposure had a
stronger effect at P11 compared to P5, especially in the
white matter at the striatal level, which was not further
modulated by postnatal hyperoxia (Fig. 3F, I). While we
detected a similar impact of prenatal LPS in the cortex,
single hyperoxia led to significant reductions of CC1*
oligodendrocytes in the thalamus and striatum (Suppl.
Figure 5 A, B). Taken together, these data indicate that
postnatal hyperoxia leads to acute oligodendrocyte
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degeneration associated with reduced numbers of mature
oligodendrocytes, whereas prenatal LPS is associated
with a secondary reduction in mature oligodendrocytes
at P11 indicating impaired oligodendrocyte maturation.
Therefore, both, oligodendrocyte degeneration and mat-
uration deficits may lead to disturbed myelination.

Prenatal inflammation exacerbates myelination deficits
caused by postnatal hyperoxia

Mature oligodendrocytes are the most important cell
population for developmental myelination processes
in the postnatal period [58]. To determine whether the
detrimental effects on mature oligodendrocytes were
also associated with myelination deficits, we assessed
the expression levels of key components of the myelin
sheath (i.e. MBP, MAG and CNPase) and evaluated the
structural integrity of myelin fibres. Confirming previous
work [21, 25, 27, 59], postnatal hyperoxia resulted in a
marked hypomyelination revealed by a reduction of MBP
positive area (Fig. 4A, B) and sum pixel density (Fig. 4A,
C). Furthermore, prenatal inflammation also induced
a reduction in myelination, although the effects were
smaller compared to postnatal hyperoxia (Fig. 4A-C).
Importantly, the combination of both showed a stronger
decrease in MBP expression compared to single insults,
suggesting additive effects (Fig. 4A-C). In addition to
MBP, MAG and CNPase are central components of the
myelin sheath [60]. We determined a similar reduction
of MAG and CNPase expression in the double hit com-
pared to controls and single hits (Fig. 4D, Suppl Fig. 5 D).
Notably, compared to the regulation of MBP expression,
which revealed a reduction by both single insults, MAG
and CNPase RNA expression was not strongly altered by
either single hit (Fig. 4D). However, both insults act syn-
ergistically, demonstrated by a pronounced reduction of
MAG and CNPase expression in the combined setting
(Fig. 4D).

MBP and MAG are essential for compact myelin devel-
opment and wrapping of axons supporting their integrity
and thus proper neurodevelopment [61, 62]. Therefore,
we also quantified the structural organisation of myelin
fibres, i.e. fibre length and intersections in high resolution
images of MBP stained tissue sections (Fig. 4E-F. Con-
sistent with the reduction in MBP expression induced by
prenatal LPS combined with postnatal hyperoxia expo-
sure (Fig. 4A-C), fibre length and the number of inter-
sections were significantly decreased at both anatomical
brain levels (Fig. 4F, Suppl. Fig. S5C). These morphologi-
cal changes were, however, mainly driven by prenatal LPS
exposure (main effect fibre length, hippocampal level
F=29.41, p<0.0001; striatal level F=18.74, p<0.0001,
Suppl. Table S3), while single postnatal hyperoxia had no
effect on these parameters (Fig. 4F, Suppl. Figure 5C).
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Fig. 3 Prenatal inflammation and postnatal hyperoxia have a different impact on the number of degenerating and mature oligodendrocytes

in a time point- and region-specific manner. Pups from dams with prenatal inflammation and additionally exposed to postnatal normoxia (21%
0,) or hyperoxia (80% O,) at P3 for 48 h were analysed immediately after hyperoxia at P5 or at term-equivalent age at P11. A Oligodendrocyte
degeneration was assessed in Olig2 (red)/ Tunel (green) co-staining at P5. Arrows indicate Olig2/ Tunel co-localizations (yellow). B, C The number
of double positive cells was analysed in the white matter at the hippocampal (3.72+0.7 mm, B) and striatal (— 0.6+0.3 mm, C) level. D-1The
number of mature oligodendrocytes was analysed in tissue sections stained for Olig2 (red) and CC1 (green). Olig2/ CC1 double positive cells were
quantified at P5 (E, F) and P11 (H, I). Example images in A, D and G are derived from the cingulum of the white matter region (Suppl. Figure 1).
n=8-10 rats/group at P5, n=14-16 rats/group at P11. *p < 0.05, *p < 0.01, ***p < 0.001

The double hit of prenatal LPS plus postnatal hyperoxia Developmental WMI-associated myelination defi-
induces microglial activation associated with increased cits have been largely attributed to neuroinflammatory
inflammatory cytokine expression responses in which microglia play a critical role [63, 64].



