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“The brain is still a world 
consisting of a number 
of unexplored continents 
and great stretches of 
unknown territory.”

- Ramon y Cajal
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prologueHow does the brain work?

One of the greatest scientifi c questions of the last century and still one of the 
most fascinating mysteries on earth is “How does our brain work?” (Dick 
Swaab, author of Wij zijn ons Brein). Renowned philosophers are already 
trying for ages to understand whether the human brain can understand 
itself, however satisfactory answers remain unfound. Historically, the 
predominant perception of the brains functioning fi nds its origin in dualism 
which distinguishes the mind from the body. Nowadays, a shift into 
modern physicalism, stating that body and mind are physical, opened new 
paths in discovering the brains functioning. Neurologists and cognitive 
scientists have extensively contributed to the contemporary knowledge in 
brain research which has evolved enormously over the last decades. These 
researchers aim to mimic, describe and understand the brain’s functioning. 
But maybe even more important is the dysfunctioning of the brain what 
we are trying to understand so badly. What happens in the brain during 
disease, how the behavior of the cells changes, and which processes are 
involved in this, is the driving force behind the research of the present 
brain pathophysiology. 

The continuing search of desperately trying to discover where brain 
pathologies originate from raises another important concept that was 
critically discussed over the last years, namely Barker’s hypothesis. This 
fetal origin of adult diseases is nowadays well accepted, and more commonly 
referred to as DoHAD (Developmental Origins of Health and Disease) in 
which Barker proposes that many challenges in life fi nd their origin in 
susceptibility before birth. The fact that neurocognitive dysfunctioning 
in some, or maybe even the majority of cases, starts already very early in 
life or even during early phases of embryology before we call it life, is an 
interesting thought and increases the importance of research into the fi eld 
of fetal brain (organ) development. The womb that houses the child before 
birth is supposed to be a safe and protective environment that secures 
normal development; however, many environmental infl uences from the 
outside might aff ect this developmental trajectory with potential long-term 
adverse consequences. And these environmental infl uences already start 
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prologue
as soon as we have an environment which means as soon as they are 
implanted in the womb, or possibly already during preconception. This is 
also elegantly displayed by the interesting documentary In utero by Kathleen 
Gyllenhaal that summarizes and discusses the infl uence of experiences in 
the womb on the health of people and society from a scientifi c, economic 
and historical point of view. This fetal origin hypothesis also points at the 
potential need to intervene earlier as we are used to, to secure normal and 
healthy development throughout life. Therefore, studying the brain during 
its most critical period of development is crucial for the development of 
new neurotherapeutics to protect the brain and ensure a healthy life.

Modern research, equipped with state of the art analytical techniques 
including microscopy, magnetic resonance imaging (MRI) and mass 
spectrometry, enables scientists to explore the brain with increasing 
detail. Yet we have to keep in mind that our knowledge of the brain is 
still overshadowed by what we do not know: “The brain is still a world 
consisting of a number of unexplored continents and great stretches of 
unknown territory.” (Ramon y Cajal). Nevertheless, as today we are able to 
look back on the road and progress that has been made over the past years, 
all little steps add up and together it has covered quite some distance. And 
for the future we will keep going forward, step by step as “One may walk 
over the highest mountain one step at a time”.
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Encephalopathy of 
prematurity  

Human brain development is a protracted process that starts already very 
early in utero around the 3th week of gestation with the diff erentiation of 
the neural progenitor cells [1]. It further develops during pregnancy, being 
in the proposed safe and protective environment of the womb, until 40 
weeks of full term pregnancy are completed. Moreover, even after birth 
brain development continues further for many years. Especially during the 
last half of gestation, a spectacular period of brain growth and development 
occurs in which the brain weight increases with 90% and evolves from a 
smooth surface area (lissencephaly) to a surface consisting of numerous 
gyri and sulci (gyrencephaly) [2]. Especially, in utero, during this important 
critical period of brain development, even mild disturbances can alter the 
trajectory of development leading to disproportionately adverse brain 
functioning. Premature birth, defi ned as birth before 37 weeks of completed 
pregnancy, is the most important interference of brain development 
that might result in long lasting neurodevelopmental disabilities [3, 4]. 
Unfortunately, preterm birth continues to be a major global health problem 
comprising 11.1% of all livebirths around the world in 2010 (14.9 million 
babies born before 37 weeks of gestation) resulting in an enormous social 
and economic burden to patients, families and society [5, 6]. Preterm birth 
is the leading cause of death of babies under 5 years of age [7]. In survivors, 
preterm birth can result in a variety of long-term complications with 
the frequency and severity of adverse outcomes rising with decreasing 
gestational age and decreasing quality of care [8]. In around 50-60% of 
infants born extremely preterm (<27 weeks of gestation), cognitive and 
behavioral impairments will develop [9]. 

Preterm brain injury, or as it nowadays is referred to as Encephalopathy 
of Prematurity (EoP) [9], is a syndrome of overall brain dysfunction as a 
consequence of the complex and multifactorial grey and white matter lesions 
in the cerebrum and cerebellum following preterm birth refl ecting acquired 
insults, altered developmental pathways and reparative phenomena. 
These acquired insults include hypoxia-ischemia, maternal-fetal infection, 
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postnatal sepsis, drug- and toxicant exposures, pain, neonatal stress 
and malnutrition [10]. Accordingly, these various factors can interact, 
thereby increasing or decreasing the damage, also referred to as 
sensitization or preconditioning [11]. Moreover, every preterm baby has 
its unique additional factors that might modify the cerebral outcome or 
trigger preterm birth including gender, genetics, epigenetics and socio-
economic status [12]. Considering the resulting heterogeneity of the lesions 
comprising EoP, the clinical spectrum of neurodevelopmental abnormalities 
in survivors of preterm birth is wide. Combinations of defi cits in cognitive, 
behavioral and attention functions that manifests as social limitations and 
restrictions, school performance and language impairments, and mild to 
severe motoric disabilities like cerebral palsy occur during childhood and 
even up to adolescence [2, 3]. 

Among the multiple etiological factors contributing to EoP, there are 
two key factors that I will highlight here since they are clinically the 
most common and signifi cant contributing factors to adverse fetal brain 
development. These factors are intrauterine infection/infl ammation
(i.e. chorioamnionitis or triple-I) and global hypoxia-ischemia and these 
comprise the main focus of the research described in this thesis.

Intrauterine infections and/or infl ammation 
Chorioamnionitis (i.e. antenatal infection/infl ammation) is defi ned as 
infl ammation of the fetal membranes (chorion and amnion), histologically 
characterized by diff use infi ltration of neutrophils into these membranes. 
Chorioamnionitis is the most common cause of preterm birth (25-40%) 
and incidences are increasing with decreasing gestation age [13]. 
Chorioamnionitis is only present in 3-5% of deliveries at term; however, 
in deliveries between 21-24 weeks of gestation in 94% of the placentas 
chorioamnionitis has been diagnosed [14]. Chorioamnionitis is considered 
to be a polymicrobial syndrome including Mycoplasmas species (Ureaplasma 
species in particular), Gardnerella vaginalis and Fusobacteria species as the most 
common isolated bacteria, but viral and fungal species can also be found [15]. 
Especially women who became pregnant with intrauterine contraceptive 
devices are at high risk for intra-amniotic infection with Candida albicans 
[16]. Although incidences of intrauterine C. albicans infections are low, the 
fetal consequences are severe. An intrauterine C. albicans infection has a 
high fetal mortality rate and can result in fetal candidiasis with severe 
adverse outcomes including impaired neurodevelopment [17, 18]. Besides 
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contamination via intrauterine contraceptive devices, other routes in which 
microorganisms can invade the amniotic cavity are ascending from the 
lower genital tract (most common), hematogenous through the placenta, 
accidental introduction via invasive procedures (i.e. amniocentesis / 
percutaneous umbilical cord blood sampling) and retrograde spread 
via fallopian tubes [19]. Since the ascending route is the most important 
infectious cause, it is not surprising that microbial invasion of the amniotic 
cavity is more frequently found in pregnancies with preterm premature 
rupture of the membranes (PPROM) and longer duration of labor. 
However also intact membranes can be invaded by microbes and cervical 
insufficiency, twin gestations, meconium-stained amniotic fluid, presence 
of genital tract pathogens (eg, sexually transmitted infections, group B 
Streptococcus, bacterial vaginosis) and idiopathic vaginal bleeding are also 
associated with increased risk of intra-amniotic infections. 

Interestingly, not in all cases of inflammation of the fetal membranes 
a microbe is found/detected/isolated [14]. This ‘sterile’ intra-amniotic 
inflammation can be induced by other ‘danger signals’ that are released 
under conditions of cellular stress, injury or cell death [14]. Independent of 
the cause of inflammation (sterile vs. non-sterile) and also independent of 
the induction of preterm birth, chorioamnionitis is associated with adverse 
outcomes of fetal organ development including the brain [20]. In particular, 
chorioamnionitis is linked to an increased risk of intraventricular 
hemorrhage [21] and neurologic impairment/injury [22, 23] including 
cerebral palsy [24]. Therefore, it would be of clinical importance to diagnose 
such intra-amniotic infection/inflammation in order to intervene if possible 
and when necessary. However, assessment of the presence of an intra-
amniotic infection during pregnancy is hindered by the fact that most 
infections are subclinical in nature and occur in the absence of clinical (i.e. 
symptomatic) chorioamnionitis. 

From an immunological point of view, pregnancy is an interesting 
phenomenon since the mother and fetus tolerate each other’s presence. 
This maternal-fetal immunological tolerance allowing normal pregnancy 
might explain why microorganisms can overcome certain barriers and 
gain access to the uterine cavity. Additionally, it explains why the mother 
can tolerate the presence of these bacteria in her uterus for long periods 
without clinical manifestations. Accordingly, chorioamnionitis is mostly 
diagnosed after birth by histological examination of the placenta. When 



13

1clinical symptoms do occur this includes a combination of fever, 
maternal-fetal tachycardia, uterine tenderness and/or foul-smelling 
amniotic fluid. 

When the fetus is directly exposed to intrauterine inflammation/infection 
via direct skin contact or swallowing and breathing movements in utero, 
the fetal immune system responds via the release of pro-inflammatory 
cytokines inducing a fetal inflammatory response syndrome (FIRS) [13]. 
FIRS is characterized by elevation of fetal plasma interleukin-6 (IL-6), a 
pro-inflammatory cytokine involved in hematopoiesis, final maturation 
of antibody-producing plasma cells, T-cell activation and differentiation 
and secretion of acute phase proteins by the liver [25]. An elevation in fetal 
plasma IL-6 concentrations is an independent risk factor for the occurrence 
of severe neonatal morbidity including intraventricular hemorrhage (IVH) 
and periventricular leukomalacia (PVL) [26, 27]. Moreover, funisitis and 
chorionic vasculitis which are the clinical hallmarks of FIRS are associated 
with clinical chorioamnionitis, the onset of preterm labor, and a higher rate 
of multi-organ adverse outcomes including the brain [13, 28]. 

A recent study including 2,390 extremely preterm infants (<27 weeks of 
gestation) demonstrated that fetal exposure to histological and clinical 
chorioamnionitis was associated with an increased risk of cognitive 
impairment at 18-22 months of corrected age compared to infants exposed 
to no chorioamnionitis or histological chorioamnionitis alone [29]. These 
combined data propose that the release of inflammatory cytokines (FIRS) 
in the course of intrauterine infections may play a crucial role in the 
initiation of brain injury [27]. Fetal systemic inflammation is a known 
inducer of a cerebral inflammatory response and this route is considered 
to result in altered neurodevelopmental outcomes (see paragraph 1.2) [30].

Global hypoxia-ischemia 
During pregnancy, the fetus merely depends on its mother for oxygen and blood 
supply via the umbilical cord and placenta. Therefore, fetal global hypoxia-
ischemia (HI) is the result of an impaired gas exchange between mother and 
fetus. Pre- and perinatal causes can be inadequate placental perfusion due to 
maternal complications (preeclampsia), impaired umbilical cord flow due to 
compression, rupture of the placenta or prolapse of the umbilical cord during 
pregnancy or labor. Postnatally, global HI can result from inadequate blood 
pressure (auto)regulation, ineffective ventilation/oxygenation and systemic 
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infections. Brain injury as a result of hypoxic-ischemic event(s) is usually 
referred to as hypoxic-ischemic encephalopathy (HIE) which is a severe birth 
complication including high morbidity and mortality rates that occurs in 1-8 
per 1000 live births [31]. Accordingly, HIE has detrimental effects on brain 
development with severe long-term disabilities including mental retardation, 
epilepsy and cerebral palsy. Moreover, incidences in preterm infants are higher 
than we previously thought indicating that HI plays a more important role in 
the pathophysiology of EoP, though compared to term infants, the hypoxic-
ischemic event in preterm infants is usually less severe and more chronic in its 
course [32]. Classically, the organ injury caused by HI can be divided in three 
phases [33]. The initial phase (primary energy failure) results from a decreased 
supply of oxygen in which the tissue switches to anaerobic metabolism 
generating less adenosine triphosphate (ATP) and lactate. Due to this energy 
loss, membrane pumps will fail, resulting in accumulation of intracellular 
sodium and calcium and subsequent cytotoxic edema, release of excitatory 
neurotransmitters (especially glutamate) and free fatty acids accumulation from 
degrading cellular structures. Glutamate activates the N-methyl-D-aspartate 
(NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors present on pre-oligodendrocytes and neurons resulting in reactive 
oxygen and nitrogen species (ROS and RNS) production. The secondary phase 
of injury (secondary energy failure; 6-72h after the insult) is mainly the result 
of restored reperfusion leading to induction of an inflammatory reaction in the 
brain, continuing synthesis of free radicals (ROS), mitochondrial dysfunction 
and persistent glutamate excitotoxicity that eventually results in cell death. Cell 
death mechanisms include apoptosis, autophagy and/or necrosis. Whereas 
apoptosis and autophagy are more controlled paths leading to cell death 
mediated by intracellular programs, necrosis is the result of external factors 
including infection or toxins resulting in premature cell death via unregulated 
degradation of cell components. These cell components function as danger 
associated molecular patterns (DAMPs) that trigger a cerebral inflammatory 
response that ultimately can lead to altered brain development and injury 
(phase III; chronic inflammation days to years following the insult) (see 
paragraph 1.2).
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1

Pathophysiology of EoP

Both antenatal infection/inflammation and global hypoxia-ischemia can 
result in encephalopathy of the newborn. The underlying pathophysiological 
mechanisms resulting from perinatal stress (i.e. inflammation or HI) 
are multifactorial and complex. Among these numerous developmental 
processes occurring during brain development, some are related to cellular 
immaturities making them more vulnerable to inflammatory cytokines, 
glutamate and free radicals. Therefore, these processes are of particular 
interest in the preterm infant and play a crucial role in the pathophysiology of 
EoP. In this paragraph the pathophysiology of EoP is outlined which is based 
on strong clinical evidence and a large number of studies in animal models 
for intra-amniotic infections/inflammation and global hypoxia-ischemia. 

