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1 | INTRODUCTION

White matter injury (WMI) is a major complication in infants born pre-
maturely. Diffuse, noncystic WMI as characterized by decreased white

matter volumes and low fractional diffusion anisotropy (FA) values

Abstract

Diffuse white matter injury (WMI) is a serious problem in extremely preterm infants, and is associ-
ated with adverse neurodevelopmental outcome, including cognitive impairments and an increased
risk of autism-spectrum disorders. Important risk factors include fetal or perinatal inflammatory
insults and fluctuating cerebral oxygenation. However, the exact mechanisms underlying diffuse
WMI are not fully understood and no treatment options are currently available. The use of clinically
relevant animal models is crucial to advance knowledge on the pathophysiology of diffuse WMI,
allowing the definition of novel therapeutic targets. In the present study, we developed a multiple-
hit animal model of diffuse WMI by combining fetal inflammation and postnatal hypoxia in rats. We
characterized the effects on white matter development and functional outcome by immunohisto-
chemistry, MRI and behavioral paradigms. Combined fetal inflammation and postnatal hypoxia
resulted in delayed cortical myelination, microglia activation and astrogliosis at P18, together with
long-term changes in oligodendrocyte maturation as observed in 10 week old animals. Furthermore,
rats with WMI showed impaired motor performance, increased anxiety and signs of autism-like
behavior, i.e. reduced social play behavior and increased repetitive grooming. In conclusion, the
combination of fetal inflammation and postnatal hypoxia in rats induces a pattern of brain injury and
functional impairments that closely resembles the clinical situation of diffuse WMI. This animal
model provides the opportunity to elucidate pathophysiological mechanisms underlying WMI, and

can be used to develop novel treatment options for diffuse WMI in preterm infants.
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detected by MRI, affects the majority of WMI patients in neonatal
intensive care units (Back & Miller, 2014). Studies on postmortem brain
tissue of preterm infants indicated that myelination deficits in diffuse
WMI are mediated by impaired differentiation of immature oligoden-

drocytes, without specific loss of oligodendrocytes (Billiards et al.,
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2008; Buser et al., 2012; Verney et al., 2012). In contrast, several other
studies found evidence of oligodendrocyte-specific apoptosis in the
brains of preterm infants (Haynes et al., 2003; Robinson, Li, Dechant, &
Cohen, 2006). Additionally, activation of microglia and astrogliosis are
important pathophysiological hallmarks of diffuse WMI (Buser et al.,
2012; Haynes et al., 2003; Verney et al., 2012). Functionally, WMI is
associated with behavioral, cognitive, motor and psychological prob-
lems, like autism spectrum disorders (ASD), later in life (Back & Miller,
2014; Dudova et al., 2014; Guo et al., 2017; Johnson, Hollis, Kochhar,
Hennessy, Wolke, & Marlow, 2010; Joseph et al., 2017; Kuzniewicz
et al., 2014; Limperopoulos et al., 2008; Peyton et al., 2016, 2017,
Pritchard et al., 2016; Treyvaud et al., 2013). While antenatal adminis-
tration of magnesium sulfate in women at risk for preterm delivery
reduces the risk of cerebral palsy in the fetus (Crowther, Hiller, Doyle,
& Haslam, 2003; Doyle, Crowther, Middleton, Marret, & Rouse, 2009;
Gano et al., 2016; Rouse et al., 2008), limited treatment options are
currently available to protect preterm infants against diffuse WMI.
Moreover, the mechanisms underlying diffuse WMI are not completely
understood (van Tilborg et al., 2016). Therefore, it is crucial that clini-
cally relevant animal models are being developed to allow the investi-
gation of new therapies.

Important risk factors for diffuse WMI include fetal or perinatal
inflammatory insults and postnatal hypoxic/hyperoxic events (Chau,
Brant, Poskitt, Tam, Synnes, & Miller, 2012; Procianoy & Silveira, 2012;
Resch et al., 2012; Shah et al., 2008; Shankaran, Langer, Kazzi, Laptook,
& Walsh, 2006; Tsuiji et al., 2000). It has been proposed that exposure
to multiple perinatal hits plays a crucial role in the etiology of WMI,
with a first insult sensitizing the developing brain to subsequent insults
that aggravate injury (Kaindl, Favrais, & Gressens, 2009; Van Steen-
winckel et al., 2014). This notion is supported by clinical data indicating
that exposure to multiple insults dramatically increases the risk of white
matter abnormalities (Korzeniewski et al., 2014; Leviton et al., 2013). In
the present study, we investigated the pathology and outcome in a
novel rat model of diffuse WMI in preterm infants, in which two clini-
cally relevant perinatal hits, i.e. fetal inflammation and postnatal
hypoxia, are combined during relevant stages of brain development.
Neuropathology was studied by histology and MRI. Furthermore, func-
tional outcome on several relevant modalities was investigated by
behavioral paradigms for motor coordination, cognitive functioning,

anxiety-like behavior and autism-like behavior.

2 | MATERIALS AND METHODS

2.1 | Animals

All procedures were performed according to Dutch (“Wet op de dier-
proeven”, 1996) and European regulations (Guideline 86/609/EEC) and
were approved by the Animal Ethics Committee of Utrecht University.

Wistar rats (Envigo, Horst, The Netherlands) were kept under
standard housing conditions. Timed-pregnant animals received intra-
peritoneal injections of 100 pg/kg lipopolysaccharide (LPS) (from E.
Coli O55:B5, L2880, Sigma, St. Louis, MO) in 1.0 ml/kg saline or saline
(vehicle) on E18 and E19. Maternal LPS injections have previously
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been shown to induce cytokine expression in the fetal brain (Cai, Pan,
Pang, Evans, & Rhodes, 2000). Increasing the dosage of LPS (up to 500
ug/kg) resulted in high rates of stillbirth and/or high perinatal mortality
in the offspring (data not shown). At P4, offspring was randomly placed
in a temperature-controlled hypoxic chamber containing 8% O, in N,
or in a normoxic temperature-controlled environment (i.e., not in the
homecage to circumvent potential confounding effects of maternal
deprivation) for 140 min. Pups of both sexes were used. Specific animal

numbers are mentioned in the figure captions.