Serdar et al. Journal of Neuroinflammation (2025) 22:57

“LPS NaCl LPS

+21% O, +80% O, +80% O,

C) sum density
hippocampal level striatal level
Kk k%
*
e * s ¢
x x
> 1.5 > 3
231 2 82f
Chy 3
£ 0.5 £ 1
= >
(2] 0 (/] 0
LPS - + -+ LPS - + -+

m

Page 9 of 18

B) % MBP area
hippocampal level striatal level
3 rrra— 15 — e —
© . * %k k © Kk k%
2 s L 2
s 104 @ kR s 10
o LN () o A
m : ] x', o o pat
= 5 o = 5
R T S
0 0
LPS - + -+ LPS - + - +
21% 0, 80% O, '21% O, 80% O,
D
) MAG CNPase
¥ ¥
* % % %
1.5 = t* 1.5 *oHkk
o 5 . o
o e s =y
© i ooo "3’ ©
K= N o 2g0 =
o oz 3}
305 B T
L e L
0
LPS - + - + LPS - + - +
21% 0, 80% O, 21% 0, 80% O,
F) MBP structure
hippocampal level striatal level
S 6 S 8 *
* * +
= £ 61" H
"é, [ 4 g) £ G % °
8= 84 &
e 2 e . u{ §n§
8 s 2 .
U= L=

- + - +

-
b
wo

0
LP$ - *+ - S
21% O, 80% O, 21% 0, 80% O,

Fig. 4 The double-hit of prenatal inflammation and postnatal hyperoxia induces pronounced myelination deficits associated with structural
changes. Myelination was analysed at term equivalent age P11, i.e. 6 days after postnatal normoxia (21% O,) or hyperoxia (80% O,)

via immunohistochemistry and real time PCR. A Representative images of MBP (myelin basic protein) staining (upper: immunohistochemistry
MBP-staining; lower: sum density MBP-staining). B The MBP positive area related to the whole hemisphere area was analysed at the hippocampal
(3.72£0.7 mm) and the striatal level (— 0.6 +0.3 mm). C The same images were used to analyse the sum pixel density of MBP staining normalized
to the hemisphere. D mRNA expression of MAG and CNPase from whole hemisphere was quantified by RT-PCR. E Representative images in are
derived from the deep cortical white matter and the appropriate skeletonized pictures. F Structural formation of MBP fibre was evaluated

using by the adapted DiameterJ plug Image J enabling skeletonization of images from MBP staining (E). The fibre length was quantified in 3
ROIs of the white matter (Suppl. Figure 1). n=14-16 rats/ group. Scale bar (white) 1000 um and scale bar (black) 100 um. *p <0.05, **p < 0.01,

¥ <0.0001

Therefore, we quantified the expression of the microglia-
specific marker Ibal and analysed the proportion of the
CD68 positive area of the total Ibal positive area at P5
(Suppl. Figure 6) and P11 (Fig. 5) in the white matter

(Suppl. Figure 6 C). While we found no significant group
differences at P5 (Suppl. Fig. S6 A, B), single prenatal LPS
induced a slight increase of Ibal immunoreactivity at the
striatal level at P11 (Fig. 5B, C), which was not further
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Fig. 5 Prenatal inflammation combined with postnatal hyperoxia lead to

microglia activation at P11. Prenatal inflammation was induced

at E20 followed by postnatal normoxia (21% O,) or hyperoxia (80% O,) at P3 for 48 h and brains were investigated at P11. A Microglia activation
was analysed by CD68 (red) / Ibal (green) co-staining in three regions of white matter (Suppl. Figure 6C); representative images are derived

from cingulum White boxes reveal high magnification images of the staining to show morphological changes. B As a measure of microglia density
the percentage of Ibal positive area was quantified in the white matter of the hippocampal (3.72+0.7 mm, left) and striatal level (<0.6+0.3 mm,

right). C Activation of microglia was assessed by quantification of the perc
in hippocampal (left) and striatal level (right). n=14-16 rats/ group, *p < 0.