Cerebral inflammatory response – a disturbed balance
Early-life immune challenges including intrauterine inflammation and HI 
can interfere with fetal brain development. Microglia and astrocytes are 
the most important immune cells of the brain involved in many crucial 
developmental processes and accordingly disturbed activation of these cells 
during early life have the potential to permanently disturb proper brain 
development. At the interface of the fetal peripheral blood and the brain, 
the blood-brain barrier (BBB), pro-inflammatory cytokines including IL-6 
contribute to the activation of cerebral endothelium as part of the BBB. 
Subsequently, activation of adjacent microglia and astrocytes occurs as 
their primary targets and producers of inflammatory mediators, ultimately 
resulting in cerebral inflammatory response.

Microglia are the resident innate immune cells of the brain and function as 
“gate-keepers” ensuring a healthy microenvironment in the brain. Aberrant 
or excessive activation of microglia is linked to impaired neurogenesis and 
white matter development [34, 35]. Microglia exert multiple physiological 
functions that are crucial during healthy brain development. These 
functions include the secretion of trophic factors and phagocytosis which 
are important in synaptic pruning and development of connectivity 
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pathways, oligodendrogenesis, vasculogenesis and vascular sprouting [36, 
37]. Moreover, altered microglial functioning has been linked to autism 
spectrum disorder (ASD)-like behavior in mice and is proposed to be 
the result of disrupted microglia-mediated synaptic pruning [38]. When 
microglia are being exposed to different types of DAMPs and PAMPs they 
become activated/triggered and serve as antigen presenting cells [39-42]. 
Despite their different etiological factors (infectious or non-infectious), they 
all trigger acute and/or chronic inflammation and are proposed to share the 
same activation pathways leading to impaired white matter development 
and neural maturation and connectivity ultimately resulting in altered brain 
functions [43]. Downstream mediators that are involved in inflammation- 
and/or HI-induced injury include the induction of immune mediators 
(cytokines and chemokines), reactive oxygen and nitrogen species (ROS and 
NOS), excitotoxicity (glutamate), mitochondrial impairment, and reduced 
vascular integrity [11]. 

Accordingly, this reduced vascular integrity also includes an increased 
blood-brain barrier (BBB) permeability. The BBB exerts an important role 
in the regulation of brain homeostasis by preventing potential harmful 
infiltrating immune cells and inflammatory molecules from entering the 
brain, removing waste products from the brain and regulating fluid and 
metabolic balance [44]. Disruption of the BBB is increasingly recognized as a 
pathophysiological mechanism of EoP [44, 45]. Pro-inflammatory cytokines 
that are released by activated immune cells during antenatal inflammation 
and/or HI both upregulate enzymes associated with the breakdown of the 
BBB. In line, increased permeability facilitates the influx of these blood-borne 
inflammatory cells (monocytes, neutrophils, T-lymphocytes) into the brain 
and thereby further exacerbating the cerebral inflammatory response. 

Astrocytes are also indispensable for normal brain development and besides 
an essential component of the BBB its functions include regulation of the 
extracellular glutamate homeostasis, providing structural and metabolic 
support to surrounding cells (e.g. oligodendrocytes) and modulate neuronal 
connections [46]. Changes in astrocyte function as a result of perinatal 
inflammatory stress (i.e. infection or HI) have been implicated in altered 
neurological outcomes and are associated with increased risk of ASD and 
cerebral palsy [47, 48]. 
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1Diffuse white matter injury – the developing 
oligodendrocyte
At present, the clinical hallmark of brain injury in preterm infants is 
diffuse white matter injury (dWMI) [10]. For decades cystic periventricular 
WMI or leukomalacia (PVL), referring to the large cystic lesions in the deep 
periventricular white matter, was the most common type of white matter injury 
observed in preterm babies. Fortunately, this type of white matter injury has almost 
disappeared due to improved obstetrical and neonatal healthcare. Nevertheless, 
more diffuse types of white matter injury are increasingly recognized[10]. This 
diffuse WMI is clinically characterized by diffuse microscopic, punctate lesions, 
decreased white matter volumes and thinning of the white matter tracts [49, 50]. 

White matter consists of myelinated axons that allow proper brain connectivity 
by enabling rapid action potential transmission and providing axonal protection. 
Oligodendrocytes (OLs) are the cells responsible for myelin production, 
especially during the third trimester of pregnancy OLs undergo critical phases 
of development that make these cells extra vulnerable for perinatal insults [51]. 
OLs originate from neural stem cell (NSC)-derived oligodendrocyte precursor 
cells (OPCs) that differentiate into immature premyelinating OLs (pre-OLs) and 
finally differentiate into mature OLs that, when these pre-OLs come in contact 
with axons, start producing myelin [51]. Particularly the pre-OLs, that are 
excessively present during 24-30 weeks of gestation, are the key cellular target in 
EoP [52]. Pre-OLs exhibit maturation-dependent characteristics that render them 
more vulnerable to injurious hits including their overexpression of excitatory 
amino acid receptors and immature anti-oxidant system [53, 54]. Under normal 
conditions, a consistent pool of OPCs is maintained by continuous proliferation 
of OPCs. During development, OPCs migrate from the subventricular zone into 
white matter regions, where they stop dividing and differentiate into mature 
myelinating OLs. If this balance is disturbed due to inflammatory / hypoxic 
insults, pre-OL decrease in number and local OPCs are triggered to proliferate 
and replenish pre-OLs to maintain a balanced number of OPCs. However, these 
pre-OLs fail to differentiate into myelin-producing cells since signals that promote 
proliferation will inhibit differentiation of OLs [9, 52, 55]. In chronic diffuse 
WMI, maturation of late pre-OLs is believed to arrest at this pre-myelinating 
stage, contributing to myelination failure in WMI [55]. Precise mechanisms of 
maturational arrest are not known but likely include excessive accumulation of 
hyaluronic acid produced by reactive astrocytes, chronic microglial activation 
and changes in the cell cycle of oligodendrocyte progenitors [56].
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Grey matter injury – grey matters
An increasing body of evidence shows that cerebral white matter injury 
is accompanied by disturbances of grey matter structures including 
cerebral and cerebellar cortex, thalamus, hippocampus and basal ganglia 
[57]. As in the white matter, grey matter abnormalities are also subscribed 
to alterations in development including altered neuronal dendritic 
arborisation, rather than cell death alone [32, 58]. Although data from 
multiple animal models have demonstrated that this predominant type of 
WMI is not necessarily associated with axonal damage [59, 60], it has also 
been shown that oligodendrocytes and neuronal functions are inherently 
intertwined. Oligodendrocytes play an integral role in axonal development 
and function, postulating that mild diffuse loss of white matter reduces the 
functional integrity of neuronal axons, thereby contributing to impaired 
neuronal growth, development and function after preterm birth [32]. 
Mainly two specific types of neurons, the GABAergic interneurons and 
subplate neurons may be of particular interest in the pathophysiology 
of EoP. Subplate neurons comprise a transient neuronal cell population, 
which is located just below cortical layer 6, and subplate neurons are 
essential for the development of thalamo-cortical connections and accurate 
formation of the distinct cortical layers [58]. The GABAergic interneurons 
migrate in parallel through the cerebral white matter, building connections 
between two other neurons and modulate neural circuitry. Both processes 
coincide with the peak window for vulnerability to preterm WMI and are 
indispensable in the development and function of cortical networks [61]. 
Despite that these neurons are surprisingly resistant to cell death, both show 
marked immature dendritic arborization and functional dysmaturation 
following transient hypoxemia in a fetal ovine model [61, 62] underlining 
their potential clinical relevance in the pathophysiology of EoP. 

Cerebellar injury – the underestimated impact of the little brain  
Of interest is the increasing recognition of cerebellar involvement in adverse 
neurodevelopmental outcomes following preterm birth. The cerebellum was 
previously believed to be solely responsible for motor functions and altered 
cerebellar function was linked to ataxia. Nowadays there is accumulating 
evidence showing that the cerebellum also plays an important role in the 
high prevalence of non-motor deficits (i.e. cognition, learning and behavior) 
in survivors of prematurity [63]. In particular, a correlation between autism 
and cerebellar injury has been established [63-65]. This is not surprising 
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1considering that the cerebellum contains around 80% of all neurons 
in the brain. Especially during the third trimester of pregnancy, the 
cerebellum exhibits a rapid increase in growth and development [66]. 
This accelerated growth is characterized by proliferation and migration 
of granule precursor cells from the external granular layer (EGL) to the 
internal granular layer (IGL) of the cerebellar cortex. These processes are 
essential for the structural and functional integrity of the cerebellum [66]. 
At this stage of development, the cerebellum is particularly vulnerable 
to insults that disturb normal development (e.g. hypoxia-ischemia, 
inflammation). Experimental studies in fetal sheep [67] have shown that 
perinatal asphyxia resulted in increased neuronal death, reduction of 
cerebellar strata, increased oxidative stress and decreased astrocytes in 
the preterm cerebellum. These recent findings indicate that cerebellar 
injury contributes to the morbidities associated with ‘encephalopathy of 
prematurity’ and highlight the importance of protection of the cerebellum 
to prevent long-term neurodevelopmental impairments.

Diagnostics 

In contrast to the previously common cystic white matter lesions that 
were easily detectable by ultrasound and MRI, the new diffuse WMI with 
microscopic, punctate lesions and altered white matter development is 
extremely difficult to detect by ultrasound and conventional MRI (T1, T2) 
[68]. This diffuse type of WMI that is most frequently observed in preterm 
infants is only in 20% of all cases detected by conventional early MRI. In the 
recent years, brain-imaging techniques, such as Diffusion Tensor Imaging 
(DTI) and functional magnetic resonance imaging (fMRI) have allowed 
scientists to study the brain in more structural detail and determine how 
groups of neurons function [4]. To optimize sensitivity and specificity 
of these new imaging modalities correlating histological pathological 
changes in the fetal brain with imaging markers is essential. Considering 
that all potential neuroprotective treatments have a limited window of 
opportunity, earlier diagnosis with the help of MRI, especially DWI, may 
help to develop and optimize new treatment strategies and prognostic 
markers for more accurate prediction of outcome. 
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New neuroprotective strategies 
– enhancing endogenous 
regeneration

In an ideal world, we would first like to prevent preterm birth. Over 
the last years, interventions including adjusted protocols for assisted 
reproductive technologies, progesterone supplementation, smoking 
cessation and reduction of non-medically indicated labor induction or 
caesarean delivery resulted in a relative reduction of only 5% of preterm 
birth [69]. Timely diagnosis and treatment of intra-amniotic infections 
as the main underlying mechanisms of preterm birth using antibiotic 
treatment and fetal delivery has shown to improve maternal and neonatal 
outcomes [70]. Moreover, antibiotics for PPROM are effective in reducing 
the risk of early morbidities including respiratory distress syndrome and 
neonatal infections but without a significant improvement of mortality 
rates [71]. The current considerations of preferential antibiotic treatment 
in chorioamnionitis mostly do not cover Mycoplasma species though they 
are the most common isolates in chorioamnionitis [72]. Unfortunately, 
randomized controlled trials regarding the effectiveness and superiority 
of antibiotic treatment to treat chorioamnionitis are limited [73]. A new 
clinical trial to prevent chorioamnionitis and subsequent preterm birth by 
antibiotic treatment of pregnant women with a positive microbiological 
profile at 18 weeks of gestation is currently ongoing (clinicaltrials.gov). 
Nevertheless, antibiotic treatment only prevents adverse outcomes related 
to bacterial infections, whereas viral and fungal species are not eradicated 
by antibiotic treatments. In two recent case reports of intra-amniotic C. 
albicans infections intraamniotic injections of Fluconazole, supplemented 
with oral and vaginal treatment, resulted in prolonged pregnancy and 
survival of both neonates [17]. Therefore, in chapter 4 we studied the effects 
of intra-amniotic Flucanozole administration on the development of the 
preterm brain following intrauterine C. albicans exposure. 

Alternatively, besides preventing preterm birth and eradication of the 
microbe responsible for the intrauterine infection, we need to aim at 
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1preventing the inflammation- and/or HI-induced adverse effects 
on brain development. As already outlined in paragraph 1.2, the 
pathophysiology of EoP includes multiple factors contributing to 
alterations in healthy brain development or injury ultimately leading to 
impaired brain functions. As a response to this, endogenous defensive 
mechanisms will be activated; though when the high demand for 
regeneration cannot be met this will eventually result in a self-perpetuating 
cycle of injury. Therefore, we propose that on the search for new 
neuroprotective treatment strategies to restore a healthy balance within the 
brain, one should focus on enhancing the endogenous repair mechanisms 
and stimulation of regeneration.

Since the neuroinflammatory response, characterized by the disproportionate 
activation of microglia, is a key mediator in the induction of brain injury, 
targeting these microglia seem a reasonable and promising treatment strategy 
to prevent adverse neurodevelopmental outcomes. Nevertheless, depleting 
microglia from the brain has demonstrated to increase the lesion site by 60% 
after (neonatal) stroke [74, 75]. Besides its noxious effects, microglia are an 
indispensable player in the endogenous defense mechanisms by inducing 
anti-inflammatory cascades and activating endogenous repair mechanisms 
[36, 37]. The classical dichotomous classification of microglial functions into M1 
(pro-inflammatory) and M2 (anti-inflammatory) microglia is oversimplified 
compared to the in vivo situation and therefore obsolete. Nowadays it is 
appreciated that microglia display a broad array and continuum of phenotypes 
in vivo that can rapidly change in a context-dependent manner and thereby 
attenuating or exacerbating injury [36]. These negative feedback mechanisms 
slow down the progression of inflammation and protect the central nervous 
system from the various injurious effects of neuroinflammation, thereby 
preventing extensive inflammation induced brain damage. In order to devise 
effective treatment for EoP, it is important to reach an adequate balance 
between reducing excessive inflammation but maintaining basal defense 
mechanisms (immunomodulation) and regeneration of damaged cells [76, 
77]. 