2.2 | Immunohistochemistry and analysis

At P5, P18, P30 (post-MRI see below) and P69, animals received an
overdose of 300 mg/kg pentobarbital and were transcardially perfused
with phosphate buffered saline (PBS), followed by 4% paraformaldehyde
(PFA) in PBS. Brains were fixed in 4% PFA for 24 hr and embedded in
paraffin. 8um coronal sections were cut, deparaffinized and rehydrated
prior to antigen retrieval by heating sections to 95°C in sodiumcitrate
buffer (0.01M, pH 6) for 9 min. Sections were blocked with 5% normal
serum or 2% bovine serum albumin (BSA) and 0.1% saponin in PBS and
incubated overnight with primary antibodies diluted in PBS (mouse-anti-
CNPase, 1:500, Abcam; mouse-anti-GFAP, 1:250, Cymbus; rabbit-anti-
Iba1, 1:500, WAKO; rabbit-anti-Ki67, 1:300, Abcam; mouse-anti-MBP,
1:1000, Sternberger Monoclonals; rabbit-anti-NF200, 1:400, Sigma;
rabbit-anti-Olig2, 1:500, Chemicon; mouse-anti-Olig2, 1:500, Millipore).
Sections were then incubated with alexafluor-594 or —488 conjugated
secondary antibodies (Life Technologies, Carlsbad, CA) for 1 hr at room
temperature, followed by DAPI counterstaining.

For 3,3'-diaminobenzidine (DAB) staining, sections were deparaffi-
nized, incubated in 3% H,O, in methanol, and sections were blocked in
20% normal horse serum and 0.5% TritonX in PBS. After overnight
incubation with mouse-anti-MBP primary antibody (see above,
1:1600), sections were incubated with biotinylated horse-anti-mouse
secondary antibody (Vector Laboratories, Peterborough, UK) for 45
min at room temperature, and revealed by Vectastain ABC kit (Vector
Laboratories) and DAB.

For cell death measurements, a terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling (TUNEL) cell death detection kit (Roche,
Basel, Switzerland) was used on P5 brain sections according to manu-
facturer’s instructions. Prior to the TUNEL assay, sections were immu-
nofluorescently stained for Olig2, as described above.

For each animal, micrographs from both hemispheres were
obtained in a blinded fashion using a Cell Observer microscope (Zeiss,
Oberkochen, Germany). For MBP stainings and CNPase/Olig2 stain-
ings, in each hemisphere a 20X picture was taken at a fixed distance
from the external capsule in the barrel field of the sensory cortex. For
TUNEL/Olig2 and Ki67/0lig2 stainings, two 20X pictures of the corpus
callosum were acquired in each hemisphere. Similarly, for Ibal stainings
in each hemisphere two 20X pictures were taken in the corpus cal-
losum and in the motor cortex. For GFAP stainings, a 10X picture of
the cingulum and a 20X picture just medial to the cingulum were
acquired in each hemisphere. The MBP-DAB staining was photo-
graphed on an AxiolLab microscope (Zeiss, Oberkochen, Germany). Of
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each hemisphere, a 10X picture was acquired of the external capsule
and sensory cortex and a 40X photograph was acquired at a fixed dis-
tance from the external capsule.

Densitometry (controlled for background signal) and threshold
analyses were performed using ImageJ) software v1.47. Segmentation
and structural analysis of MBP stainings were performed by Image)
plugin Diameter) (Hotaling, Bharti, Kriel, & Simon, 2015). For each ani-
mal, values of all acquired pictures were averaged. Coherency of
NF200" axons was measured using the OrientationJ plugin for Image)
(Fonck et al., 2009). Cell counting was performed manually using
ImageJ or Axiovision (Zeiss, Oberkochen, Germany) software and con-
trolled for measured area. Criteria for cell inclusion were clear presence
of a DAPI™ nucleus, together with clear Ki67*/Olig2", CNPase™/
Olig2", CNPase’/Olig2*, or Ibal™ staining. The particle analysis func-
tion of ImageJ software was used to assess different morphological
aspects of microglia, as described earlier (Zanier, Fumagalli, Perego,
Pischiutta, & De Simoni, 2015). Manually, correctly identified microglia
were selected and shape descriptor parameters were measured. For

each animal, the values of all measured microglia were averaged.

2.3 | Quantitative real time reverse transcriptase (RT)-
PCR

At P5, rats were euthanized by an overdose of 300 mg/kg pentobarbi-
tal. The cerebrum was flash frozen in liquid nitrogen and pulverized.
Total RNA was isolated using TRIzol (Invitrogen, Paisley, UK). cDNA
was synthesized with SuperScript Reverse Transcriptase (Invitrogen).
The PCR reaction was performed with iQ5 Real-Time PCR Detection
System (Bio-Rad) using primers for PDGF-A (forward: CCCATGTGTG-
GAGGTGAAG; reverse: TGGCTTCTTCCTGACATACTCC), PDGF-B
(forward: ATCCGCTCCTTTGATGACCT; reverse: TCAGCCCCATCTT
CGTCTAC), BMP4 (forward: TGAGGAGTTTCCATCACGAA; reverse:
CACCTGCTCCCGAAATAGC), Jaggedl (forward: CTGCGTGGTCAAT
GGAGACT; reverse: CAAAACCAGGGGCACATTCG), GLT-1 (forward:
GAGCATTGGTGCAGCCAGTATT; reverse: GTTCTCATTCTATCCAG
CAGCCAG; Hammad, Althobaiti, Das, & Sari, 2017) and GLAST (for-
ward: AATGAAGCCATCATGAGATTGGT; reverse: CCCTGCGATCAAG
AAGAGGAT; Zschocke et al., 2005). Data were normalized to the rela-
tive expression of B-actin (forward: CACTATCGGCAATGAGCGG
TTCC; reverse: CAGCACTGTGTTGGCATAGAGGTC).