modulated by postnatal hyperoxia (Fig. 5B, C). How-
ever, at the hippocampal level we determined synergistic
effects of both single insults, as neither single insult led
to changes in the Ibal positive area, whereas a significant
upregulation was observed in the combined setting of
prenatal inflammation and postnatal hyperoxia (i.e. sig-
nificant interaction: F=10.46, p=0.0020 (Suppl. Table S3,
Fig. 5B). Similar combined effects were detected for
microglia activation assessed by quantification of CD68
immunoreactivity on Ibal* cells, described to be upregu-
lated upon microglia activation [65] (Fig. 5C). While pre-
natal LPS exposure enhanced the proportion of activated
CD68* microglia, additional postnatal hyperoxia led to a
much stronger response, significantly different from sin-
gle prenatal LPS and single hyperoxia treatment, both at
the hippocampal and striatal level (Fig. 5A-C). A syner-
gistic effect was particularly evident at the striatal level,
revealed by a significant interaction between both sin-
gle insults (F=14.47, p=0.0004, Suppl. Table S3). Even
though CD68 indicates microglial activation [66], it does
not provide information about morphological changes,
which are an additional major hallmark of microglia
activation [65]. Morphological changes were analysed
by automated unbiased software-based quantification

entage of CD68 positive area from the total Ibal positive area
05, *p <0.01, **p < 0,001, ****p < 00001

of cellular elongation, revealing that the combined set-
ting of prenatal LPS and postnatal hyperoxia exposure
led to the most pronounced reduction in elongation,
albeit the main driver in this analysis parameter seems
to be LPS (main LPS effects: hippocampal level F=23.54,
p <0.0001; striatal level F=29.74, p <0.0001).

To determine whether increased microglia activa-
tion was also associated with alterations of inflamma-
tory cytokine expression, we performed real time PCR in
brain tissue lysates and multiplex analysis in serum sam-
ples for typical pro- and anti-inflammatory cytokines at
P5 and P11. While, no group differences were observed at
P5 (Suppl. Figure 7A-D), we detected a prominent upreg-
ulation of the pro-inflammatory cytokines IL6 and TNFa
by prenatal inflammation and additional postnatal hyper-
oxia in brain tissue lysates (Fig. 6A). Similar to microglia
activation, both single insults seem to act synergisti-
cally in the case of IL-6 expression, i.e. slightly increased
expression levels induced by prenatal inflammation were
strongly enhanced by postnatal hyperoxia, which by itself
did not change IL6 expression (significant interaction:
F=8.410, p=0.0053, Suppl. Table S3, Fig. 6A). Except of a
slight decline by prenatal LPS exposure, no further group
differences were observed for IL4 (Fig. 6B). However,
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Fig. 6 The double hit of prenatal inflammation plus postnatal hyperoxia leads to pronounced changes in inflammatory cytokine levels in the brain
and the circulation at P11. After LPS application at E20 pups underwent normoxia (21% O,) or hyperoxia (80% O,) at P3 for 48 h. Analysis

was performed at term equivalent age P11. A, B mRNA expression of pro- (IL6, TNFa) and anti-inflammatory (IL4, IL10) cytokines was analysed

in brain tissue lysates. C, D Serum samples were analysed by multiplex protein expression analysis. n=14-16 rats/ group for A and B, n=8-10 rats/

group for Cand D. *p <0.05, *p <0.01, **p <0.001, ****p < 0.0001

we observed an upregulation for the anti-inflammatory
cytokine IL10 in pups of prenatal inflammation, which
was independent of postnatal hyperoxia (main effect LPS:
F=27.41, p<0.0001, Suppl. Table S3, Fig. 6B). To check
whether changes in the CNS were associated with dif-
ferent peripheral immune responses, we analysed serum
samples. Here, we observed the opposite regulation,
as shown by a reduction of pro- and anti-inflammatory
cytokines in the combined setting, which were mainly
driven by postnatal hyperoxia (main effect hyperoxia:
IL6 F=11.24, p=0.0023; TNFa F=4.199, p=0.0493; IL4
F=14.70, p=0.0006; IL10 F=15.05, p=0.0005, Suppl
Table S3, Fig. 6C, D).