In the last decades, extensive research has been performed to find new 
neuroprotective treatment options to protect the immature brain. Extensive 
experimental studies have shown that strong immunomodulatory and 
regenerative capacities are met by erythropoietin (EPO) and stem cell-based 
therapies [78, 79].  
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EPO is an important cytokine for brain development [80]. Multiple 
experimental and clinical studies have demonstrated efficacy of EPO 
administration to prevent injury to the preterm brain, including severe 
periventricular leukomalacia, without adverse effects [81]. However, in 
contrast, other clinical trials do not report improvement in neurodevelopment 
following EPO treatment [82, 83]. Effects of EPO are mediated by its receptor, 
which is abundantly present on (pre)oligodendrocytes, astrocytes, microglia 
and neurons. EPO binding triggers phosphorylation of two monomers, which 
in turn phosphorylates and activates the signaling kinase Jak-2 facilitating 
effects including its anti-inflammatory, anti-oxidative and anti-apoptotic 
properties [81]. In addition, EPO enhances neuro- and oligodendrogenesis, 
oligodendrocyte maturation and myelin production which are indispensable 
events in injury repair and normal neurodevelopment. A potential 
explanation for the reported inconsistencies in clinical outcomes following 
EPO treatment might be the heterogeneity between study cohorts and/or 
differences in EPO signaling in response to inflammatory triggers. This latter 
aspect is studied in chapter 3. 

Cell based therapies are emerging as promising neuroprotective treatment 
for the prevention of EoP.  Stem cells can indirectly amend endogenous 
cell responses by secretion of growth factors and cytokines which are 
mediating tissue repair [84]. In addition, stem cells possess the potential for 
self-renewal and the ability to differentiate into mature cell lineages which 
is beneficial for brain repair after injury. A great variety in different types 
of stem cells are currently under investigation including mesenchymal 
stem/stromal cells (MSCs) and endothelial progenitor cells (EPCs) obtained 
from placental tissue or umbilical cord blood. More recently, Multipotent 
Adult Derived Stem Cells (MAPCs) (chapter 5), a subpopulation of MSCs, 
have gathered much attention. Compared to MSCs, MAPCs demonstrate 
a number of favorable characteristics including more genetic stability, 
extensive expansion capacity, and lower immunogenicity profiles that 
support allogeneic utility and “off the shelf” availability [85]. Moreover, 
their smaller size enables them to pass through the pulmonary vasculature 
more easily. The neuroprotective effects of both MSCs and MAPCs are 
largely mediated through paracrine activities including the release of 
extracellular vesicles (MSC-EVs) containing RNAs, lipids and proteins as 
potential favorable mediators (chapter 6). MSCs and MSC-EVs have been 
shown to exert similar positive effects in various preclinical disease models. 
In addition, MSC-EVs are not metabolically active which avoids potential 
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1concerns raised by administration of living cells including possible 
tumor formation. 

Considering the important role of a disrupted BBB in the pathophysiological 
mechanism of EoP, restoring this integrity by enforcing endothelial 
cell connections could be an additional target for new neuroprotective 
treatments. AnnexinA1 (ANXA1) has recently been identified as an 
essential endogenous regulator of blood–brain barrier integrity in 
neurodegenerative diseases and administration of exogenous ANXA1 
ameliorates BBB permeability [86, 87]. Classically, ANXA1 acts as important 
downstream molecule of glucocorticoids via formyl peptide receptors (FPR) 
and is involved in resolution of inflammation by decreasing leukocyte 
extravasation in the periphery [88]. However, the role of ANXA1 in the 
brain is not fully understood. Enhanced expression of ANXA1 has been 
reported in lesions of the brain in Parkinson’s disease and multiple sclerosis. 
During brain development ANXA1 is already present in microglia and 
in brain microvascular endothelial cells where it is suggested to regulate 
BBB integrity. In endothelial cells lining the BBB, ANXA1 binds to β-actin 
hereby promoting cytoskeleton formation and facilitating establishment of 
tight junctions [87]. In addition, ANXA1 can act on the membrane formyl 
peptide receptor 2 (FPR2) to inhibit the activity of ras homolog gene family, 
member A (RhoA) which promotes cytoskeletal stability and enhances 
tight junction formation, hence contributing to BBB integrity. 

Translational animal model 

In the studies reported in this thesis we used a preclinical model of 
pregnant sheep to study the effects of in utero inflammation or global 
HI on the development of the fetal brain. The developmental biology of 
the ovine fetus closely resembles the human situation [89]. Essential 
key developmental processes including oligodendrocyte maturation 
and myelination of the brain follow the same time course in sheep as in 
humans. In particular, myelination of the ovine and human brain already 
starts in utero, as compared to rodents where this only starts postnatally. 
Moreover, the human and sheep brain are gyrencephalic, whereas rodents 
are lisenchephalic. Despite these differences, rodent models have been 
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very helpful in obtaining more mechanistic insight in pathophysiological 
processes underlying EoP. Yet, the key features of EoP that are critical to 
model in animal paradigms including a cerebral inflammatory response and 
diffuse white matter injury have been previously observed in fetal sheep 
exposed to in utero inflammation or HI [90]. Interplay between human and 
animal analysis in translational research is valuable since the two types 
of approaches can inform, build upon and supplement each other towards 
the complete elucidation of EoP and its treatment. However, concerns about 
rodent models regarding differences in responses to pharmacological 
agents compared to humans might hamper translation to the clinical 
situation [91]. Therefore, we used the fetal ovine model to test potential 
new neuroprotective treatments to expedite clinical application. For the 
in utero inflammation model we used in this thesis bacteria (Ureaplasma 
parvum), bacterial products (E. Coli-derived Lipopolysaccharide) or yeast 
species (Candida albicans) were administered directly in the amniotic fluid 
of pregnant sheep at different gestational ages and with different exposure 
periods (inflammation model). A global hypoxic-ischemic perinatal insult 
was mimicked by transient umbilical cord occlusion (UCO) followed by 
a reperfusion period before preterm delivery by a caesarean section (HI 
model). 

Scope of this thesis

In this thesis, different insults and treatments are tested separately. The 
strictly defined circumstances in a preclinical model allow the concise 
testing of an intervention and in parallel avoid interferences by controlling 
additional parameters which potentially influence outcome measures. To 
study the effects of chorioamnionitis we used a model of intra-uterine 
inflammation using different inflammatory triggers including E. coli-
derived lipopolysaccharide (LPS), Ureaplasma parvum and C. albicans. 
Detailed investigations of the interactions between different infectious 
triggers and the timing and duration of inflammatory exposures in the 
context of a polymicrobial syndrome such as chorioamnionitis is essential 
to understanding the complex and diverse neurodevelopmental outcomes 
after birth. 
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1Therefore, in chapter 2, I tested the effects of chronic intra-amniotic UP 
exposure in the presence or absence of a second (acute) inflammatory 
stimulus (Escherichia coli-derived LPS) on fetal neurodevelopment. 
Cerebral outcome was studied by analyzing inflammation, structural 
injury, epigenetic markers and lipid profile composition of the fetal brain.

Understanding the temporal effects of antenatal infection in relation 
to the onset of neurological injury is crucial for the development of 
neurotherapeutics for preterm infants. Therefore, in chapter 3, I performed 
a detailed analysis of the temporal dynamics of intra-amniotic LPS-induced 
systemic and cerebral inflammation and subsequent fetal brain injury. In 
addition, to optimize EPO treatment in the clinical setting we analyzed the 
temporal expression of the phosphorylated EPO receptor (pEPOR) in the 
course of this intra-amniotic inflammation.

In chapter 4, I studied the effects of a chorioamnionitis induced by Candida 
albicans on fetal brain development. Moreover, the therapeutic potential 
of a single dose of intra-amniotic Flucanozole administration on the 
development of the preterm brain was tested.

In chapter 5 and 6 I used a translational large animal model of global 
hypoxia-ischemia by umbilical cord occlusion representing the clinical 
condition of neonatal hypoxic-ischemic encephalopathy (HIE). In this model 
I studied the effects of global HI and cell based treatments on the cerebellum 
(chapter 5) and the blood-brain barrier (chapter 6), two regions that are 
both increasingly recognized in the pathophysiology of HIE. In chapter 
5, I tested the effects of multipotent adult progenitor cells (MAPC) on the 
structure of the fetal cerebellum after global HI by immunohistochemistry 
of inflammatory, white matter and neuronal changes. Moreover, I studied 
if the histological changes that I have found could also be detected by 
diffusion weighted MRI.  

In chapter 6 I tested whether stem cell derived extracellular vesicles 
(containing ANXA1) protect the integrity of the blood-brain barrier 
after global HI. Besides the use of the large sheep model, I studied more 
mechanistic insights in a widely accepted BBB in vitro model in which trans-
endothelial electrical resistance (TEER) was measured on fetal primary ECs 
as a marker for endothelial integrity.
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The paradoxical eff ects of 
chronic intra-amniotic
Ureaplasma parvum exposure 
on ovine fetal brain development.
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Abstract 

Chorioamnionitis is associated with adverse neurodevelopmental outcomes 
in preterm infants. Ureaplasma spp. are the microorganisms most frequently 
isolated from the amniotic fl uid of women diagnosed with chorioamnionitis. 
However, controversy remains concerning the role of Ureaplasma spp. in the 
pathogenesis of neonatal brain injury. We hypothesize that re-exposure to 
an infl ammatory trigger during the perinatal period might be responsible 
for the variation in brain outcome of preterms following Ureaplasma driven 
chorioamnionitis. To investigate these clinical scenarios, we performed a 
detailed multi-modal study in which ovine neurodevelopmental outcomes 
were assessed following chronic intra-amniotic Ureaplasma parvum (UP) 
infection, either alone or combined with subsequent lipopolysaccharide 
(LPS) exposure.  

We show that chronic intra-amniotic UP exposure during the second 
trimester provoked a decrease of astrocytes, increased oligodendrocyte 
numbers and elevated 5-methylcytosine levels. In contrast, short-term LPS 
exposure before preterm birth induced increased microglial activation, 
myelin loss, elevation of 5-hydroxymethylcytosine levels and lipid 
profi le changes. These LPS-induced changes were prevented by chronic 
pre-exposure to UP (preconditioning). 

These data indicate that chronic UP exposure provokes dual eff ects 
on preterm brain development in utero. On one hand, prolonged UP 
exposure causes detrimental cerebral changes which may predispose to 
adverse postnatal clinical outcomes. On the other, chronic intra-amniotic 
UP exposure preconditions the brain against a second infl ammatory hit. 
This study demonstrates that microbial interactions, timing and duration 
of infl ammatory insults will determine the eff ects on the fetal brain. 
Therefore, this study helps to understand the complex and diverse postnatal 
neurological outcomes following UP driven chorioamnionitis.  
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Introduction

Neonatal brain injury acquired during pregnancy remains a major 
cause of adverse neurodevelopmental outcomes throughout life [1, 2]. 
Chorioamnionitis which is defi ned as a microbial invasion and infection 
of the amniotic cavity is one of the most important risk factors for adverse 
neurodevelopmental outcomes of the newborn [3, 4]. Ureaplasma spp. are the 
most common isolated micro-organisms associated with chorioamnionitis 
[5]. Clinical recognition of amniotic fl uid infections is challenging given 
its asymptomatic course despite sustained fetal exposure to intrauterine 
infl ammation, particularly during the critical period of fetal brain 
development [6].  

Intra-amniotic exposure to Ureaplasma spp. is associated with development 
of fetal and neonatal brain injury [7-10]. Clinical data show that there 
is an increased risk for intraventricular hemorrhage and impaired 
neurodevelopmental outcomes later in life after intra-amniotic Ureaplasma
spp. exposure [7, 9, 10]. This association was confi rmed by Normann et al. 
who showed that intra-amniotic Ureaplasma parvum (UP) exposure resulted 
in increased microglial activation, delayed myelination, and disturbed 
cortical development of the fetal murine brain [11]. In contrast, clinical 
studies reported that antenatal exposure to Ureaplasma spp. and brain injury 
did not correlate [12, 13]. Diversities in microbial interplay, timing, duration 
and severity of the infl ammatory response after onset of chorioamnionitis 
are considered to determine the neurodevelopmental outcome which most 
likely explains the considerable diff erences in antenatal UP exposure and 
brain injury incidences among studies [14, 6]. In particular, the onset of 
cerebral infl ammation during the brain’s most vulnerable period from 23 to 
32 weeks of gestation can have detrimental consequences for the fetal brain, 
particularly white matter damage. Multiple animal models demonstrate 
that the brain becomes more (i.e. sensitization) or less (i.e. preconditioning) 
susceptible to a second injurious hit following pre-exposure to infl ammation 
[15, 16]. Besides cerebral infl ammation, epigenetic mechanisms (such 
as DNA methylation and DNA hydroxymethylation) may mediate the 
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processes leading to brain injury in response to environmental challenges 
in utero [17]. In line, DNA-methylation levels in genes involved in growth 
and development are found to be increased in premature infants with 
chorioamnionitis compared with infants without chorioamnionitis [18]. 

Moreover, alterations of phospholipids which are highly abundant in the 
brain and play important functions in cell membrane formation, as energy 
reservoirs and as precursors for second messengers (i.e. arachidonic acid 
(AA)) [19] have been implicated in multiple brain pathologies. In particular, 
changes in lipid metabolism, as seen in lysosomal storage diseases, can 
cause severe impaired brain function with lipids accumulating within the 
brain [20].

Detailed investigations of the interactions between different infectious 
triggers and the timing and duration of inflammatory exposures in the 
context of a polymicrobial syndrome such as chorioamnionitis is essential 
to understanding the complex and diverse neurodevelopmental outcomes 
after birth. We therefore investigated the effects of chronic intra-amniotic 
UP exposure in the presence or absence of a second (acute) inflammatory 
stimulus on fetal neurodevelopment. We used a well-established 
translational ovine model of intrauterine inflammation in which fetuses 
were chronically exposed to intra-amniotic UP, followed by acute exposure 
to Escherichia coli-derived lipopolysaccharide (LPS). Cerebral outcome was 
studied by analyzing inflammation, structural injury, epigenetic markers 
and lipid profile composition of the fetal brain.
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Methods

Animal experiments 
The animal procedures were performed with approval of the animal ethics 
committee of the University of Western Australia (Perth, Australia).

Thirty-seven date-mated Merino ewes were randomly assigned to study 
groups of 5-7 animals. Fetuses of either sex were used. Ewes received an 
ultrasound-guided intra-amniotic injection of culture media (2 mL) as 
control or strain HPA5 of Ureaplasma parvum (UP) serovar 3 (2 × 105 colony 
changing units (CCU)) at 80 days of gestation (term ~ 150 days). To minimize 
any inflammatory effects from culture media, both UP and control injections 
were created from stock cultures/sterile media diluted 1:100 in sterile saline. 
To assess the effect of an additional inflammatory hit following long-term 
pre-exposure with UP, both groups received a second intra-amniotic 
injection of 10mg Escherichia coli-derived LPS (O55:B5; Sigma-Aldrich, St. 
Louis, MO) at 2 or 7  days before preterm delivery at 122±2 days of gestation 
or an equivalent dose of saline (SAL; controls) (Fig. 1).