2.4 | Postmortem MRI

At P30, animals received transcardial perfusion with PBS, followed by
4% PFA in PBS. The head of the animal was removed and postfixed for
3 days in 4% PFA, followed by incubation in PBS with 0.05% sodium
azide for a minimum of 10 days. Prior to scanning, all skin and muscle
tissue was removed from the skull. Brains were scanned overnight in a
94T MR system (Varian, Palo Alto, CA, USA) to obtain anatomical
images at 100 um isotropic resolution using a balanced steady state
free precession (BSSFP) sequence (repetition time (TR)/echo time (TE)
15.4/7.7 ms, flip angle 40°, 320 X 160 X 190 matrix, field-of-view
(FOV) 32 x 16 X 19 mm°, 6 averages, pulse angle shift 0°, 90°, 180°,

and 270°), and diffusion parameter maps at 150 um isotropic resolution
using diffusion tensor imaging (DTI) with b= 3,842 s/mm? (TR/TE
500/32.4 ms, 220 X 128 X 108 matrix, FOV 33 X 19.2 X 16 mm?®,
A/3 15/4 ms, 60 diffusion-weighted images in noncollinear directions
and 5 images without diffusion weighting (b = 0), number of averages
1, total number of images 65). Data were analyzed using the FMRIB
(Oxford Center for Functional MRI of the Brain) Software Library (FSL)
(Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) and Matlab
software. Following registration to an anatomical rat brain template,
we measured mean diffusivity and FA in atlas-based regions of interest
(ROIs) (Supporting Information Figure S1). The size of the ROIs was cal-
culated from the anatomical images and are expressed relative to the
cerebrum size. Relative white matter volumes were calculated by set-
ting a threshold on BSSFP scans: signal intensities between 0.91 and
1.24 were considered white matter. After MRI, brains were used for

further immunohistochemical analyses as described above.

2.5 | Behavioral assessment

All behavioral experiments and analyses were performed by experienced
researchers blinded to experimental conditions. In between testing trials,
testing apparatuses were thoroughly cleaned. Except for the rotarod

task, all behavioral tests were performed under red light conditions.

2.5.1 | Rotarod

Gross motor skills and coordination were determined using the rotarod
(RTR) task . At the age of 5 weeks, rats were trained on two consecu-
tive days to remain on a rotating rod (5 rotations per minute (rpm)) for
150 s. On days 3 and 4, animals were placed on the RTR, with the rota-
tion speed increasing from 5 to 40 rpm over the course of a 300 sec-
ond trial. The time spent on the rod (averaged over the two test trials)

was recorded, which is considered a measure of motor performance.

2.5.2 | Novel object recognition task

Memory function was assessed using the novel object recognition task
(NORT) at an age of 9 weeks . Animals were placed in a test cage with-
out bedding containing two identical objects (white/transparent spheri-
cal glass globe or upside-down dark-gray ceramic bowl) for 10 min, after
which the animal was placed back into its homecage. One hour later,
animals were placed back in the test cage for 5 min with one object
being replaced with a novel object. Exploration behavior was videotaped
and the time that the animal spent exploring the familiar and novel
objects was recorded. Object types (globe/bowl) on a randomly assigned
side (left/right) of the test cage were randomly designated as familiar/
novel objects, to exclude a potential bias of side- or object preference.
Data are presented as percentage of the time spent exploring the novel

object relative to the total exploration time on both objects.

2.5.3 | Delayed spontaneous alteration (T-maze)

Working memory was assessed at the age of 6 weeks by measuring
delayed spontaneous alteration in a T-maze paradigm . Each trial in this
test consisted of two runs in a T-shaped maze: a sample run and a

choice run. During the sample run, the animal was placed in the starting
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arm of the T-maze. The investigator waited until the animal entered
one of either goal arms (max. 2 min) and closed the arm, forcing the
animal to remain in the same goal arm for 30 s. Immediately after the
sample run, the animal was placed back into the starting arm for the
choice run and it was recorded whether the animal first started explor-
ing the previously explored arm or the unexplored arm. If the animal
started exploring the unexplored arm first, this was recorded as correct
alteration. For 4 consecutive days, animals performed 2 trials per day.
Between each run, feces and urine were removed from the maze. Pref-
erence for the alternating arm is expressed as percentage of the total
number of choice runs choosing the alternate arm, relative to the previ-

ously explored arm.

2.5.4 | Repetitive grooming

Repetitive grooming behavior was assessed at the age of 5 weeks by
placing the rats in a transparent cage containing only fresh bedding
material for 20 min. The animals were videotaped and time spent

grooming was recorded .

2.5.5 | Anxiety-related behavior

We used two paradigms to investigate anxiety-related behavior at the
age of 7 weeks. In the open field test, animals were placed in a circular
arena with a diameter of 1 m for 5 min and locomotion behavior was
automatically tracked using Ethovision software (Noldus, Wageningen,
The Netherlands). The arena was divided into two sections: the outer
rim of the arena (12.5 cm) and the inner zone (diameter of 75 cm). The
number of times that animals left the outer zone (sheltered by the walls
of the arena) and entered the inner zone was recorded. This is consid-
ered a measure of nonanxious behavior.

For the elevated plus maze (EPM), animals were placed in the mid-
dle of a plus-shaped maze with a 10 cm X 10 cm center (light intensity:
8-10 lux) connecting two opposite open arms (length: 50 cm; 16 lux)
and two opposite arms closed with 30 cm high walls (length: 50 cm; O
lux), 1 m above a dimly lit floor for five minutes. Animal movement was
tracked using Ethovision software (Noldus, Wageningen, The Nether-
lands). The time spent in the open arms is considered a measure of

nonanxious behavior.

2.5.6 | Social play behavior
Impaired social play behavior is associated with ASD (Jordan, 2003). At

the age of 4 weeks, social play behavior was assessed as previously
described (Achterberg, van Kerkhof, Damsteegt, Trezza, & Vanderschu-
ren, 2015). Briefly, animals were habituated to the 40 cm X 40 cm test
chamber for 10 min on 2 consecutive days. On the third day, animals
were socially isolated for 2.5 hr before placing them into the test cham-
ber together with a nonfamiliar, weight- and sex-matched animal of the
same experimental group. For 15 min, social play behavior was video-
taped and later scored for pouncing (attempting to nose or rub the
nape of the other animals neck), pinning (standing over the other ani-
mal while the other is lying on the floor with its dorsal surface) and
general social exploration (e.g., sniffing) using Observer software (Nol-

dus, Wageningen, The Netherlands).
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2.6 | Statistics

Statistics were performed using Graphpad Prism v6.02. For all parame-
ters within this study, the presence of sex-specific effects were first
investigated by two-way ANOVA with sex and experimental group as
dependent variables. In case of a significant effect of sex or an interac-
tion between experimental group and sex, data were further analyzed
by multiple comparisons with Bonferroni correction and data are pre-
sented for males and females separately. In case there was no signifi-
cant effect of sex, males and females were pooled. To compare control
vs. WMI groups, independent samples t-tests were used and in case of
unequal variances Welch'’s corrections were applied. When comparing
more than 2 groups, one-way ANOVA was performed, followed by
post-hoc multiple comparisons with Bonferroni correction. Correlations
were calculated by linear regression. Overall, p <.05 was considered
statistically significant and data are presented as mean with SEM.