Combined hits of prenatal inflammation and postnatal
hyperoxia induce a unique EoP phenotype, clearly
distinguished from single insults

Despite individual treatment effects, observed for cer-
tain pathophysiological hallmarks (e.g. brain volume,
hypomyelination and microglia activation), principal
component analysis including all analysed parameters

of the present study demonstrated a clear separation
of the combined treatment group from controls, while
single insults of prenatal inflammation and postnatal
hyperoxia were less separated from controls (Fig. 7).
This is supported by correlation analyses for immuno-
histochemistry data at the hippocampal level, revealing
significant positive correlations between brain vol-
ume and cortical thickness (Fig. 7B), brain volume and
myelination (Fig. 7C), myelination and cortical thick-
ness (Fig. 7E), myelination and body weight (Fig. 7G);
and between brain volume and body weight (Fig. 7H).
The relation between microglia activation and brain
volume as well as myelination was shown by significant
negative correlations (Fig. 7D,F). Similar results were
obtained for correlation analyses at the striatal level
(data not shown). These moderate to strong correla-
tions were mainly observed when the double hit group
was included (Fig. 7B-H). However, including single
insults in analyses resulted in no or only minor correla-
tions (Suppl. Figure 8).
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Discussion

Inflammation during the perinatal period was suggested
to sensitize the developing brain, making it more vulner-
able to secondary harmful events in the early postnatal
period [14, 16, 22, 31]. Here, we established a double-hit
model of prenatal inflammation and postnatal hyperoxia,
mimicking the clinical pathology observed in preterm
infants diagnosed with WMI. By performing an in-depth
characterisation, systematically including single insult
groups, we identified distinct differences between sin-
gle hits and the combination. Additive and synergistic
effects were evident in brain volume, myelination deficits
and neuroinflammatory responses -the major hallmarks
of WMI- making this injury model particularly suitable
to investigate novel therapeutic approaches for the treat-
ment of WMI.

Besides inflammation, hyperoxia is a main perinatal
risk factor for the development of WMI [14]. Our find-
ings reveal that combining prenatal inflammation and
postnatal hyperoxia resulted in reduced body weight and
length, both typically associated with growth restriction,
which increases the risk of WMI [14, 67, 68]. In support
of this, correlation analyses of our experimental findings
revealed a significant positive correlation between body
weight and brain volume. Interestingly, these alterations
were accompanied by increased serum leptin levels at
term equivalent age, predominantly induced by prenatal
LPS and further enhanced by postnatal hyperoxia. Leptin
is a proteohormone that plays a crucial role in important
physiological functions including regulation of immune
responses, haematopoiesis, angiogenesis, bone forma-
tion, and wound healing [69]. Notably, higher leptin levels
have been reported in umbilical cord blood of moth-
ers with pre-eclampsia, which is often linked to growth
restriction in the offspring [70], supporting the present
findings of reduced body weight and length. However,
increased leptin levels seem to contradict previous stud-
ies, showing lower levels in preterm babies [71]. These
levels typically rise around term equivalent age, which is
the time point of analyses in this study. It is important to
note that elevated leptin levels are associated with higher
fat accumulation at term-corrected age in preterm born
babies [71]. The fat content, changes of Leptin expression

(See figure on next page.)
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in the brain and potential further metabolic alterations
induced by the present injury model need to be investi-
gated in future studies.