UP

80 122

n=6

UP & LPS n=10

LPS n=10

SAL n=7

GA (d)115 120

OR

OR

OR

OR

Figure 1. Experimental groups. Animals were intra-amniotically exposed to Ureaplasma parvum (UP; 
red arrow) for 42 days with (n=11) or without (n=6) subsequent lipopolysaccharide (LPS; black arrow) 
exposure at 2 (n=5) or 7 (n=5) days before preterm delivery at 122 days of gestation (GA) and sacrificed 
immediately after birth (†). Control animals received intra-amniotic injection with saline (SAL; open 
arrow)
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Data acquisition and analysis 
All fetuses were surgically delivered via Caesarean section at 122±2 days 
of gestation (equivalent of 32–34 weeks human gestation) and euthanized 
with intravenous pentobarbitone (100 mg/kg) immediately after birth. 
Amniotic fluid (AF), blood and cerebrospinal fluid (CSF) were collected at 
delivery and cultures for UP were performed. Brains were immersion fixed 
in 4% paraformaldehyde.

Culture analysis of UP infection
Samples of amniotic fluid (1 ml) collected by amniocentesis at LPS or 
control saline injection, as well as plasma, CSF and amniotic fluid collected 
at Caesarean-section delivery were cultured for UP growth as previously 
described [21].  For each animal, twenty microliters of biological fluid 
was serially diluted 1:10 in Ureaplasma Selective Medium (Mycoplasma 
Experience plc., Reigate, UK) in triplicate for each sample and incubated 
at 37oC.  Assays were performed in 96 well plates and bacterial growth 
was quantified by the titration of the urease activity (conversion of urea to 
ammonium ions leading to pH color change). Plates were observed until 
bacteria-mediated color change ceased and the titration of the bacteria 
present determined.  

Analysis of IL-6 concentration
The pro-inflammatory cytokine IL-6 was measured in fetal plasma as marker 
for systemic inflammation using a sheep-specific sandwich enzyme-linked 
immunosorbent assay (ELISA). Briefly, a mouse-anti-ovine monoclonal 
antibody (MAB1004, Millipore, Darmstadt, Germany, working concentration 
1:200) was the coating antibody. Plasma samples (100 μL) were loaded per 
well in duplicate and incubated for 2 hours at room temperature. Incubation 
with the detection antibody (rabbit-anti-ovine IL-6, AB1839, Millipore, 
Darmstadt, Germany, working concentration 1:500) was performed for 
60 minutes, followed by incubation for 30 minutes with 100 μL of a goat-
anti-rabbit-HRP (Jackson ImmunoResearch Laboratories Inc, West Grove, 
PA, USA, working concentration 1:500). After washing, incubation with 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution for 15 minutes. The 
reaction was stopped by addition of 50 μL 2N sulfuric acid. The optical density 
(OD) was measured using a micro-plate reader at 450 nm. Concentrations 
were expressed relative to a standard curve of ovine IL-6 recombinant 
protein (ImmunoChemistry Technologies, Bloomington, MN, USA).  



41

2
Histology and immunohistochemistry
After fixation, the right hemisphere was divided into four defined 
anatomical regions. The region of the posterior hippocampus/mid-thalamus 
was embedded in paraffin and serial coronal sections (4 µm) were cut with 
a Leica RM2235 microtome. At this level, we analyzed the hippocampus 
and cerebral white matter for inflammatory and structural changes since 
these regions are most affected following intra-uterine infection at this 
developmental stage [22]. Four slides per staining per animal were used (every 
10th consecutive slide) for immunohistochemical analysis. Hematoxylin 
and eosin (H&E) staining was performed for morphological and anatomical 
analysis. Adjacent sections were stained as previously described  with a 
rabbit anti-ionized calcium binding adaptor molecule 1 (IBA-1) antibody 
(Wako Pure Chemical Industries, Osaka, Japan) for microglia, a rabbit anti-
glial fibrillary acidic protein (GFAP) antibody (DAKO Z0334) for astrocytes, 
a rat anti-myelin basic protein (MBP) antibody (Merck Millipore, MAB386) 
for myelin sheaths, a rabbit anti-oligodendrocyte transcription factor 2 
(Olig2) antibody (Millipore, AB9610) for oligodendrocyte lineage cells, 
a rabbit anti-myeloperoxidase (MPO) (DAKO, A0398) for neutrophils, a 
mouse anti-cluster of differentiation (CD) 68 (DAKO, M0718) for active 
microglia/phagocytizing macrophages, a rabbit anti-CD3 (DAKO A0452) 
for T-lymphocytes and a mouse anti-5-Methylcytosine (5-mc) (Genway 
GWB-CB561B) and rabbit anti-5-Hydroxymethylcytosine (5-hmc) (Active 
Motif, 39769) were used as epigenetic markers. 

Endogenous peroxidase activity was inactivated with 0.3% H2O2 treatment 
(or 1% H2O2 for 5-mc and 5-hmc). Antigen retrieval was performed by 
microwave boiling of tissue sections in citrate buffer (pH 6.0). Nonspecific 
binding was blocked by incubation with bovine, goat or donkey serum in 
PBS. Sections were incubated overnight at 4°C with the diluted primary 
antibody (5-hmc 1:2500; IBA-1, GFAP and MBP 1:1000; 5-mc 1:500; Olig2, 
MPO 1:200). The following day sections were incubated with the specific 
secondary antibody and staining was enhanced with a Vectastain ABC 
peroxidase Elite kit (Vector Laboratories Inc, Burlingame, CA) and (nickel) 
3,3’-diaminobenzidine (DAB) staining. If required, appropriate background 
staining was performed.
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Matrix assisted laser desorption ionization mass spectrometry 
imaging
A more detailed molecular analysis of the cerebral tissue was done by 
matrix assisted laser desorption ionization mass spectrometry imaging 
(MALDI-MSI) to map variations in lipid profiles of the white and grey 
matter. MALDI-MSI to image lipid distribution can be invaluable in 
understanding complex lipid changes and it has been used to study these 
molecular patterns in models of brain injury [23]. With MALDI-MSI we 
avoid all extraction and purification steps for lipid analysis while retaining 
their spatial distribution. For this technique, post fixation tissues of 
controls, 42UP, 2LPS and UP&LPS groups were frozen in liquid nitrogen and 
subsequently samples were cryo-sectioned (10 µm thickness) in a cryostat 
(Leica CM3050S), deposited on indium tin oxide high-conductive slides 
(Delta Technologies, US), and stored at –20°C. Subsequently, the matrix 
solution consisting of norharman (7 mg/ml) in 2:1 chloroform:methanol 
was sprayed on top of the tissue section by a vibrational sprayer (Suncollect; 
SunChrom, Germany) for positive ion mode and 9-aminoacridine (10 mg/
mL) in 70% ethanol for negative ion mode MALDI-MSI analysis. Digital 
optical scans of all tissue sections were obtained prior to MALDI-MSI 
experiments using a 2,400 dots per inch desktop scanner. The resulting 
digital images were imported into the MALDI Imaging HDI software v1.4 
(Waters Corporation). A MALDI-quadrupole time-of-flight SYNAPT HDMS 
G2Si system (Waters Corporation) operating with a 200-Hz Nd:YAG laser 
was configured to acquire data in positive and negative V-reflectron mode. 
Data were acquired at a raster size of 100 by 100 µm. Instrument calibration 
was performed using a standard calibration solution of red phosphorus. 

Principal components analysis (PCA) and discriminant analysis (DA) were 
used to investigate spectral similarities and differences between all samples. 
PCA was performed as a data compression and noise filtering step before 
application of DA, only 1/4 of the functions (216) were used as input for DA. 
In short, PCA is an unsupervised statistical method that aims at pooling 
a maximum amount of variance in a minimum number of independent 
variables. Data pre-treatment, PCA and DA were performed using our 
in-house built ChemomeTricks toolbox for MATLAB version 2014a (The 
MathWorks, Natick, MA, USA). The peak assignments were performed 
according to the bibliography and LIPID MAPS software (http://www.
lipidmaps.org/).
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2Qualitative analysis
H&E-stained sections were analyzed by two independent 
investigators and a neuropathologist, blinded for the experimental 
set up, to assess overall brain structure and inflammatory changes. The 
sections were examined for the presence of gliosis, hemorrhages, (cytotoxic) 
edema and structural damage, including cyst formation.

Immunohistochemical analysis
Immunohistochemical stainings were analyzed using a light microscope 
(Leica DM2000) equipped with Leica QWin Pro version 3.4.0 software 
(Leica Microsystems, Mannheim, Germany). Regions of interest of the 
white matter and hippocampus were defined as previously described [24]. 
These regions were chosen since they are most affected by intra-uterine 
infections at this developmental stage. In the white matter 4-6 adjacent 
images were taken at 100x magnification and from the hippocampus one 
image at 20x magnification was taken. To assess regional vulnerability 
within the hippocampus separate images were taken at 200x magnification 
of the Cornu Amonis (CA) 1&2, 3 and 4 and the dentate gyrus (DG). 
Area fractions of IBA-1, GFAP, MBP, 5-mc and 5-hmc expression were 
determined using a standard threshold to detect positive staining with 
Leica QWin Pro V 3.5.1 software (Leica, Rijswijk, the Netherlands). Regions 
of interest were delineated in the image with large blood vessels and 
artefacts excluded from analysis. Since the level of DNA methylation and 
hydroxymethylation can differ per cell, the integrated density of 5-mc and 
5-hmc was calculated by multiplying the area fraction by the mean gray 
value, and these values were normalized to the data of the control group 
as previously described by Lardenoije et al [25]. In addition to area fraction 
analysis, IBA-1 and GFAP positive cells were counted in 3 fields of view 
within the regions of interest at a magnification of 400x. The Olig2 positive 
cells were counted using Qwin software and expressed as cells/mm2. MPO 
positive cells were counted focusing on the cerebral vasculature, meninges 
and choroid plexus. To quantify the density (cells per mm2) of MPO-, 
CD68- and CD3-positive cells, representative images of the choroid plexus 
present in the lateral ventricles aligning the hippocampus were counted 
using ImageJ software (Rasband, W.S., Image J US National Institutes of 
Health, Bethesda, Maryland, USA; RRID:SCR_003070). The images were 
acquired and analyzed by an independent observer who was blinded to 
the experimental groups. 
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Data analysis
All values are shown as means with 95% confi dence interval or standard 
deviations with signifi cance level at p < 0.05. Comparison between diff erent 
experimental groups was performed with analysis of variance (ANOVA) or 
with a random intercept mixed model in case of repeated measurements per 
animal (e.g., diff erent sections per brain). We applied log-transformation 
to obtain normal distributed data when data or variables were positively 
skewed before statistical testing. Statistical analysis was performed with 
IBM SPSS Statistics Version 22.0 (IBM COrp., Armonk, NY, USA; SPSS, 
RRID: SCR_002865). Considering the relative low number of animals per 
group, we have depicted the exact p-values in Fig. 4-6. 

Results

Ureaplasma parvum cultures and detection
Chronic UP infection in animals inoculated at 80 days of gestation was 
confi rmed by culture of amniotic fl uid at the time of subsequent LPS or 
saline injections by amniocentesis (Fig. 2).  No signifi cant diff erences in 
the UP levels were observed between the three groups (42UP 1.1±0.8 x106 
CCU/ml; UP&2LPS 1.1±0.8 x107 CCU/ml; UP&7LPS 9.4±0.7 x 106 CCU/ml).  
Cultures of amniotic fl uid at time of delivery were positive for UP in all 
experimentally infected animals except one of the animals of the UP&7LPS 
group. No endogenous UP growth was observed in the amniotic fl uid of 
animals that were not inoculated with UP (SAL, 2LPS and 7LPS groups). 
No UP growth in CSF or plasma was observed for any animal. 
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Figure 2. Ureaplasma titer at time of 
subsequent LPS or saline injection. 
Establishment of chronic infection was 
confi rmed in amniocentesis samples 
taken at time of LPS or saline injection. 
Mean and standard error of the mean 
are shown for each group (culture 
titration of viable UP determined 
in triplicate for each animal). No 
statistical diff erence was found by 
one-way ANOVA testing
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2
Animal characteristics
Overall, no sex diff erences in susceptibility were observed in all 
readouts. LPS exposure for 2 days decreased the body weight (SAL vs. 
2LPS; p = 0.002) and increased brain-to-body ratio (SAL vs. 2LPS; p = 
0.038) compared to controls (Table 1). These signifi cant changes were not 
observed in animals that were chronically exposed to UP prior to 2 days of 
LPS exposure (UP&2LPS). Moreover, no change in brain weight or brain-
to-body ratio was observed in animals of the 42UP, 7LPS and UP&7LPS 
groups compared to control animals. 

Circulatory pro-infl ammatory cytokine levels
Elevated plasma IL-6 concentrations were found in 50% (3/6) of the 2 day LPS 
exposed animals and in 20% (1/5) of the 42 days UP and 2 days LPS exposed 
animals when compared to controls (Fig. 3).  Plasma IL-6 concentrations in 
the SAL, 42UP, 7LPS and UP&7LPS animals were not detectable.

Table 1.  Animal characteristics. Animal characteristics are expressed as mean (±SD). One-way ANOVA 

with Dunnett ’s multiple comparison testing was performed. * p < 0.05 versus control; # p < 0.1 versus control

SAL 
(n=7)

42UP 
(n=6)

2LPS (N=5) 7LPS (N=5) UP&2LPS 
(N= 5)

UP&7LPS 
(n= 5)

Body 
weight (g)

3021 ± 328 2765 ± 312 2256 ± 305* 3040 ± 285 2580 ± 285 2652 ± 396

Brain 
weight (g)

52.2 ± 4.5 50.8 ± 4.9 46.0 ± 2.8# 51.7 ± 7.0 47.9 ± 2.1 51.7 ± 4.1

Brain/body 
Ratio (%)

1.7 ± 0.02 1.9 ± 0.02 2.1 ± 0.02* 1.7 ± 0.02 1.9 ± 0.02 2.0 ± 0.02

SAL 42UP   2LPS 7LPS UP&
2LPS

UP&
7LPS
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Figure 3. Systemic immune activation 
was ascertained by measuring 
circulatory IL-6 concentrations. For 
statistical analysis, undetectable values 
were assigned an arbitrary value of 1 pg/
mL. No statistical diff erence was found by 
one-way ANOVA testing.