3 | RESULTS

3.1 | The combination of fetal inflammation and
postnatal hypoxia causes delayed myelination in rats

To assess the effects of fetal inflammation plus postnatal hypoxia on
myelination, brain slices were stained for myelin basic protein (MBP).
Compared with control animals, we observed no differences in MBP™*
area in animals that were exposed to only postnatal hypoxia (p >.99)
or only fetal LPS (p>.99) at P18 (Figure 1a,b). However, rat pups
exposed to the combination of fetal inflammation and postnatal
hypoxia showed a significant decrease in MBP" area in the sensory
cortex (p=.044), indicating that the combination of both insults is
required to induce myelination deficits. Since no myelination deficits
were observed in animals exposed to only fetal inflammation or only
hypoxia, further experiments were restricted to animals exposed to
neither insult or combined fetal inflammation and postnatal hypoxia
(from here onwards referred to as control and WMI animals, respec-
tively). A more detailed analysis of cortical myelination was performed
using segmentation of MBP images, which revealed a less complex
organization of myelinated axons, comprising a reduced number of
intersections between myelinated axons (p =.042) and reduced fiber
lengths (p =.020) in WMI animals compared with control animals at
P18 (Figure 1c-e). MBP stainings were also performed on P30 and P69
rats to assess the effects of fetal inflammation and postnatal hypoxia
on cortical myelination over time. Compared with control animals,
WMI rats showed reduced MBP staining in the sensory cortex at the
ages of P18 (p =.006) and P30 (p =.021), which had returned almost
to control levels at P69 (p = .869) (Figure 1f,g). Collectively, these data
demonstrate that the combination of fetal inflammation and postnatal
hypoxia induces reduced myelination until past P30.

To study the size of the lateral ventricles and the hippocampus,
the thickness of the corpus callosum and microstructural axonal integ-
rity, additional HE, MBP and NF200 stainings were performed on sec-
tions of P18 animals. The experimental rat model induced subtle
diffuse WMI, as we did not observe differences in gross neuroanatomy
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FIGURE 1 The combination of fetal LPS exposure and postnatal hypoxia causes delayed myelination in neonatal rats. (a) Representative
images of MBP (DAB) stainings of animals from mothers injected with vehicle that were exposed to postnatal normoxia at P4 or animals
from mothers injected with LPS (fetal inflammation) that were exposed to postnatal hypoxia at P4. Scale bars: 100 um (left), 50 pm (inset).
(b) Quantification of MBP* area in animals from mothers injected with vehicle that were expose to postnatal normoxia (n = 9) or to
postnatal hypoxia at P4 (n = 7), and animals from mothers injected with LPS (fetal inflammation) that were exposed to postnatal normoxia
(n = 8) or postnatal hypoxia (n = 16) at P4. (c) Fluorescent stainings for MBP (left panels) and automated segmentation (right panels) of the
sensory cortex in P18 control and WMI animals. Scale bar: 100 um. (d-e) Quantification of intersections between myelinated axons (d) and
fiber length (e) to assess the complexity of cortical myelination. These measures were calculated from automated segmentation images from
MBP fluorescent stainings in the sensory cortex of P18 rats. Animal numbers: control n = 10; WMI n = 16. (f) Fluorescent stainings for MBP
in the cortex of control and WMI animals at P18, P30, and P69 reveal delayed myelination. Scale bar: 100 um. (g MBP immunodensity of
control vs. WMI animals at P18 (n=10; n=17), P30 (n = 6; n = 6), and P69 (n = 10; n = 10), normalized to control values. *: p <.05; **:

p <.01; n.s.: not significant [Color figure can be viewed at wileyonlinelibrary.com]
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n = 6), P18 (control: n = 10; WMI: n = 17) and Pé9 (control: n = 10; WMI: n = 10). (c) Cortical areas of control vs. WMI animals stained for
oligodendrocyte differentiation marker CNPase and oligodendrocyte marker Olig2 at P5, P18, and P69. Differentiated CNPase " Olig2*
oligodendrocytes (arrows) have matured further compared with undifferentiated CNPase Olig2™ oligodendrocytes (arrowheads). Scale bar:
100 pm. (d) Quantification of the percentage of CNPase Olig2™* cells in the sensory cortex of control and WMI animals at P5 (n=5; n = 6),
P18 (n=7; n=17) and P69 (n =10; n=10). *: p <.05; **: p <.01; ***: p <.001; n.s.: not significant [Color figure can be viewed at

wileyonlinelibrary.com]

as indicated by ventricle size (p =.691), hippocampus size (p =.499),
and corpus callosum thickness (p = .871) (Supporting Information Fig-
ure S2). Furthermore, WMI animals showed impaired myelination of
axons as indicated by a decreased MBP:NF200 ratio (p =.016) (Sup-
porting Information Figure S3a,d), whereas we did not observe any
signs of axonal damage as assessed by NF200 stainings (p =.911) (Sup-

porting Information Figure S3a-c).

3.2 | Fetal inflammation and postnatal hypoxia induce
impaired oligodendrocyte maturation

It has been suggested that arrested oligodendrocyte maturation under-
lies impaired myelination in diffuse WMI in preterm infants (Back &
Miller, 2014). To assess oligodendrocyte maturation in animals exposed
to combined fetal inflammation and postnatal hypoxia, we performed
double-stainings for developmental stage-specific markers Ki67 (prolif-

eration marker—oligodendrocytes lose their proliferative capacity

during differentiation) or CNPase (more mature oligodendrocytes),
together with nuclear oligodendrocyte marker Olig2. Compared with
control animals, WMI animals showed no changes in oligodendrocyte
maturation at P5 (Ki6é7: p=.117; CNPase: p =.259) (Figure 2a-d).
Interestingly, at P18 oligodendrocyte maturation was impaired in WMI
animals compared with control animals, as illustrated by increased
numbers of immature Ki67"Olig2" cells in the corpus callosum
(p =.027) and decreased numbers of CNPase*Olig2™ cells in cortical
areas (p < .001) (Figure 2a-d). By P69, the number of Ki67 " Olig2™" cells
in the corpus callosum was reduced in WMI animals compared with
controls, indicating reduced proliferative capacity of oligodendrocytes
after fetal inflammation plus postnatal hypoxia (p = .003). Furthermore,
the proportion of CNPase™ oligodendrocytes in cortical areas remained
lower in WMI rats at P69 compared with control animals (p =.029)
(Figure 2a-d).