Very preterm and low birth weight infants exhibit
smaller brain volumes at term equivalent age com-
pared to term born babies, which are associated with
impaired neurocognitive outcomes [72, 73]. Our study
also revealed reductions in brain volume and deep corti-
cal layer thickness, particularly at the hippocampal level,
in pups exposed to prenatal inflammation and postnatal
hyperoxia. Interestingly, slight effects on brain volume
and TBRI1 cortical layer thickness following prenatal
LPS exposure were exacerbated by additional hyperoxia,
indicating a synergistic impact. This was further sup-
ported by a significant positive correlation between
brain volume and cortical thickness, when including the
combined treatment group, while no correlation was
observed when including single treatment groups. These
results emphasise the concept that prenatal inflamma-
tion sensitise the immature brain to secondary postnatal
insults, as suggested in context of additional postnatal
hypoxia [30]. Furthermore, experimental findings as well
as clinical evaluations in preterm infants, showed a
decline in cortical thickness in early childhood and ado-
lescence [74—76]. TBR1 is crucial for neocortical layer VI
differentiation, and any alterations may negatively modu-
late brain development [77, 78]. Consistent with this Wu
et al. have shown, that maternal inflammation induced
by application of 75 pg/ kg LPS at embryonic day 14.5,
resulted in a thinner TBR1* cortical plate at embryonic
day 18.5, which was associated with impaired neurode-
velopment [79]. Using a higher dose of LPS (100 pg/ kg),
we observed a slight thinning of the TBR1" deep cortical
layer after a single prenatal LPS application, which might
be related to differences in LPS application time points,
LPS serotypes and analysis time points. Nevertheless,
the combination with the second hit of hyperoxia led to
a significant reduction in the TBR1* cell layer, which is
supposed to be particularly important for proper neu-
rodevelopment [80, 81]. Therefore, future studies should
investigate long-term neurodevelopmental outcomes in
the present injury model, which was beyond the scope of
this study.

Fig. 7 Pups exposed to prenatal inflammation plus postnatal hyperoxia clearly separate from single insults and controls. To visualise overlapping
and combinational effects of the investigated noxious insults postnatal hyperoxia (80% O,) and prenatal LPS injection, a principal component
analysis (PCA) was performed based on 21 parameters (sex, weight P5, weight P11, body length, brain volume, MAG protein level, MAG gene level,
IL6, TNFq, IL10, IL4; hippocampal and striatal level: % MBP, sum density MBP, % CD68, % IbaT, fibre length, intersection, % TBR1; serum: leptin, IL6,
TNFa, IL10, and IL4). n=14-16 rats/ group. B-H) Based on body weight and histological data (hippocampal level) at term-equivalent age (P11),
correlation analyses were performed for key features of WMI injury, i.e. body weight, brain volume, cortical thickness (%TBR1), myelination (%MBP)
and microglial activation (%CD68). Correlation coefficients (r) and p-values are indicated in the graphs. n=16 rats/ group
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The most prominent pathological hallmarks of preterm
birth related WMI are degeneration and altered differen-
tiation of oligodendrocytes, resulting in impaired myeli-
nation [5, 12]. Consistent with our previous work [13, 21,
26], postnatal hyperoxia induced oligodendrocyte degen-
eration and reduced the number of mature CC1* oligo-
dendrocytes at P5. While prenatal LPS had no impact
on the amount of degenerating and mature oligoden-
drocytes at P5, a reduction of mature oligodendrocytes
was observed at term-equivalent age (P11). These results
indicate different target mechanisms for each insult. A
maturation deficit mediated by prenatal inflammation
and additional degeneration induced by postnatal hyper-
oxia. Oligodendrocyte degeneration and maturation
deficits have also been observed in other injury models,
involving prenatal or postnatal inflammation combined
with postnatal hypoxia or hyperoxia [13, 30, 82]. Brehmer
et al. found that LPS application alone did not affect the
oligodendrocyte degeneration compared to postnatal
hyperoxia but did result in a maturation deficit. However,
the combination of both insults had no additive effects on
oligodendrocyte degeneration or maturation [13]. While
Tilborg et al. detected no alterations in oligodendrocyte
degeneration, they noted a reduced differentiation at P5
in the setting of prenatal inflammation combined with
postnatal hypoxia [30]. Renz et al. 2022 reported both,
an increased degeneration and impaired oligodendro-
cyte differentiation in a model of postnatal inflamma-
tion plus hypoxia [82]. The variability in findings may be
attributed to differences in time points of the insults (i.e.
prenatal vs. postnatal LPS and hypoxia at P4 vs P2), and
different analysis time points (P3 vs. P5) [10, 30, 43, 82].
Comparing our results with findings from Tilborg et al.,
i.e. prenatal inflammation plus postnatal hypoxia, indi-
cate differences between the impact of the second post-
natal insult, with hyperoxia leading to more pronounced
oligodendrocyte cell death than postnatal hypoxia [30].
Tilborg et al. demonstrated that prenatal LPS expo-
sure results in a slight MBP reduction, while postnatal
hypoxia has no significant impact on myelination. How-
ever, the combination of both insults leads to a marked
hypomyelination at P18 [30]. Similarly, we observed the
most pronounced effects by the combination of prena-
tal LPS and postnatal hyperoxia on myelination at P11.
Decreased MBP expression level was accompanied by
reduced expression of other myelin components, i.e.
CNPase and MAG, the latter being particularly impor-
tant for compact myelin formation and glia-axon inter-
actions [83-85]. Ultrastructural analysis of myelin in
MAG deficient mice (MAG~'") revealed abnormal mye-
lin structures and a reduction in axon calibre [86, 87],
similar to findings from neonatal brain injury, caused by
a single hit of postnatal hyperoxia [27, 59]. In support of
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this, the present results from structural analysis of MBP
fibres, revealing reduced fibre lengths and intersections,
suggest abnormalities in myelin formation after prenatal
inflammation plus postnatal hyperoxia. Similar results
were obtained in the combined model of prenatal inflam-
mation and postnatal hypoxia [30].