46

Structural analysis of the brain 
Qualitative analysis of H&E stained sections revealed increased cell 
densities in the gyral crest of the white matter which primarily consisted of 
glial cells. These gliotic foci were most prominent in 3/6 (50%) of the 2d LPS 
exposed animals. Furthermore, in 1/6 (16%) of the 42d UP exposed animals 
and in 1/6 (16%) of the 7d LPS exposed animals these gliotic foci were 
present. Control animals and animals of the UP & LPS combined groups 
had mild to no gliotic foci. No evidence of structural changes including 
intraventricular hemorrhages and cystic lesions were present in any of the 
experimental groups.

Dual effects of chronic UP infection on cerebral development. 
The neuroinflammatory changes, as indicated by the more pronounced 
presence of gliotic foci in the 2d LPS exposed animals were further evaluated 
by cell counts and area fraction analysis of the microglial marker IBA-1 and 
astrocytic marker GFAP in the cerebral white matter and hippocampus. 
Chronic intra-amniotic exposure to UP decreased GFAP immunoreactivity 
(IR) (SAL vs. 42UP; p = 0.020) and the number of astrocytes (SAL vs. 
42UP; p = 0.100), compared to controls (Fig. 4). IBA-1 IR and IBA-1 positive 
cell numbers remained unaltered following chronic intra-amniotic UP 
exposure (Fig. 4). In contrast, acute exposure to LPS increased IBA-1 IR (SAL 
vs. 2LPS; p = 0.008) and the number of IBA-1 positive cells (SAL vs. 2LPS; 
p = 0.036) in the cerebral white matter (Fig. 4). In addition, morphological 
analysis revealed a higher density of amoeboid microglia present in the 
white matter after 2 days of LPS exposure (Fig. 4 inserts). However, if the 
animals were chronically exposed to UP prior to LPS, no IBA-1 IR or IBA-1 
positive cell increase was observed in the cerebral white matter at 2 or 7 
days post-LPS challenge (Fig. 4d&f). Equally, LPS administration did return 
GFAP IR in chronically UP infected animals to control levels (Fig. 4c).  This 
preconditioning effect of UP was also found in the hippocampus in which 
an increase of IBA-1 IR was found at 2 and 7 days following LPS exposure 
but not in the groups with pre-exposure to UP (SAL vs. 2LPS; p = 0.002 
and SAL vs. 7LPS; p = 0.000) (data not shown). No changes of GFAP IR or 
GFA positive cell numbers were found following LPS exposure in the white 
matter (Fig. 4) and in the hippocampus (data not shown). 
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Figure 4. Intra-amniotic exposure to Ureaplasma parvum (UP) induces a decrease of astrocytes 
and preconditions the fetal brain against re-exposure to lipopolysaccharide (LPS). A significant 
decrease (*, p<0.05) of the area fraction of GFAP immunoreactivity (IR) was observed in animals of the 
chronic UP group (42UP) compared to controls (SAL) (SAL vs. 42UP; p=0.020) (a & c).  GFAP positive 
cells tended to be decreased following chronic UP exposure (SAL vs. 42UP; p = 0.100) (e). No changes 
in GFAP IR were found in animals of the LPS exposed groups regardless of the presence or absence of 
UP pre-exposure. Significant increase (*, p<0.05) of the area fraction of IBA-1 IR and IBA-1 positive cells 
was observed in animals of the 2 d LPS group (2LPS) (SAL vs. 2LPS; p = 0.008 and p = 0.036 respectively) 
which was prevented by pre-exposure to UP (UP&2LPS) (b & d & f). No changes of IBA-1 IR and cell 
numbers were found in animals of the 7 d LPS group (SAL vs. 7LPS; p = 0.342 and p = 1.00 respectively) 
(d & f). Representative histological figures of the GFAP positive astrocytes and IBA-1 positive microglia 
are shown in (a) and (b) respectively. Morphological analysis showed a higher density of amoeboid 
microglia present in the white matter after 2 days of LPS exposure (b, inserts). Figures of animals of 
the 7 d LPS group (7LPS) and 42 d UP and 7 d LPS group (UP&7LPS) are not depicted. GFAP and IBA-1 
IR are represented in the graphs as mean % area fraction ± 95% CI. Images taken at 100x magnification 
(insert at 400x magnification), scale bar = 200 µm
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Since the choroid plexus is primarily dominated by macrophages, 
T-lymphocytes and dendritic cells for continuous immune surveillance, and 
the resolution of cerebral inflammation [26] we analyzed the distribution of 
CD68+ macrophages, CD3+ lymphocytes and MPO+ neutrophils within 
the choroid plexus.  MPO-positive cells tended to be increased following 7d 
LPS exposure compared to control animals and this increase was prevented 
by pre-exposure to 42d UP (SAL vs. 7LPS; p = 0.086) (Tabel 2). In line, this 
increase in MPO-positive cells at 7d post LPS exposure was accompanied 
by a decrease in IBA-1 IR in the cerebral white matter compared to 2d LPS 
exposed animals. No differences in CD68 and CD3- positive cells were 
found in the choroid plexus. No CD3- and MPO-positive cells were detected 
in the brain parenchyma.

White matter injury was studied by assessing the densities of mature 
(MBP) and overall (Olig2) oligodendrocytes in the cerebral white matter. An 
apparent increase in Olig2 positive cells was found for all groups relative 
to control levels; however, this only reached significance for chronically 
UP-infected animals (SAL vs. 42UP; p = 0.012) and animals exposed to 
LPS for 2 days (SAL vs. 2LPS; p = 0.037) (SAL vs. 7LPS; p = 0.211, SAL vs. 
42UP&2LPS; p = 0.558, SAL vs. 42UP&7LPS; p = 0.467) (Fig. 5c). In addition, 
MBP IR tended to be decreased at 42d following UP exposure (SAL vs. 
42UP; p = 0.097) (Fig. 5). Short term LPS exposure for 2 days resulted in a 
decrease of MBP IR within regions of overt microgliosis (SAL vs. 2LPS; p = 
0.001) which was prevented by pre-exposure to UP. At 7d of LPS exposure 
no changes in MBP IR were found (2LPS vs. 7LPS; p = 0.000). 

Table 2. Immune cells present in the choroid plexus. Cell counts of MPO+, CD68+ and CD3+ cells in the 

choroid plexus are expressed as cells/mm2 (±SD). One-way ANOVA with Dunnett’s multiple comparison 

testing was performed. * p < 0.05 versus control; # p < 0.1 versus control

cells/mm2 SAL (n=7) 42UP (n=6) 2LPS (N=5) 7LPS (N=5) UP&2LPS 
(N= 5)

UP&7LPS 
(n= 5)

MPO+ cells 3.31±2.72 6.80±10.29 8.58±2.84 14.66±8.96# 1.06±0.87 5.68±9.36

CD68+ 
cells

67.99±47.40 48.45±33.92 69.91±51.64 80.62±32.07 64.49±49.05 59.31±40.18

CD3+ 
cells

28.98±24.96 11.14±7.21 30.82±34.98 47.24±23.73 26.11±35.25 15.92±19.32
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2

Figure 5. Intra-amniotic exposure to Ureaplasma parvum (UP) induces changes in white matter 
development and preconditions the fetal brain upon re-exposure to a second inflammatory hit 
with lipopolysaccharide (LPS). Significant increase (*, p<0.05) of Olig2 positive cells was observed in 
animals of the chronic UP group (SAL vs. 42UP; p = 0.012) and of the 2d LPS group (SAL vs. 2 LPS; p = 
0.037) compared to controls (b & c). This increase of Olig2 positive cells was accompanied by a decrease 
in MBP (SAL vs. 42UP; p = 0.097 and SAL vs. 2LPS; p = 0.001) (a & d). This decrease of MBP IR was 
prevented in the short term LPS exposed animals that were pre-exposed to UP. At 7d of LPS exposure 
no changes in MBP IR were found (2LPS vs. 7LPS; p = 0.000). Olig2 is represented as mean positive cells/
mm2 ± 95% CI and MBP IR is represented in the graphs as mean % area fraction ± 95% CI. Images taken 
at 100x magnification (insert at 400x magnification), scale bar= 200 µm

We analyzed 5-mc and 5-hmc integrated density as epigenetic markers 
for DNA-methylation in the dentate gyrus of the hippocampus. We 
focused our analysis on the dentate gyrus since this is the region in 
the hippocampus were neurogenesis takes place and DNA methylation and 
demethylation are important contributors to this process [27, 28].  Both short 
term LPS exposure as well as chronic UP exposure resulted in an increase of 
the gene repression marker 5-mc integrated density compared to controls (SAL 
vs. 2LPS; p = 0.008 and SAL vs. 7LPS; p = 0.002 and SAL vs. 42UP; p = 0.008) 
(Fig. 6). The increase in 5-mc following LPS exposure tended to be prevented 
by pre-exposure to UP. 
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An increase in transcription activation marker 5-hmc integrated density 
was only found in 2d LPS exposed animals compared to controls which was 
prevented by pre-exposure to UP (SAL vs. 2LPS; p = 0.000; 2LPS vs. 7LPS; p = 
0.000) (Fig. 6).

We demonstrated with MALDI-MSI unique regional differences of the lipid 
composition in the preterm ovine brain between animals from the control, 42UP, 
2LPS and UP&LPS group. Fig. 7 shows the reconstructed image that represents 
the molecular differences of lipids between white (red area) and grey matter 
(green area). The lipid composition, characteristic for healthy white and grey 
matter of the preterm brain was not altered following chronic UP exposure 
(Fig. 7a-c). In particular, in the white matter of control and 42UP animals, 
typical tentative assigned m/z values of different phosphocholine (PC) species 
such as m/z 782.5 PC 34:1+Na+, m/z 810.5 PC 36:1+Na+ or sphingomyelin m/z 
725.5 SM 34:1+Na+ are found which are known to be representative for the 
white matter [29, 30] (Fig. 7c). m/z 756.5 PC 32:0+Na+ which is a characteristic 
grey matter lipid [31], were detected in the grey matter of control and 42UP 
animals, demonstrating that control and chronic UP exposed animals had a 
similar and constitutive lipid profile. Mosaic PCA-images demonstrated that 
short-term LPS exposure resulted in lipid accumulation in the white matter 
and diffusion of white matter specific molecular patterns into the grey matter 
and vice versa (Fig. 7d-i; Principal component 4 & 6). These changes were 
reduced when LPS exposure was preceded by 42 days of UP infection (Fig. 
7e & h). In particular, the abundance of the white matter specific component 
m/z 725.5 in the grey matter of LPS exposed animals was not present in the 
grey matter of control or UP animals (Fig. 7g-i; negative spectrum of principal 
component 6). Whereas, m/z 734.5 PC 32:0+H+ was accumulated in the grey 
matter of LPS animals (negative spectrum of principal component 4), and 
increased in the white matter (positive spectrum of principal component 6). In 
addition, principal component 6 showed that other peaks such as m/z 760 PC 
34:1+H+ accumulate in the white matter at 2d of LPS exposure which did not 
correspond with the pattern seen in our controls and those from others [29] in 
which these peaks were evenly distributed.
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2

Figure 6. Changes of the epigenetic markers 5-mc and 5-hmc following intra-amniotic exposure 
to Ureaplasma parvum (UP) and short-term exposure to lipopolysaccharide (LPS) in the dentate 
gyrus of the hippocampus. Significant increase (*, p<0.05) of the gene repression marker 5-mc IR 
was observed in short term LPS exposed animals and chronic UP exposed animals when compared 
to controls (SAL vs. 2LPS; p = 0.008 and SAL vs. 7LPS; p = 0.002 and SAL vs. 42UP; p = 0.008) (a & 
c). Significant increase (*, p<0.05) in transcription activation marker 5-hmc IR was restricted to the 
2d LPS group compared to controls (SAL vs. 2LPS; p = 0.000; 2LPS vs. 7LPS; p = 0.000), which was 
prevented by pre-exposure to UP. 5-mc and 5-hmc are represented in the graphs as mean integrated 
density ± 95% CI. The integrated density was calculated by multiplying the area fraction and gray 
intensity measurements. Accumulation of lipids and changes in the white and grey matter lipid profile 
following acute LPS exposure is prevented by pre-exposure to UP. Values were normalized to the data 
of the control group. Images taken at 200x magnification (insert at 400x magnification), scale bar= 200 
µm(insert at 400x magnification), scale bar= 200 µm
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> Figure 7. Matrix assisted laser desorption ionization mass spectrometry imaging (MALDI-MSI) 
performed in positive ion mode followed by principal component analysis (PCA). a shows the 
reconstructed image that represents the molecular differences of lipids between white (red area) and 
grey matter (green area) of control and UP animals. PCA 3 demonstrates similar lipid compositions 
of white and grey matter of control and UP animals (a-c). In particular, phosphocholine (PC) species 
m/z 782.5 PC 34:1+Na+, m/z 810.5 PC 36:1+Na+ or sphingomyelin m/z 725.5 SM 34:1+Na+ are present in 
white matter (positive spectrum principal component 3) whereas PC  m/z 756.5 32:0+Na+ is present in 
grey matter of control and 42UP animals (negative spectrum principal component 3). Short-term LPS 
exposure results in lipid accumulation in the white matter as illustrated by an increased intensity of the 
white matter related peaks, especially m/z 725.5 (d & g) (positive spectrum of principal component 4). 
In addition, a shift of white and grey matter specific molecular patterns is observed at 2d LPS exposure 
illustrated by more white matter specific lipids present in the grey matter such as m/z 725.5 (d, negative 
spectrum of principal component 6); and grey matter specific lipids into the white matter such as m/z 
734.5 PC 32:0+H+ and m/z 760 PC 34:1+H+ (g, positive spectrum of principal component 6). These 
changes were prevented by pre-exposure to UP (e & h)

Other lipid species including phosphatidylinositols (PI) and sulfatide (SF) 
can be identified using the negative ion mode in MALDI-MSI. Regions 
of interest corresponding to the white matter were selected based on 
the results with the positive ion mode. The DF1 (Fig. 8a) reveals that the 
highest differences are observed between the control (negative scores) and 
LPS group (positive scores). The UP&LPS group had negative scores and 
therefore possessed a molecular composition more similar to the control 
group. The DF1 spectrum (Fig. 8b) shows the lipid composition of the white 
matter of the 2 days of LPS exposed animals. This spectrum showed that 
LPS exposure reduced the amount of tentative assigned sulfatide (SF) 
species such as m/z 806.5 SF 18:0-H-, m/z 888.6 SF 24:1-H-, m/z 890.6 SF 
24:0-H-, which were described as lipids characteristic of white matter [29].  
These species were mainly present in the white matter of control, UP and 
UP&LPS groups (spectrum not shown) whereas m/z 885.5 PI 38:4-H- or m/z 
718.6 PC 31:0-H- were representative of the white matter in animals of the 
2LPS group (fig.8b). 
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Figure 8. Matrix assisted laser desorption ionization mass spectrometry imaging (MALDI-MSI) 
performed in negative ion mode followed by PCA. The DF1 (a) revealed that the highest differences 
were observed between the control (negative scores) and LPS group (positive scores). Both 42UP and 
UP&LPS groups had negative scores which were comparable to the control group. The DF1 spectrum 
of the 2 days of LPS exposed animals (b) showed that LPS infection reduced the amount of sulfatide 
(SF) species such as m/z 806.5 SF 18:0-H-, m/z 888.6 SF 24:1-H-, m/z 890.6 SF 24:0-H-. These species were 
mainly present in the white matter of control, UP and UP&LPS groups (spectrum not shown) whereas 
m/z 885.5 PI 38:4-H- or m/z 718.6 PC 31:0-H- were representative of the white matter in animals of the 
2LPS group (b)
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Discussion

Chronic intra-amniotic Ureaplasma parvum (UP) exposure decreased 
GFAP immunoreactivity (IR) and increased Olig2 positive cells and 
5-methylcytosine (5-mc) IR in the brain. These changes have potential 
clinical implications postnatally. 