To elucidate whether fetal inflammation plus postnatal hypoxia
induced oligodendrocyte cell death, we performed a TUNEL assay on
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FIGURE 3 WMI is not associated with increased oligodendrocyte cell death at P5. (a) Corpus callosum (outlined) of control or WMI
animals at P5 double-stained for DNA fragmentation marker TUNEL (green) and oligodendrocyte marker Olig2 (red) (arrowheads). Scale bar:
100 pm. (b) No significant changes in the number of TUNEL*Olig2™ cells were observed in the corpus callosum of control (n = 5) vs. WMI

animals (n = 6) [Color figure can be viewed at wileyonlinelibrary.com]

sections of P5 rats that were stained for oligodendrocyte marker Olig2.
In the corpus callosum, we sporadically observed TUNEL*Olig2* cells
in both control and WMI animals, but no differences were observed
between the groups (p = .246) (Figure 3). Taken together, these results
indicate that impaired myelination in WMI animals results from
arrested oligodendrocyte maturation, rather than oligodendrocyte-

specific cell death.

3.3 | WMI is associated with increased activation of
microglia and astrocytes

To investigate the activation of different glia populations, sections of
P5 and P18 animals were stained for the microglia marker Ibal and the
astrocyte marker GFAP. In the corpus callosum of WMI animals, a sig-
nificant increase in the number of microglia was observed (p =.008)
(Figure 4a,b). A more detailed analysis of microglia morphology, includ-
ing measures for circularity and perimeter, revealed a more proinflam-
matory, amoeboid morphology of these cells in WMI animals compared
with controls (Figure 4c-f). Similar observations were made in the cor-
tex of WMI animals in comparison to control rats, albeit somewhat less
pronounced (Supporting Information Figure S4). In addition to microglia
activity, we assessed astrocyte reactivity at P18, medial to the cingu-
lum. We observed a significant increase in GFAP* area in WMI animals
compared with control pups (p = .041) (Figure 4g,h). Interestingly, at P5
we observed pathological GFAP™" gliosis patches in varying cortical
areas, in 30% of the WMI animals (Figure 4i). GFAP* gliosis patches
were not observed in control animals at P5, nor were they observed in
WNMI animals at P18 or later, indicating that these GFAP" patches dis-
appear over time.

To investigate in what way reactive astrocytes may contribute to
the pathology observed in WMI animals, one day after hypoxia we
measured cerebral mRNA expression levels of genes that were previ-
ously associated with astrocyte-mediated myelination impairments.
Expression levels of platelet derived growth factor (PDGF)-A, PDGF-B,
bone morphogenic protein (BMP)4 and Jaggedl (p =.631; p=.176;
p =.413; p =.393, respectively) were not affected by WMI as com-
pared with control animals (Figure 4j-m). Interestingly, WMI animals
levels of both

showed significantly reduced mRNA expression

glutamate transporter (GLT)-1 (p=.0005) and glutamate aspartate
transporter (GLAST) (p =.012) compared with control rats (Figure 4n,
o). These findings provide an interesting lead regarding the mechanisms
underlying WMI resulting from fetal inflammation plus postnatal

hypoxia.

3.4 | A negative correlation between cortical FA
values and MBP staining

Diffuse WMI in preterm infants is associated with reduced FA values,
which are predictive of impaired cognitive outcome (Ment, Hirtz, &
Huppi, 2009; Thompson et al., 2016; van Kooij et al., 2012). Using
postmortem MRI, we assessed the size, as well as diffusivity and FA
parameters of various brain regions at P30. WMI animals did not show
any gross neuroanatomical changes (Figure 5a). Furthermore, no differ-
ences between WMI animals and controls were observed in the size of
predefined ROIs, nor in the FA values and mean diffusivity values of
these regions, including the corpus callosum (Supporting Information
Table S1; Figure 5b,c). No significant changes were observed in relative
white matter volumes (control: 20.4% * 1.1%; WMI: 18.7% = 0.9%),
however we observed a negative correlation between FA values and
myelination as determined by MBP immunodensity in several cortical

areas (Figure 5d-f).

3.5 | Functional consequences of WMI include
impaired motor skills and autism-like behavior

To assess functional consequences of WMI in rats, animals were sub-
jected to a number of behavioral tests. First of all, WMI animals dem-
onstrated impaired motor performance on the rotarod task (p =.009)
(Figure 6a). Second, no changes were observed in object recognition
memory (p =.736) or working memory (p=.568) (Figure 6b,c), as
assessed by performance on the NORT and delayed spontaneous alter-
ation on the T-maze, respectively. Third, anxiety-related behavior was
assessed on the open field task and the EPM task. In the open field
task, WMI animals entered the inner zone of the arena less frequently
compared with control animals (p =.035), which is a sign of anxiety-

like behavior (Figure 6d). On the EPM, we observed a significant main
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effect of sex, indicating that female animals spent more time in the between sex and WMI (Figure 6e). On both the open field task and the
open arms compared with males (p = .031). However, there was no sig- EPM, no differences in locomotor activity were observed between con-
nificant main effect of WMI, nor was there a significant interaction trol and WMI animals (data not shown).

a

b Number C Area d Circularity e Feret's diameter f Perimeter
10, 4000~ *k . 200~ o 800+
£ "ok 0.144 2 _ ik
z & == 3500 = - i s
] 0 < 0.124 = X
5 64 £ = 5 &
o x > <
Q. 2 30004 £ 0.104 2 1504 5
@ = E 2
= 44 ] 3 © g
g £ 3 o0.08 2 £
0.064 3
0. w
Control wWmi Control ~ WMI Control  WMI Control Control  WMI

*

e 4+

ES
’t:. T
3

T

e

]

(-8

o

e

<

+

o

<

L

(G} Control WMI

j I n
PDGF-A BMP4 Jagged1 GLT1

*kk

1.0 - i B G =
o [
Bos Bos Bos
[} © [
5 0.6 5 0.6 5 0.6
=} = o z
o 0.
504 5 D04
0.2 0.2 0.2 0.2 02
0.0 0.0 0.0 0.0 0.0 0.0
Control  WMI Control  WMI Control WM Control WM Control  WMI Control WM

FIGURE 4.