Myelin formation is a complex process, depending
on the support of different cell types, such as microglia.
Microglia are essential for healthy compact myelin for-
mation, preventing hypermyelination under physiological
conditions [63]. However, under pathophysiological con-
ditions, like WMI, microglia can also disturb myelina-
tion processes, by releasing pro-inflammatory cytokines
[7, 88]. In line with previous findings in experimental
models of maternal immune activation [89, 90], prena-
tal LPS led to microglia activation demonstrated by an
increased proportion of CD68" microglia from dams
that were exposed to prenatal LPS. Interestingly, while
postnatal hyperoxia did not modulate the percentage
of CD68* cells, it exacerbated the effect of prenatal LPS
exposure. Morphological analysis of elongation revealed
that prenatal LPS combined with postnatal hyperoxia led
to a reduced cellular elongation. Microglia elongation
is an indicator of protective and plasticity-promoting
microglia, important for maintaining CNS homeostasis
and secreting anti-inflammatory cytokines [91] There-
fore, reduced elongation supports our findings obtained
from CD68 staining and underscores that the double hit
induces pronounced microglia activation. Our results
underline the idea that perinatal inflammation sensi-
tise the immature brain to a second insult, as previously
shown in other multiple hit models, combining for exam-
ple prenatal LPS exposure with postnatal hypoxia [10, 30,
31] or postnatal LPS exposure with hypoxia—ischemia
[92-94]. In accordance with an increased microglia acti-
vation observed at P11, but not at P5, the combination of
prenatal LPS and postnatal hyperoxia resulted in a pro-
nounced upregulation of the pro-inflammatory cytokines
IL6 and TNFa at P11. Yellowhair and colleagues have
shown that the pro-inflammatory chemokine (C-X-C-
motif) ligand 1 (CXCL1) and its receptor CXCR2 are
critical for microglia recruitment and activation in an
experimental model of chorioamnionitis, induced by
the combination of in utero hypoxia and intra-amniotic
inflammation, leading to neuroinflammation and micro-
structural alterations in the grey and white matter at P15
[95]. Our findings of pronounced microglia activation
and elevated pro-inflammatory cerebral cytokine levels at
P11, both associated with impaired myelination and brain
growth, support the importance of microglia and delayed
inflammatory processes in the development of perina-
tal brain injury [96]. Notably, in addition to upregulated
pro-inflammatory cytokines, a significant increase in the
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anti-inflammatory cytokine IL10 was observed in the
brain of pups exposed to the double hit. This may reflect
the physiologically conserved mechanisms to counteract
the strong pro-inflammatory responses, thereby protect-
ing the organism from excessive inflammation, especially
in the perinatal period [97-100].