The observed decrease of GFAP IR and number of astrocytes (GFAP+ 
cells) at 42d of UP exposure is important since these cells possess several 
essential functions in brain development including regulation of the 
extracellular glutamate homeostasis, providing structural and metabolic 
support to surrounding cells (e.g. oligodendrocytes) and modulate neuronal 
connections [32]. Changes in astrocyte function or density result in altered 
neurological outcomes. In particular, altered astrocyte protein expression 
(GFAP) and disrupted astrocyte maturation have been implicated in the 
pathogenesis of neurodevelopmental disorders such as autism and cerebral 
palsy [33, 34]. Moreover, Sharma et al. [35] showed that LPS injection in 
the spinal cord of rodents decreased astrocytes which was followed by 
hypomyelination. This suggests that white matter injury, a hallmark of 
preterm brain injury, can still occur in these fetuses considering the loss 
of GFAP IR at 42d post UP exposure. Collectively, the astrocyte cell and 
protein loss in our study indicates that chronic UP exposure during the 
second trimester of gestation predisposes to brain pathologies that are 
often seen in newborns.  

Second, the increase of oligodendrocyte lineage cells, as seen following 42d 
of UP exposure might indicate replenishment of oligodendrocytes upon 
initial loss in the acute phase following UP exposure [36]. Importantly, UP was 
administered at 80d of gestation which is the premyelinating stage of brain 
development with abundant vulnerable immature pre-oligodendrocytes, 
sensitive to glutamate receptor induced injury [37]. Interestingly, the 
mature oligodendrocytes tended to be decreased following chronic UP 
exposure. Given these combined findings of increased Olig2+ cell numbers 
and reduced MBP+ IR, it iss tempting to speculate that this indicates  a 

2
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maturation arrest of oligodendrocyte progenitor cells,  a key feature of white 
matter injury of preterms [38-40]. This oligodendrocyte maturation arrest can 
be linked to the decreased astrocytes that we found in this study. Astrocytes 
are essential contributors to extracellular glutamate homeostasis which will 
be disturbed by a loss of astrocytes [32]. Since immature oligodendrocytes are 
particularly vulnerable to glutamate receptor induced injury, this can lead to 
oligodendrocyte injury [37]. In addition, oligodendrocytes rely on astrocytes 
for their metabolic support via gap junctions [41]. Failure of metabolic support 
for oligodendrocytes following astrocyte loss results in energy failure and 
eventually maturation arrest or death. Alternatively, it is tempting to speculate 
that oligodendrocyte maturation arrest may be connected to the apparent 
increase of the DNA-methylation marker 5-mc at 42 days of UP exposure, 
which is a very important repressor of gene transcription [42]. This theory 
is supported by several reports stating that changes in epigenetic regulatory 
mechanisms contribute to disturbed maturation and differentiation of 
immature oligodendrocytes [43-45]. Moreover, inflammation induced 
epigenetic changes during early development can cause substantial lasting 
neurodevelopmental impairments later in life [46, 47]. Altogether, these 
data offer mechanistic insight in the association between intra-amniotic 
UP exposure and the increased incidence of adverse neurodevelopmental 
outcomes postnatally. 

Interestingly, the cerebral phenotype following short term LPS exposure was 
remarkably different when compared to chronic UP exposure. In particular, we 
demonstrated that short term LPS exposure induced a rapid and temporal increase 
of the number of microglia and decreased myelin immunoreactivity, reflecting 
diffuse cerebral inflammation with hypomyelination. Microglia are important 
for inflammatory perinatal brain injury [43]. Aberrant or excessive microgliosis 
can be detrimental for the immature brain resulting in white matter injury [14], 
which corresponds to the loss of myelin that we found in our study. The cerebral 
inflammatory response following LPS in this study seems to be temporal since 
no increase in microglial density was found following 7d of LPS exposure. This 
dynamic response of activated microglia is consistent with distinct phases of 
cerebral inflammation [48] and can be explained by the presence of neutrophils 
in the choroid plexus, which are known to be important to the resolution of 
cerebral inflammation [26]. However, our immunohistochemical analysis does 
not rule out the possibility that phenotypic conversion of microglia might 
be induced following short term LPS or chronic UP exposure, which might 
influence the cerebral immune response. 
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Although such short time UP effects were not investigated in our 
model, in a study performed by Normann et al. [11] in rodents short 
term UP exposure during early pregnancy resulted in increased microglial 
density and decreased myelin basic protein density in the fetal brain. This 
cerebral phenotype is consistent with our data following short term LPS 
exposure indicating that timing and not the inflammatory trigger is more 
important in the neurological outcome of the fetal brain. 

Besides the DNA-methylation marker 5-mc, the hydroxylated product 
and transcription activation marker 5-hmc was increased following 2d of 
LPS exposure. 5-hmc is very important for proper neurodevelopment and 
5-hmc is altered in the umbilical cord of babies born after pre-eclampsia 
and gestational diabetes mellitus [49] and in the hippocampus of 7-week 
old mice exposed to non-infectious stress [50]. In addition, 5-hmc alterations 
are associated with severe neurodevelopmental disorders such as Rett 
syndrome which is caused by mutations in the MeCP2 gene that encodes for 
proteins that directly bind to methylated DNA domains [51]. Therefore, the 
alterations we found in epigenetic markers following acute LPS exposure 
might explain, at least in part, the association between chorioamnionitis 
and the development of psychopathology later in life [52]. Since epigenetic 
changes are reversible, these findings provide new therapeutic targets to 
prevent long lasting neurodevelopmental morbidities following prenatal 
stress [17]. 

In addition, our lipid data provide supporting evidence that short-term LPS 
exposure results into lipid accumulation and “diseased” lipid patterns in 
the preterm brain. Such lipid accumulation in the brain is associated with 
severe neurological damage and altered brain functions [20]. In addition, 
we show a relative decrease of the myelin-specific sphingolipids in the 
white matter of the LPS exposed animals, which confirms and extends 
our findings concerning the loss of MBP in these animals. The abundance 
of phosphatidylinositols (PI) following 2d of LPS exposure was primarily 
seen within the region of increased IBA-1 IR. In line, the phosphorylated 
form of PI, phosphoinositide, is known to be upregulated in microglia and 
contributes to activation of microglia following ischemia [53]. 

Third, we found that chronic intra-amniotic UP exposure prevented 
an increase of IBA-1 IR and IBA-1+ cells, 5-hmc IR, lipid profile changes 

2
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and a decrease of MBP IR upon a second infl ammatory hit with LPS. 
This phenotype, also referred to as ‘preconditioning’, has been previously 
described in animal models in which pre-exposure to infl ammation induced 
by LPS renders the brain less susceptible to a second hypoxic-ischemic 
insult, thereby resulting in less brain injury [54, 55]. This preconditioning 
eff ect of chronic UP exposure could be explained by work from Cao et al. [56] 
which showed in pregnant sheep that microglia once activated in vivo by 
intra-amniotic LPS exposure, display diminished infl ammatory responses 
following re-exposure to LPS. Moreover, they state that the memory acquired 
by microglia upon the fi rst exposure to infl ammation might be mediated by 
epigenetic regulatory processes [56]. Although this hypothesis needs to be 
tested in future studies, it is noteworthy that changes in the global level of 
5-hmC and 5-mC were observed in our study following acute LPS exposure 
that was prevented by chronic UP exposure. Clearly, long term protection 
after infl ammation induced preconditioning needs to be confi rmed in a 
longitudinal study, but it is considered to be permanent since structural 
and functional protection up to 8 weeks was established following hypoxic 
preconditioning in a neonatal rodent model [57]. 

One important limitation of a large animal study is the relative low number 
of animals per group. Given the relative small animal numbers per group, 
we report actual p-values and tend to interpret p-values between 0.05 and 
0.1 as biologically relevant. This assumption will decrease the chance of a 
false negative fi nding but increases the chance that one of these diff erences 
is a false positive result. 

In this double-hit study, in which sequential diff erent infectious hits were 
tested, we show that microbial interactions, the moment of onset and 
duration of these potential injurious triggers determine the neurological 
outcome. These fi ndings seem to be an important explanation for the 
diversity of neurological outcomes associated with intra-amniotic UP 
exposure. Altogether, these data emphasize that an accurate history of 
infections during pregnancy is essential to guide neonatal management 
which warrants the need for biomarkers to diagnose antenatal infections. 
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Abstract 

Background 
Antenatal infection (i.e. chorioamnionitis) is an important risk factor for 
adverse neurodevelopmental outcomes after preterm birth. Destructive and 
developmental disturbances of the white matter are hallmarks of preterm brain 
injury. Understanding the temporal eff ects of antenatal infection in relation to the 
onset of neurological injury is crucial for the development of neurotherapeutics 
for preterm infants. However, these dynamics remain unstudied. 

Methods 
Time-mated ewes were intra-amniotically injected with lipopolysaccharide at 5, 
12, or 24 hours or 2, 4, 8, or 15 days before preterm delivery at 125 days gestational 
age (term ~ 150 days). Post mortem analyses for peripheral immune activation, 
neuroinfl ammation and white matter/ neuronal injury were performed. 
Moreover, considering the neuroprotective potential of erythropoietin (EPO) 
for perinatal brain injury we evaluated (phosphorylated) EPO receptor (pEPOR) 
expression in the fetal brain following LPS exposure. 

Results 
Intra-amniotic exposure to this single bolus of LPS resulted in a biphasic systemic 
IL-6 and IL-8 response. In the developing brain, intra-amniotic LPS exposure 
induces a persistent microgliosis (IBA-1 immunoreactivity) but a shorter-
lived increase in the pro-infl ammatory marker COX-2. Cell death (caspase-3 
immunoreactivity) was only observed when LPS exposure was greater than 
8 days in the white matter, and there was a reduction in the number of (pre)
oligodendrocytes (Olig2 and PDGFRα positive cells) within the white matter at 
15 days post LPS exposure only. pEPOR expression displayed a striking biphasic 
regulation following LPS exposure which may help explain contradicting results 
amongst clinical trials that tested EPO for the prevention of preterm brain injury. 

Conclusion 
We provide increased understanding of the spatiotemporal pathophysiological 
changes in the preterm brain following intra-amniotic infl ammation which 
may aid development of new interventions or implement interventions more 
eff ectively to prevent perinatal brain damage.
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Background   

Antenatal infections (i.e. chorioamnionitis) are an important risk factor for 
preterm birth and a major contributor to neonatal morbidity and mortality 
[1, 2]. Intra-amniotic exposure to micro-organisms and subsequent induction 
of infl ammatory mediators in the amniotic cavity can initiate a fetal systemic 
immune response that is characterized by increased plasma interleukin (IL)-6 
and IL-8 concentrations [3], and (persistent) changes in essential immunological 
organs including the fetal spleen and thymus [4, 5]. At the crosstalk between 
fetal peripheral blood and the brain (i.e. blood-brain barrier), this systemic 
infl ammatory response can initiate a detrimental neuroinfl ammatory response 
which is primarily mediated by microglia and peripheral immune eff ector cells 
[6, 5]. This cerebral infl ammatory response is a risk factor for preterm brain injury 
and concomitant adverse neurodevelopmental outcomes including cognitive, 
behavioral and attentional impairments and motor dysfunctions (i.e. cerebral 
palsy) [7, 5]. 

In a pre-clinical chorioamnionitis model, we showed that short-term (2 days) 
intra-amniotic exposure to lipopolysaccharide (LPS) resulted in systemic 
infl ammation, overt microgliosis and changes in myelin basic protein (MBP) 
immunoreactivity (IR) in the fetal ovine brain [8]. However, this systemic and 
cerebral phenotype was substantially diff erent following longer exposure time 
(7 days) indicating that time-dependent peripheral and cerebral changes occur 
following intra-amniotic infl ammation. Moreover, we and others have shown 
that infl ammation can modulate a second infl ammatory stimulus through 
either preconditioning or sensitization of the fetal brain [9, 8, 10].  Taken together, 
this emphasizes that infl ammation as pathogenic mediator for brain damage is 
not a single trigger within a short time frame but more a dynamic process over 
an extended period of time. Therefore, detailed studies elucidating the time-
dependent eff ects of antenatal infection/infl ammation in relation to neurological 
injury and development are crucial to gain insight in the pathophysiological 
changes in the fetal brain following antenatal stress. Importantly, such temporal 
insight in the induction of brain injury following antenatal stress is also essential 
to defi ne the therapeutic window of opportunity for neurotherapeutics. 
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One of the most promising treatment options for preterm neonates at 
high risk for brain injury is erythropoietin (EPO), an important cytokine 
for brain development [11, 12]. Multiple experimental and clinical studies 
have demonstrated efficacy of EPO administration to prevent injury to the 
preterm brain, including severe periventricular leukomalacia, without 
adverse effects [13-21]. In contrast, other clinical trials do not report 
improvement in neurodevelopment following EPO treatment [22, 23]. 
Effects of EPO are mediated by its receptor, which is abundantly present 
on (pre)oligodendrocytes, astrocytes, microglia and neurons. EPO binding 
triggers phosphorylation of two monomers, which in turn phosphorylates 
and activates the signaling kinase Jak-2 facilitating effects including its 
anti-inflammatory, anti-oxidative and anti-apoptotic properties [24, 25]. In 
addition, EPO enhances neuro- and oligodendrogenesis, oligodendrocyte 
maturation and myelin production which are indispensable events in injury 
repair and normal neurodevelopment [26]. We hypothesize that changes 
in basal levels of EPO receptor activation in response to inflammation or 
perinatal stress might explain at least part of the differences in clinical 
outcomes following EPO treatment. 