TILBORG ET AL.

| WILEY GLIA e

Preterm infants are at risk to develop ASD (Dudova et al., 2014;
Johnson et al.,, 2010; Joseph et al., 2017; Kuzniewicz et al., 2014; Lim-
peropoulos et al., 2008; Pritchard et al., 2016; Treyvaud et al., 2013).
To assess autism-like behavior, we studied social play behavior and
grooming behavior of the animals. Social functioning was assessed at
the age of 4 weeks by analyzing social play behavior after 2.5 hr of
social isolation. Several differences were observed in play behavior.
First, WMI animals demonstrated reduced pouncing behavior (main
effect WMI: p =.009), regardless of sex (main effect sex: p=.124;
interaction: 0.214) (Figure 6f). For pinning behavior, a statistically sig-
nificant interaction was observed between sex and WMI (p =.019):
compared with control animals, males with WMI showed reduced pin-
ning behavior (p =.002), whereas this effect was not observed in
females (p >.999) (Figure 6g). General social exploration (e.g., sniffing)
was not affected by WMI in both sexes (p = .399) (Figure 6h), indicat-
ing a specific effect on play behavior. Additionally, WMI animals
showed a threefold increase in repetitive grooming behavior compared
with control animals (p =.002) (Figure 6i), which is associated with
autism-like behavior (Kalueff et al., 2016).

4 | DISCUSSION

In the present study, we assessed the functional and neuroanatomical
consequences of a multiple hit model of diffuse WMI in rats, by behav-
joral paradigms, MRI and immunostainings. Whereas exposure to a sin-
gle hit did not induce myelination deficits, rats exposed to both fetal
inflammation and postnatal hypoxia displayed a pathology closely
resembling that of preterm infants with diffuse WMI, including delayed
myelination and impaired oligodendrocyte differentiation. At P5, 30%
of the WMI animals showed cortical gliosis patches that disappear over
time and might originate from microscopic ischemic or hemorrhagic
events, or from blood-brain barrier leakage. Furthermore, a more amoe-
boid morphology of microglia was observed in both the white and gray
matter, indicating a primed or pro-inflammatory phenotype of these
cells, which may contribute to the hampered maturation of oligoden-
drocytes (Pang, Zheng, Fan, Rhodes, & Cai, 2007). Additionally, we
observed a widespread increase in microglia numbers. Considering
microglia are highly proliferative cells that undergo clonal expansion
after injury (Askew et al, 2017; Tay et al, 2017), it is likely that

increased numbers of Ibal+ cells are a consequence of increased pro-
liferation (Umekawa, Oman, Han, lkeda, & Blomgren, 2015), although
the possibilities of microglia migrating from distant brain regions or
infiltrating macrophages cannot be excluded. At P18 WMI animals
showed increased immunoreactivity of GFAP in comparison to control
brains, indicating the presence of reactive astrocytes. To investigate
how astrocyte reactivity may contribute to WMI pathology, we ana-
lyzed expression levels of several genes that previously have been
associated with astrocyte-mediated myelination impairments. Astro-
cytes are an important source of PDGF, which inhibits OPC differentia-
tion (Gard, Burrell, Pfeiffer, Rudge, & Williams, 1995; Silberstein, De
Simone, Levi, & Aloisi, 1996). Furthermore, reactive astrocytes have
been associated with increased expression of BMP4 and Jagged1, two
factors that inhibit OPC differentiation (Hammond et al., 2014; Reid
et al, 2012; Wang et al, 2011). No changes were observed in the
expression of PDGF, BMP4 or Jagged1 in brains of WMI animals ver-
sus controls. Another important function of astrocytes is glutamate
reuptake through glutamate transporters GLT-1 and GLAST, which we
showed to be downregulated in WMI animals. These results are in line
with earlier findings of transiently reduced expression of GLT-1 and
GLAST after chronic hypoxia (Raymond, Li, Mangin, Huntsman, & Gallo,
2011). Deficiency in glutamate uptake causes increased availability of
glutamate, and hampers proper development of OPCs through AMPA/
NMDA receptor-mediated excitotoxicity (Volpe, Kinney, Jensen, &
Rosenberg, 2011). These findings provide an interesting lead regarding
the mechanisms through which reactive astrocyte may contribute to
WM, but more detailed analyses are needed to directly relate these
findings to astrogliosis and to definitively assess the contribution of
excitotoxicity to WMI pathology.

In WMI rats, cortical myelination was reduced up to P30. Impeded
maturation of oligodendrocytes likely underlies the impaired myelination
in WMI animals, as indicated by increased numbers of proliferating
OPCs and reduced proportion of more mature CNPase-expressing oligo-
dendrocytes at P18. Also, we did not find evidence of increased oligo-
dendrocyte cell death at P5. In addition, our data indicate that at least to
the extent of the sensory cortex, white matter development is delayed
rather than permanently damaged since myelination deficits seem largely
restored by the age of P69. Interestingly, long-term changes in oligoden-
drocyte maturation remained present at P69, as indicated by the lower