Whether regulations of CNS immune responses were
associated with alterations in the peripheral immune sys-
tem was investigated by multiplex cytokine analysis in
serum samples. In contrast to elevated cytokine expres-
sion in the brain, a pronounced reduction of cytokine
levels was observed in the periphery. Similar discrepan-
cies were also reported in a clinical study, demonstrating
that preterm babies with MRI-defined WMI had higher
levels of IL6, TNFa and IL10 in the cerebrospinal fluid,
which were not reflected in plasma samples [101]. The
underlying mechanisms remain speculative, but different
cellular sources may play a critical role. While peripheral
blood cytokines are most likely derived from circulat-
ing leukocytes, a variety of CNS resident cells produce
both pro- and anti-inflammatory mediators in response
to injury in the brain [102, 103]. Even though the single
insult of postnatal hyperoxia for 24 h did not result in
peripheral immune cell infiltration [21], far less is known
about potential effects induced by prenatal LPS injection
on blood brain barrier integrity and peripheral leukocyte
entry. Future studies will need to thoroughly analyse the
role of peripheral immune cells in the newly established
experimental model to better understand the inflam-
matory pathways associated with preterm WMI. Even
though our results suggest an interplay between central
and peripheral immune activation in the pathogenesis
of WMI, data need to be interpreted with caution, con-
sidering different methods of cytokine analyses (i.e. pro-
tein analysis in serum vs. mRNA expression analyses in
brain samples). Protein expression analyses in brain tis-
sue lysates will be needed. Furthermore, in an experi-
mental model of chorioamnionitis combining in utero
hypoxia with intra-amniotic inflammation, long-lasting
alterations in peripheral immune responses have been
described until the age of P120, suggesting a persistent
state of immune dysregulation that may amplify vulner-
ability to secondary insults later in life [104]. These find-
ings not only support our observation of altered systemic
immune responses in the combined setting of prenatal
inflammation and postnatal hyperoxia, but also highlight
that perinatal insults have long-lasting effects far beyond
the neonatal period. This was also nicely shown in mod-
els combining in utero hypoxia—ischemia and intra-
amniotic inflammation resulting in long-term impaired
brain development (i.e. impaired myelination and axon
integrity) and motor dysfunction [105]. This is supported
by clinical observations showing an association between
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neurodevelopmental outcome and brain volume and/
or myelination deficits [106, 107]. We observed a posi-
tive correlation between myelination and brain volume at
term-equivalent age. However, long-term neurodevelop-
mental outcome needs to be assessed in future work. In
the present work, we focused on early pathophysiologi-
cal processes and their interrelations, which was nicely
presented by correlation analyses of our findings. For
instance, microglial activation appears to impair brain
development, as evidenced by significant negative cor-
relations with brain volume and myelination. Together,
these findings support the harmful role of neuroinflam-
mation in WMI pathophysiology, as supported by previ-
ous studies [64, 108]. Nevertheless, in view of the afore
mentioned reports, long-term assessment of periph-
eral and cerebral immune responses in association with
microstructural alterations in the white matter and
neurobehavioral deficits need to be explored in future
studies.

Despite enormous efforts to mimic WMI experimen-
tally, single insults can hardly reflect the multifactorial
origin of preterm birth related WMI. In the present work,
we combined the most common risk factors, i.e. prenatal
inflammation and postnatal hyperoxia, resulting in major
hallmarks of WMI in preterm infants, like reduced brain
volume, thinner deep cortical layer and myelination defi-
cits. As potential underlying mechanisms, we identified
oligodendrocyte degeneration and impaired matura-
tion associated with a pronounced neuroinflammatory
response. A particular strength of the present work is the
inclusion of single insults, allowing conclusions about
neurobiological effects induced by each single insult and
additive/synergistic effects by the combination of both
insults. For example, preconditioning with prenatal LPS
sensitizes the neonatal brain to the second hit of post-
natal hyperoxia, resulting in more severe grey matter
reduction associated with enhanced myelination defi-
cits, increased microglia activation and inflammatory
cytokine expression compared to each single insult. This
experimental setup may serve as a novel translational
model with high clinical relevance to investigate new
treatment options such as stem cell-based therapies.
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