Considering the clinical need for understanding the time-dependent 
cerebral changes following intra-amniotic inflammation, we performed a 
detailed analysis of the temporal dynamics of intra-amniotic LPS-induced 
systemic and cerebral inflammation and subsequent fetal brain injury. In 
addition, to optimize EPO treatment in the clinical setting we analyzed the 
temporal expression of the phosphorylated EPO receptor (pEPOR) in the 
course of intra-amniotic inflammation.
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Methods

Study approval 
Animal procedures were performed with approval of the animal ethics 
committee of the University of Western Australia (Perth, Australia). 

Experimental design 
The design of this study was published previously [4]. Briefly, fifty-two time-
mated ewes with singleton fetuses were randomly allocated in groups of 5-7 
animals per group to receive an intra-amniotic injection under ultrasound 
guidance with an established dose [27] of 10 mg Escherichia coli-derived 
LPS (O55:B5; Sigma-Aldrich, St. Louis, MO) at 5, 12 or 24 hours (h) or 2, 4, 8 
or 15 days (d) before preterm delivery at 125 days of gestation (term ~ 150 
days) (Figure 1). This paradigm is based on the clinical paradigm, where 
we know the gestational age of the infant but not the length of exposure to 
inflammation. As such all our tissues were collected at a known gestation age 
but inflammation was induced at various times before.  The half-life time of 
LPS in the amniotic fluid is relatively long (1.7 days) and LPS concentrations 
remain detectable till 15 days after injection [28]. Moreover, intra-amniotic 
delivery of 0.1 mg LPS, a bolus which in this study is reached at 10 days 
after injection, still results in an influx of inflammatory cells in the amniotic 
fluid and fetal lungs [27] indicating that IA delivery of 10mg LPS is a clinical 
relevant ongoing inflammatory stimulus. Fetuses of either sex were used 
and previous analysis of the thymus reported no sex specific differences 
in this model [4]. Control animals received an equivalent volume of 0.9% 
saline solution (SAL; controls) at variable gestational ages comparable to 
LPS injections, ranging from 5h to 15d before preterm delivery. Within this 
control group no differences were observed between different lengths of 
saline exposure for which we have pooled these animals in one control 
group (SAL). At 125 days of gestation, when ovine brain development is 
similar to 32-34 weeks of human gestation [29], all fetuses were surgically 
delivered and immediately euthanized with intravenous pentobarbitone 
(100 mg/kg). Fetal blood was collected and the brains were removed and 
immersion fixed in 4% paraformaldehyde. 
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Analysis of blood IL-6 and IL-8 concentration
Levels of the pro-inflammatory cytokines interleukin (IL)-6 and IL-8 were 
measured in fetal plasma as markers for systemic inflammation using ovine 
specific sandwich enzyme-linked immunosorbent assays (ELISA) as previously 
described [8]. 

In short, a 96-wells plate was coated with a monoclonal mouse-anti IL-6 (Millipore 
Cat# MAB1004, working concentration 1:200) or IL-8 (Millipore Cat# MAB1044, 
working concentration 1:200) and incubated overnight at 4ºC. The standard curve 
and serum samples were diluted in PBS +0.1% BSA in 1:1 or 1:80 respectively 
for IL-6 and IL-8. Incubation with the detection antibody rabbit-anti-ovine IL-6 
(Millipore Cat# AB1839, working concentration 1:500) or IL-8 (AB1040, Millipore, 
working concentration 1:500) was performed for 1 hour, followed by incubation 
with a HRP-labelled antibody (Jackson ImmunoResearch Labs Cat# 111-035-045, 
working concentration 1:500). Next, incubation with 3,3’5,5’-Tetramethylbenzidine 
(TMB) substrate solution was done for 10 (IL-6) or 2,5 (IL-8) minutes. The reaction 
was stopped by addition of H2SO4 and the optical density (OD) was measured at 
450 nm in a Thermo Electron Type 1500 Multiskan Spectrum Microplate Reader. 
Concentrations were expressed relative to a standard curve of recombinant 
ovine IL-6 or IL-8 (ImmunoChemistry Technologies, Bloomington, MN, USA).

Histology and immunohistochemistry 
The cerebral white matter and hippocampus are most commonly affected 
by intra-amniotic infections at this developmental stage [30]. Therefore, we 
have chosen to assess inflammatory and structural changes within these 
regions of interest. After fixation, a predefined region containing the posterior 
hippocampus/mid-thalamus of the left hemisphere was embedded in paraffin 
and serial coronal sections (4 µm) were cut with a Leica RM2235 microtome. 

Figure 1. Study design. Pregnant ewes received an intra-amniotic injection with 10 mg Escherichia 
coli-derived lipopolysaccharide (LPS) at 5, 12 or 24 hours (h) or 2, 4, 8 or 15 days (d) (black arrows) before 
preterm delivery at 122 days of gestation (term ~ 150 days). Control animals received an intra-amniotic 
injection with an equivalent volume of 0.9% saline solution at comparable time points to LPS injections.

0d 125 d GA

5h12h2d4d8d15d 1d

LPS / saline administration=

term 
delivery
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3Hematoxylin and eosin (H&E) staining was performed for structural and 
morphological analysis. Immunohistochemical staining was performed 
on four slides per staining per animal (every 10th consecutive slide) as 
previously reported [8]. Inflammatory changes were assessed by the following 
immunohistochemical markers: cylcooxygenase-2 (COX-2) (1:50, Cayman 
Chemical; aa570-598), ionized calcium-binding adapter molecule 1 (IBA-1) 
(1:1000, Wako Pure Chemical Industries, Osaka, Japan) and glial fibrillary acidic 
protein (GFAP) (1:1000, DAKO Z0334). The presence of neutrophils was assessed 
by myeloperoxidase (MPO) staining (1:200, DAKO A0398). Markers used to 
assess alterations in the white matter including oligodendrocyte differentiation 
were oligodendrocyte transcription factor 2 (Olig2) (1:200, Millipore, 13 AB9610), 
platelet-derived growth factor receptor alpha (PDGFRa) (1:100, Santa Cruz 
Biotechnology, sc338), 2’,3’-Cyclic-nucleotide 3’-phosphodiesterase (CNPase) 
(1:1000, Sigma, C5922) and myelin basic protein (MBP) (1:1000, Merck Millipore, 
MAB386). Neuronal architecture, including cell bodies and dendrites, was 
determined by microtubule associated protein-2 (MAP-2) (1:500, Sigma, M9942). 
Apoptotic cell death was measured as cells positive for cleaved caspase-3 (1:1000, 
cell signaling, #9661) and the number of mitotic cells were identified by phospho-
Histone H3 (pHH3) (1:100, Santa Cruz Biotechnology, sc-101679). The presence 
of the erythropoietin receptor was assessed by measuring the expression of the 
(phosphorylated) erythropoietin receptor (EPOR and pEPOR) (1:200, Santa Cruz, 
SC-365662 and SC-20236). 

Deparaffinization and rehydration was performed by incubation in xylol 
and decreasing alcohol concentrations. Endogenous peroxidase activity was 
quenched via incubation with 0.3% H2O2 for 10 minutes. Antigen retrieval 
involved boiling tissues in citrate buffer (pH 6.0) for 10 minutes or for pEPOR 
proteinase K at 37ºC for 5 minutes. Nonspecific binding was prevented by 
incubation with 5% (IBA-1, GFAP, MAP2, pHH3) or 10% (MPO, CNPase) normal 
goat serum, 5% bovine serum albumin (COX-2, MBP, Olig2, EPOR) (Invitrogen 
Thermofisher Scientific) or 10% nonfat dry milk (pEPOR; Elk, Campina bv., 
Eindhoven, The Netherlands) for 1 hour. Tissues were incubated with the 
primary antibody overnight at 4ºC, followed by incubation with the species 
specific secondary antibody at 1:200 (DAKO) for 1 hour at room temperature. The 
antibody specific signal was enhanced with a Vectastain ABC peroxidase Elite 
kit (Vector Laboratories Inc, Burlingame, CA) for 1 hour and 3,3’-diaminobenzide 
(COX-2, IBA-1, GFAP, MPO, PDGFRa, CNPase, MBP, MAP-2, pHH3, EPOR) or 
nickel chloride 3,3’-diaminobenzide (Olig2, cleaved caspase-3, pEPOR) for 2-10 
minutes. Nuclei were stained with Mayer’s hematoxylin.
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Qwin Pro v3.4.0. software (Leica Microsystems, Wetzlar, Germany). Area 
fractions and integrated densities were calculated for IBA-1, GFAP, COX-2, 
MBP, MAP-2 and pEPOR. MPO, Olig2, PDGFRa, CNPase, pHH3 and cleaved 
caspase-3 positive cells were counted and expressed as total cell count per 
square millimeter (cells/mm2). In addition, MPO+ cells were also counted in the 
choroid plexus. Values per region of interest were averaged.

Statistical analysis
All values are shown as mean with 95% confidence interval (CI) or standard 
deviations (SD). Comparison between different experimental groups was 
performed with analysis of variance (ANOVA) or with a random intercept 
mixed model in case of repeated measurements per animal (e.g., different 
sections per brain) with Bonferroni correction for multiple comparisons. We 
applied log-transformation to obtain normal distributed data when data or 
variables were positively skewed before statistical testing. Statistical analysis was 
performed with IBM SPSS Statistics Version 22.0 (IBM Corp., Armonk, NY, USA; 
SPSS). Statistical significance was accepted at p < 0.05. Considering the relatively 
low number of animals per group exact p-values are provided and 0.05 < p < 0.1 
is considered a trend. 

Qualitative and quantitative analysis
An independent neuropathologist and two independent researchers who were 
blinded for the experimental conditions performed qualitative and quantitative 
analysis of the tissues. Analysis were performed using a light microscope 
(Leica DM2000) equipped with Leica QWin Pro version 3.4.0 software (Leica 
Microsystems, Mannheim, Germany). H&E stained sections were scored for 
gliosis, hemorrhages and structural damage like cyst formation. Regions of 
interest of the white matter and hippocampus were defined as previously 
described [31]. In addition, grey matter alterations in the cerebral cortex were 
assessed within the same section. Three to five adjacent images were taken per 
region of interest at 100x magnification and analyses were performed using Leica 



73

Results

Animal characteristics 
At birth, no differences in weight were found between experimental groups. 
Fetal blood pH and hemoglobin levels did not differ following intra-amniotic 
LPS exposure. No sex differences in susceptibility were observed in either 
readout including animal characteristics and all following readouts regarding 
systemic cytokine levels and immunohistochemical analysis. 

Intra-amniotic LPS exposure results in a biphasic fetal systemic 
inflammatory response 
Intra-amniotic exposure to LPS results in an acute increase of fetal systemic IL-6 
concentrations at 5, 12 and 24 h after LPS exposure compared to control levels 
(SAL vs 5h LPS p = 0.0157; SAL vs 12h LPS p = 0.0011; SAL vs 24h LPS p = 0.0035) 
(Figure 2A). Subsequently, at 4 and 8 days after LPS exposure systemic IL-8 
concentrations are increased compared to controls (SAL vs. 4d LPS p = 0.0147; 
SAL vs. 8d LPS p = 0.0502) (Figure 2B). 

3

Figure 2. Circulatory interleukin (IL)-6 and IL-8 concentrations illustrate a biphasic response following 
intra-amniotic LPS exposure. Undetectable values were assigned an arbitrary value of 1 pg/mL in order to 
perform statistical analysis. Statistical analysis was done with ANOVA and values are expressed as mean ± 
95% CI. * indicated p <0.05 versus control group, # indicated 0.05 < p < 0.1 versus control.
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Cerebral inflammation in the fetal white matter, hippocampus and 
cortex following intra-amniotic LPS exposure
A systemic fetal inflammatory response is postulated to initiate cerebral 
inflammation leading to subsequent injury [32-34]. Therefore, we initially 
measured markers of changes in neuroinflammatory processes (IBA-1, 
COX-2, GFAP). We found that the systemic inflammatory response following 
intra-amniotic LPS exposure is followed by cerebral inflammatory changes 
as indicated by an increase in IBA-1 IR in the white matter at 12 hours, 2, 
4 and 8 days following LPS exposure compared to controls (SAL vs. 12h 
LPS p = 0.012; SAL vs. 2d LPS p = 0.006; SAL vs. 4d LPS p = 0.005; SAL vs. 
8d LPS p =0.088) (Figure 3A and 3B). In the hippocampus, inflammation is 
detected by an acute increase in COX-2 IR at 5, 12 and 24 hours post LPS 
exposure (SAL vs. 5h LPS p = 0.055; SAL vs. 12h LPS p = 0.016; SAL vs. 
24h LPS p = 0.096) (Figure 3C and 3D) and an increase in IBA-1 IR at 15 
days after LPS exposure compared to controls (SAL vs. 15d LPS p = 0.073). 
There were no changes of GFAP IR after LPS exposure at any of the time 
points. As outlined in Table 1 the number of MPO+ cells is increased in 
the white matter at 15d post LPS exposure (SAL vs. 15dLPS p = 0,027). In 
the choroid plexus, no significant differences of MPO+ cells were found 
between groups (Table 1).