FIGURE 4 Microglia and astrocyte activity in WMI animals. (a) Left and middle: corpus callosum of P18 control vs. WMI animals stained
for microglia marker Ibal (red) and nuclear marker DAPI (blue). Middle panels show higher magnification of left panels. Right: the right
panel demonstrates how the morphology of microglia (Ibal staining of P18 animals in white) in the corpus callosum was assessed. The red
line marks the corpus callosum. Yellow lines highlight included microglia. Scale bars: 50 um (left), 10 um (middle), 100 um (right). (b) The
number of Ibal™ microglia per field was increased in WMI animals compared with control animals at P18. (c-f) For each animal, several
morphological aspects of all measured microglia in the corpus callosum were averaged and recorded. Increased circularity and decreased
area, Feret’s diameter and perimeter indicate a more pro-inflammatory phenotype in WMI animals at P18 (Zanier et al., 2015). (g) GFAP
staining along the white matter of P18 control and WMI rats (GFAP: green; DAPI: blue; Cg: cingulum; EC: external capsule). Scale bars: 200
um (left), 50 pm (right). (h) Quantification of GFAP™ area reveals increased GFAP reactivity in WMI animals compared with control animals
at P18. (a)-(h): control (n = 10) vs. WMI animals (n = 17). (i) Staining for microglia marker Ibal (red), astrocyte marker GFAP (green) and
DAPI (blue) reveals cortical GFAP™ patches in P5 animals. Scale bar: 100 um. (j-o) Compared with control rats, WMI animals do not show
changes in cerebral mRNA expression of PDGF-A, PDGF-B, BMP4 or Jagged1 at P5. WMI animals show a decrease in cerebral mRNA
expression of GLT-1 and GLAST, indicating that reactive astrocytes may contribute to WMI pathology by attenuating their glutamate reup-
take (control: n =12; WMI: n=13). *: p <.05; **: p <.01; ***: p <.001 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 MRI scans reveal no gross neuroanatomical changes in WMI animals. (a) Representative anatomical images (top), mean
diffusivity (middle) and FA (bottom) maps from control and WMI animals reveal no gross changes in neuroanatomy, nor in diffusion
parameters. (b,c) WMI animals did not show a reduction in the relative size or FA values of the corpus callosum compared with controls
(p=.771, p = .139, respectively) (n = 6 per group). (d-f) Negative correlations were observed between cortical MBP immunostaining and FA
values in the M1 cortex (R% = 0.341; p = .046), the M2 cortex (R = 0.334; p = .049) and the forelimb region of the sensory cortex

(R2=0.428; p=.021)

number of proliferating OPCs in the corpus callosum and the percentage
of CNPase"Olig2"* cells in the cortex. An explanation for the reduced
number of proliferating OPCs at P69 might be that due to increased pro-
liferation during development (P18) the OPC pool is expanded, resulting
in a downregulation of proliferation at later ages (P69). This would be in
line with findings of increased numbers of Olig2™ cells in postmortem
WM I brain tissue (Buser et al., 2012). Despite partially restored MBP lev-
els at P49, the possibilities cannot be excluded that myelination in brain
regions other than the sensory cortex do not fully restore to control lev-
els, or that physiological properties of cortical myelin (e.g., myelin sheath

thickness) remain affected at later ages. Alterations in these physiological

properties may account for the impaired functional outcome that
remains present in older rats, despite restored MBP levels. Myelin-
independent mechanisms may also contribute to impaired functional
outcome at later ages. For example, reductions in gamma-aminobutyric
acid (GABA)-expressing neurons were observed in postmortem tissue of
preterm infants with perinatal brain injury (Robinson et al., 2006) and
damage to GABAergic interneurons has been implicated in the patho-
physiology of hypoxia-induced diffuse WMI in mice (Komitova et al.,
2013; Zonouzi et al., 2015).

On a behavioral level, WMI animals displayed impaired motor per-

formance, anxiety-like behavior and signs of autism-like behavior, i.e.
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FIGURE 6 Functional consequences of combined fetal inflammation and postnatal hypoxia. (a) WMI animals (n = 12) performed worse
compared with control animals (n = 11) on the rotarod (RTR) task, indicating impaired motor coordination. (b) No changes between control
(n=13) and WMI animals (n = 15) in object recognition memory were observed on the novel object recognition task. (c) No differences
were observed between control (n = 9) and WMI animals (n = 9) on delayed spontaneous alteration in a T-maze. (d) Compared with control
animals (n = 12), WMI animals (n = 15) entered the inner zone of the open field less frequently. (e) On the elevated plus maze, we observed
significant sex differences. However, no significant differences were found in male control (n = 14) vs WMI (n = 12) animals or in female
control (n=15) vs WMI (n = 7) animals in time spent in the open arms of the EPM. (f) During analysis of social play behavior, we observed
a significant main effect of WMI on pouncing behavior. There was no significant effect of sex, nor was there an interaction between sex
and WMI (males: n = 14, n = 11; females: n =15, n = 8). (g) No significant differences were observed between males and females on pinning
behavior. However, we observed a significant interaction between sex and WMI. Multiple comparisons revealed that WMI reduced pinning
behavior in males (control n = 14; WMI n = 11), but not in females (control n = 15; WMI n = 8). (h) Social exploration was not affected by
WMI in both males (n = 8 couples; n = 6 couples) and females (n = 8 couples; n =4 couples). (i) WMI animals (n = 10) spent more time
grooming, compared with control animals (n = 9). *: p<.05; **: p<.01

repetitive self-grooming and a reduction in social play behavior. In line preterm birth and ASD, and between white matter integrity and ASD

with these findings, recent clinical studies revealed an association (Ameis & Catani, 2015; Ameis et al., 2016; Catani et al., 2016; Fitzger-

between diffuse WMI and motor abnormalities in preterm infants (Guo
et al, 2017; Peyton et al., 2016, 2017). Also, multiple studies have
demonstrated that preterm infants are at risk to develop ASD later in
life (Dudova et al., 2014; Johnson et al., 2010; Joseph et al., 2017; Kuz-
niewicz et al., 2014; Limperopoulos et al., 2008; Pritchard et al., 2016;
Treyvaud et al., 2013). Although a clear association exists between

ald, Gallagher, & McGrath, 2016; Vogan et al., 2016), the relationship
between preterm birth-related WMI and ASD remains poorly investi-
gated. One study showed an association between cystic white matter
lesions and ASD in preterm infants (Ure et al., 2016). However, the link
between ASD and noncystic, diffuse white matter abnormalities in pre-
term infants has, to our knowledge, not been studied. Furthermore,
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both clinical and experimental evidence indicate that inflammation in
utero is associated with ASD (reviewed in (Estes & McAllister, 2016)).
Considering our current data showing signs of autism-like behavior in
rats with diffuse WMI, it would be interesting to further investigate
whether ASD in preterm infants is directly related to diffuse changes in
white matter microstructure. We observed that social play behavior
was affected in a more pronounced manner in male WMI rats, com-
pared with females (i.e. males showed attenuated pinning and pounc-
ing, females showed reduced pouncing). This observation seems to
reflect the clinical situation, where male gender is an important predic-
tor for ASD in the preterm population (Johnson et al., 2010; Limpero-
poulos et al, 2008; Stephens et al., 2012). No signs of severe
impairments in object recognition memory and working memory were
detected. This is in line with the clinical situation, in which preterm
birth is generally associated with subtle cognitive impairments, rather
than severe mental retardation (Burnett, Scratch, & Anderson, 2013;
Nosarti & Froudist-Walsh, 2016). To study whether rats exposed to
fetal inflammation and postnatal hypoxia have impaired cognitive
abilities, more complex behavioral tasks should be performed in the
future.

Postmortem MRI revealed no significant differences in MD or FA
values in WMI animals compared with control animals at P30. These
data are similar to observations made in a rat model of fetal growth
restriction, where reductions in FA values were observed at P10, but
which returned to normal, or even regionally increased FA values at
P21 (Rideau Batista Novais et al., 2016). When interpreting data from
these rodent models of neonatal brain injury, it should be considered
that such findings are in contrast with the general view that WMI in
preterm infants is associated with reduced FA values in white matter
tracts, which predict adverse outcome (Allin et al., 2011; van Kooij
et al.,, 2012; Ment et al., 2009). However, various imaging studies dem-
onstrated that preterm birth can also cause regionally increased FA val-
ues (Brossard-Racine et al., 2017; Padilla et al., 2014; Travis, Adams,
Ben-Shachar, & Feldman, 2015). Together, these data indicate that FA
findings in developing mammals are highly time- and region-
dependent. This should be taken into account when interpreting MRI
data, especially in rodent models considering the high restorative
capacity of white matter microstructure that has been observed in vari-
ous models of neonatal brain injury (Rideau Batista Novais et al., 2016).
Additionally, we observed a negative correlation between FA values
and myelination as indicated by MBP immunostaining in several corti-
cal areas. Although a negative correlation seems in contrast with
expected lower FA values in WMI, increased FA values in the cortex
might be explained by reduced arborization of myelinated axons, i.e.
less complex myelination of axons in the cortex.

We demonstrated that combined fetal inflammation and postnatal
hypoxia induces a relevant pattern of diffuse WMI. As in the clinical sit-
uation, the resulting pattern of injury is relatively subtle. A possible
limitation of the model is that in contrast to the clinical situation, we
did not observe gross neuroanatomical changes such as increased ven-
tricle size and thinning of the corpus callosum. Despite this limitation,

we propose that the combination of fetal inflammation and postnatal
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hypoxia can be used as a novel translational model to investigate
underlying mechanisms, as well as effects of novel treatment options
on oligodendrocyte maturation, myelination, glial cell activation and
related behavioral abnormalities. Previously, various rodent models
have been proposed to study perinatal diffuse WMI (Back, & Rosen-
berg, 2014; Silbereis, Huang, Back, & Rowitch, 2010; van Tilborg et al.,
2016). Hypoxic rearing (Ganat, Soni, Chacon, Schwartz, & Vaccarino,
2002; Ment, Schwartz, Makuch, & Stewart, 1998; Scafidi et al., 2014),
transient hyperoxia (Gerstner et al, 2008), maternal inflammation
(Rousset et al., 2006), and postnatal systemic inflammation (Favrais
et al., 2011) have been demonstrated to affect myelination without
causing cystic lesions. These models mimic certain aspects of the dis-
tress encountered by preterm infants and can be used as a model for
specific populations of preterm infants that are exposed to e.g., respira-
tory deficits, ventilation therapy or maternal/postnatal infections. Our
multiple-hit model distinguishes itself from the previously mentioned
models, as it takes in to account the multifactorial etiology of diffuse
WMI in preterm infants (Korzeniewski et al., 2014; Leviton et al.,
2013), by applying two subtle insults during a peak of immature oligo-
dendrocytes residing in the developing brain (Salmaso, Jablonska, Sca-
fidi, Vaccarino, & Gallo, 2014; Semple, Blomgren, Gimlin, Ferriero, &
Noble-Haeusslein, 2013). Similarly, it was shown that the combination
of LPS exposure at P3 plus hyperoxia for 24 hr at P6 negatively affects
white matter development in mice (Brehmer et al., 2012). Our data
show that the combination of both the inflammatory and the hypoxic
insult is required to induce white matter deficits. It has been suggested
previously that early inflammatory insults sensitize the brain to subse-
quent injurious events (Kaindl et al., 2009); Van Steenwinckel et al.,
2014). Interestingly, the intrauterine environment is relatively hypoxic
compared with extra-uterine conditions. Yet, due to immature and
often diseased respiratory, vascular and immune systems, preterm
infants are often exposed to unstable oxygen saturation levels (Van Til-
borg et al., 2016). Although optimal oxygen saturation levels in preterm
infants are still an important topic of debate (Castillo et al., 2008;
Lakshminrusimha, Manja, Mathew, & Suresh, 2015), in case of hypoxia
infants are often treated with ventilation therapy, receiving supplemen-
tal oxygen which further contributes to large fluctuations in oxygen
levels and which has been associated with increased levels of harmful
oxidative stress (Perrone, Bracciali, Di Virgilio, & Buonocore, 2017).
Oxygen instability has been used in a variety of neonatal rodent mod-
els to mimic preterm birth-related brain injury. For example, hyperoxic
and intermittent hypoxic periods in neonatal rodents have been shown
to cause brain damage (Darnall et al., 2017; Gerstner et al., 2008). Fur-
thermore, hypoxic rearing by placing complete litters with nursing
mothers at 9-11% O, for >7 days starting at P3 causes myelination
deficits (Ment et al., 1998; Scafidi et al., 2014). In comparison, the
hypoxic insult (140 min at 8% O,) used in the present study is relatively
subtle and short-lived but due to an earlier sensitizing inflammatory
insult, the detrimental effects may be aggravated. Considering the vari-
ous types of inflammatory insults and oxygen fluctuations that preterm
infants often encounter, the combination of two (relatively mild) hits is

highly relevant for clinical translation.
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Taken together, combined fetal inflammation and postnatal
hypoxia induces clinically relevant diffuse white matter pathology in
neonatal rats in terms of neuroanatomy and functional outcome. This
model can contribute to the investigation of novel treatment strategies
aimed at attenuating neuroinflammation and promoting oligodendro-
cyte differentiation and myelination, which can lead to development of
new, desperately needed therapies to combat diffuse WMI in preterm

infants.
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