MPO+ 
cells/mm2 SAL 5hLPS 12hLPS 24hLPS 2dLPS 4dLPS 8dLPS 15dLPS

Choroid 
plexus

2,44 ± 
3,22

4,34 ± 
2,86

3,19 ± 
3,44

1,80 ± 
1,45

3,88 ± 
2,54

6,25 ± 
4,25

4,07 ± 
2,67

3,51 ± 
4,38

White 
matter

0,47 ± 
0,30

3,83 ± 
3,82

1,14 ± 
0,83

1,95 ± 
2,46

1,88 ± 
2,70

2,05 ± 
1,84

2,67 ± 
2,50 

4,52± 
4,22*

Table 1. MPO-positive cells in the choroid plexus and white matter. Mean values ± standard deviations 

are represented. * p < 0,05.
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Figure 3 Intra-amniotic exposure to LPS induces an acute, transient cerebral inflammatory 
response in the preterm white matter and hippocampus. An increase of the area fraction of IBA-1 
immunoreactivity (IR) was observed in the white matter at 12 hours, 2, 4 and 8 days following LPS 
exposure compared to controls (SAL vs. 12h LPS p = 0.012; SAL vs. 2d LPS p = 0.006; SAL vs. 4d LPS p 
= 0.005; SAL vs. 8d LPS p =0.088) (A & B). In the hippocampus, an increase of the area fraction of COX-2 
IR was found at 5, 12 and 24 hours following LPS exposure (SAL vs. 5h LPS p = 0.055; SAL vs. 12h LPS 
p = 0.016; SAL vs. 24h LPS p = 0.096) (C & D). Representative histological figures of the IBA-1 positive 
microglia in animals exposed to intra-amniotic saline (SAL), 2d, 8d and 15d of LPS are shown in (A). 
Representative histological figures of COX-2 positive neurons in the hippocampus of animals exposed 
to saline (SAL), 12h, 2d and 15d LPS are depicted in (D). IBA-1 IR and COX-2 IR are depicted as mean % 
area fraction ± 95% CI. * indicated p <0.05 versus control (SAL), # indicated 0.05 < p < 0.1 versus control 
(SAL). Images taken at 100x magnification (insert at 400x magnification), scale bar = 200 µm. 
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Cell death and proliferation in the fetal white matter, hippocampus 
and cortex following intra-amniotic LPS exposure
To assess whether cerebral inflammation is followed by tissue injury we 
measured the number of caspase-3 positive cells in the cerebral white 
matter, hippocampus and cortex as a marker of apoptotic cell death as this 
is an important prognostic factor for neurological outcomes [35]. Exposure 
to LPS results in an increase in cleaved caspase-3 positive cells in the 
white matter at 8 days following LPS exposure (SAL vs 8d LPS p = 0.004), 
in the hippocampus at 2, 4, 8 and 15 days following LPS exposure (SAL 
vs 2d LPS p = 0.002; SAL vs 4d LPS p = 0.030; SAL vs 8d LPS p = 0.058; 
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Figure 4. Intra-amniotic exposure to LPS results in a decrease in mitotic cells and relatively late 
onset of cell death in the preterm white matter and hippocampus. A significant increase of caspase-3 
positive cells is observed at 8 days following LPS exposure in the white matter compared to controls 
(SAL vs 8d LPS p = 0.004) (A). In the hippocampus, at 2, 4, 8 and 15 days following LPS exposure an 
increase in caspase-3 positive cells was found compared to controls (SAL vs 2d LPS p = 0.002; SAL vs 
4d LPS p = 0.030; SAL vs 8d LPS p = 0.058; SAL vs 15d LPS p = 0.042) (B). At 2d following LPS exposure 
a decrease in pHH3+ cells was found compared to controls (SAL vs. 2dLPS p = 0.100) (C). Caspase-3 
and pHH3 are expressed as positive cells / mm2 and represented in the graphs as mean ± 95% CI. * 
indicated p <0.05 versus control (SAL), # indicated 0.05 < p < 0.1 versus control (SAL).
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3SAL vs 15d LPS p = 0.042) and in the cortex at 8 days following LPS 
exposure (SAL vs 8d LPS p = 0.041) compared to controls (Figure 4A 
and 4B). No evidence of structural changes such as intraventricular 
hemorrhages and cystic lesions in all experimental groups was found. To 
assess the proliferation state of the brain, pHH3 + cells were counted. At 2 
d following LPS exposure a trend towards significant decrease in pHH3+ 
cells was found (SAL vs. 2dLPS p = 0.100) (Figure 4C). 

Distinct time dependent changes in numbers of oligodendrocyte 
lineage cells following LPS exposure
The typical histopathological substrate of brain injury in premature infants 
consists of injury of the developing oligodendrocyte (OL), a cell type that 
is abundantly present within the brain during weeks 23-32 of gestation 
(when preterm birth often occurs) and is prone to inflammatory insults [36]. 
Therefore, we have assessed oligodendrocyte development following intra-
amniotic LPS exposure by studying the following oligodendrocyte lineage 
markers: Olig-2 as a pan-oligodendrocyte lineage marker, PDGFRα as a 
pre-oligodendrocyte marker (for both OL progenitor and pre-OLs), CNPase 
as an early oligodendrocyte differentiation marker and MBP for mature 
oligodendrocytes and myelin. At 15 d after LPS exposure, a significant 
decrease in Olig2+ cell number was found compared to controls (SAL vs. 
15dLPS p = 0.050) (Figure 5A and 5C). At this time point, the PDGFRa+ 
progenitor and precursor oligodendrocyte populations tended to decrease 
compared to controls (SAL vs. 15dLPS p = 0.070) (Figure 5A and 5D). No 
significant changes of CNPase+ cells and MBP IR were found following 
LPS exposure compared to controls at all studied time points (Figure 5A, 
5E and 5F). 

Intra-amniotic exposure to LPS resulted in altered dendritic 
development in grey matter regions of the fetal brain
Besides alterations in white matter development and oligodendrocyte 
loss, developmental disturbances of the grey matter are an increasingly 
important feature of perinatal brain injury [37-39]. For the assessment of 
dendritic maturation we have studied MAP-2 IR as an established marker 
for neuronal development [40] in the hippocampus and cerebral cortex. As 
illustrated in figure 5, intra-amniotic exposure to LPS results in a significant 
or trend to increase in the MAP-2 IR in the hippocampus at all time points 
except at 2d LPS (SAL vs 5h LPS p = 0.007; SAL vs 12h LPS p = 0.073; SAL 
vs 24h LPS p = 0.000; SAL vs 4d LPS p = 0.034; SAL vs 8d LPS p = 0.000; 
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Figure 5. Intra-amniotic exposure to LPS induces distinct time dependent changes in oligodendrocyte 
lineage cells. A significant decrease of Olig2 positive cells was observed in animals after 15d of LPS 
exposure compared to controls (SAL vs. 15dLPS p = 0.050) (C). At the same time point a decrease in 
PDGFRa positive cells was found compared to controls (SAL vs. 15dLPS p = 0.070) (D). No significant 
changes of CNPase+ cells were found following LPS exposure compared to controls (E). Area fractions 
(%) of MBP immunoreactivity (IR) showed a decrease at 2d and an increase at 8d following LPS exposure 
compared to controls (SAL vs. 2dLPS, p = 0.070; SAL vs. 8dLPS p = 0.083) (F). Representative histological 
figures of Olig2, PDGFRa, CNPase positive cells and MBP IR in animals exposed to intra-amniotic 
saline (SAL) and 15d of LPS are shown in (A) and (B) respectively. Images taken at 100x magnification 
(insert at 400x magnification), scale bar= 200 µm. * indicated p <0.05 versus control (SAL), # indicated 
0.05 < p < 0.1 versus control (SAL).
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SAL vs 15d LPS p = 0.057) (Figure 6A and 6B). At 2 days following 
LPS exposure MAP-2 IR is comparable to controls (SAL vs 2d LPS p 
= 0.825). In the cerebral cortex only at 24 hours after LPS exposure an 
increase in MAP-2 IR was found (SAL vs 24h LPS p = 0.036) (Figure 6A and 
6C) and all other time points were comparable to control. 

Expression of the phosphorylated erythropoietin receptor 
decreases 2 days following LPS exposure
There is a single EPO receptor and activation of this receptor leads to 
receptor phosphorylation and as such phosphorylation is a useful surrogate 
for EPO-induced downstream pathway activation.  Analysis of the IR for 
total EPOR revealed no change from baseline levels at any of time points 
of LPS exposure. Interestingly however we observed that pEPOR had a 
distinct time-dependent switch from over-expression to under-expression. 
Specifically, following 5h of LPS exposure pEPOR IR was significantly 
increased in the white matter (SAL vs 5h p = 0.010) (Figure 7A and 7C) 
and tended to increase in the cortex (SAL vs 5h p = 0.100) (Figure 7E) 
compared to controls. However, at 2 days after LPS exposure there is a 
strong decrease in pEPOR IR within all brain regions compared to controls; 
significant in the white matter (SAL vs 2d LPS p = 0.030), and trending in 
the hippocampus (SAL vs 2d LPS p = 0.088) and cortex (SAL vs 2d LPS p 
= 0.010) (Figure 7C-7E). At 4 and 8 days following LPS exposure pEPOR 
expression is still decreased compared to controls; trending in the white 
matter (SAL vs 4d LPS p = 0.100), and significant in the hippocampus (SAL 
vs 4d LPS 0.045; SAL vs 8d LPS p = 0.014) and cortex (SAL vs 4d LPS 0.020.; 
SAL vs 8d LPS p = 0.030). When the fetus had been exposed to 15 d of LPS 
there was no drop in pEPOR IR.

3
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Figure 7. Expression of the phosphorylated erythropoietin receptor decreases 2 days following LPS 
exposure. An acute increase of the area fraction (%) of pEPOR immunoreactivity (IR) was observed at 5h 
after LPS exposure in the white matter (SAL vs 5h p = 0.010) and cortex (SAL vs 5h p = 0.100) compared 
to controls (C & E). At 2 days after LPS exposure there is a significant decrease in pEPOR IR within all 
brain regions compared to controls; white matter (SAL vs 2d LPS p = 0.030) (C), hippocampus (SAL vs 
2d LPS p = 0.088) (D) and cortex (SAL vs 2d LPS p = 0.010) (E). At 4 and 8 days following LPS exposure 
pEPOR expression is still decreased compared to controls in the white matter (SAL vs 4d LPS p = 0.100), 
hippocampus (SAL vs 4d LPS 0.045; SAL vs 8d LPS p = 0.014) and cortex (SAL vs 4d LPS 0.020.; SAL vs 
8d LPS p = 0.030). When the fetus had been exposed to 15 d of LPS there was no decrease in pEPOR IR 
(C-E). Representative histological figures of the pEPOR in the white matter (A) and hippocampus (B) 
are depicted in control animals (SAL) and animals exposed to LPS for 5h, 2d and 15d. Images taken at 
100x magnification (insert at 400x magnification), scale bar= 200 µm. * indicated p <0.05 versus controls 
(SAL), # indicated 0.05 < p < 0.1 versus controls (SAL).

W
H

IT
E 

M
AT

TE
R

SAL
H

IP
PO

C
AM

PU
S

5hLPS 2dLPS 15dLPS
W

H
IT

E 
M

AT
TE

R

H
IP

PO
C

AM
PU

S

C D

A

B

C
O

R
TE

X

E

pE
po

R
 IR

, %
 a

re
a 

fr
ac

tio
n

SAL 5h 12h 24h  2d 4d 8d 15d 
0

2

4

6

8
#* *

pE
po

R
 IR

, %
 a

re
a 

fr
ac

tio
n

SAL 5h 12h 24h  2d 4d 8d 15d 
0

2

4

6

8

10
# * *

pE
po

R
 IR

, %
 a

re
a 

fr
ac

tio
n

SAL 5h 12h 24h  2d 4d 8d 15d 
0

2

4

6

8

10 * * *#



81

3

Figure 6. Intra-amniotic exposure to LPS results in altered dendritic development in the grey matter 
of the fetal brain. A significant increase of the area fraction (%) of MAP-2 immunoreactivity (IR) was 
found in the cerebral cortex at 24h after LPS exposure compared to controls (SAL vs 24h LPS p = 0.036) 
(A & C). In the hippocampus, an increase of area fraction (%) of MAP-2 IR was observed at 5, 12 and 24 
hours and at 4, 8 and 15 days after LPS exposure compared to controls (SAL vs 5h LPS p = 0.007; SAL vs 
12h LPS p = 0.073; SAL vs 24h LPS p = 0.000; SAL vs 4d LPS p = 0.034; SAL vs 8d LPS p = 0.000; SAL vs 
15d LPS p = 0.057) (B & D). Representative histological figures of MAP-2 in the cerebral cortex  (A) and 
hippocampus (B) are depicted in control animals (SAL) and animals exposed to LPS for 24h, 2d and 8d. 
Images taken at 100x magnification (insert at 400x magnification), scale bar= 200 µm. * indicated p <0.05 
versus control (SAL), # indicated 0.05 < p < 0.1 versus control (SAL).
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Discussion

The main findings of this study are that intra-amniotic exposure to LPS 
results in 1) an acute onset and biphasic fetal systemic inflammatory 
response; 2) persisting microgliosis with a limited pro-inflammatory phase; 
3) cell death and (pre)oligodendrocytes loss only following long exposure 
to inflammation (8d +) but 4) a striking regional sensitivity to changes in 
neuronal architecture following short (hours) and long (days) LPS exposure 
and 5) biphasic regulation of pEPOR expression. 

We demonstrate that fetuses, intra-amniotically exposed to LPS, develop 
biphasic opposing peaks in the systemic inflammatory response, illustrated 
by changes in IL-6 and IL-8 concentrations. This data agree with previous 
observations from this model on increased circulatory monocytes and 
neutrophils and subsequent lymphocytopenia [4] and agrees with previous 
clinical data showing increased levels of these cytokines, associated with 
adverse neurological outcomes [41, 9]. Furthermore, the systemic response 
to LPS is consistently associated with the production of a vast milieu of 
inflammatory cytokines including IL-6 [42]. These signal across the blood-
brain barrier trigger a neuroinflammatory response including activation 
of microglia and astrocytes [6, 5]. Moreover, IL-8 is known as potent 
chemotactic and neutrophil-activating factor, and increased serum IL-8 
levels are reported in  newborns with MRI-defined cerebral abnormalities 
and abnormal neurodevelopmental outcomes [43, 44, 9, 45, 46]. In line, we 
observed an increased number of MPO+ cells within the cerebral white 
matter at 15d after LPS exposure.

Our study also provides meaningful information about the cerebral 
inflammatory response initiated by intra-amniotic LPS exposure. We 
observed a rapid increase in the inflammatory mediator COX-2 and 
microglial marker IBA-1 in the preterm brain. COX-2 activity results in 
prostaglandin-E2 production which has wide ranging inflammatory actions 
on the brain [47], but is typically associated with a pro-inflammatory state 
in microglia [48] and also reported in astrocytes [49]. Weaver-Mikaere 
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3et al. demonstrated in a fetal ovine derived mixed glial culture 
that COX-2 activation is the most important mechanism leading 
to inflammation-mediated white matter injury [50]. Blocking the 
COX-2 pathway has recently been shown to prevent hypomyelination and 
behavioral impairment in mice with neonatal white matter injury [49]. 
In this model, it has also been reported that there is also no change in 
GFAP-IR across the groups, but additional analysis revealed that despite 
this, astrocytes together with microglia were still an important source of 
oligodendrocyte-injurious COX-2 [49]. An additional injurious mechanism 
of increased COX-2 is that its primary product prostaglandinE2 stimulates 
glutamate release from astrocytes [51], which is suggested to be essential 
in the pathophysiological mechanism underlying neonatal encephalopathy 
[52]. Additionally, the dynamic temporal microglial response in our 
inflammatory model,  indicated by increased IBA-1IR, is consistent with 
distinct phases of cerebral inflammation in response to other injurious 
factors in perinatal brain injury, including a hypoxic-ischemic or excitotoxic 
insult  [9]. Microglial activation is proposed to be essential in cerebral injury 
and dysmaturation associated with exposure to maternal fetal infection/
inflammation [53]. Of interest for the application of neurotherapeutics is that 
microglia activation based on the simple proxy of IBA-1IR was maintained 
for at least 8 days following LPS exposure, but increased COX2 as surrogate 
for a pro-inflammatory state was only elevated for one day. Further studies 
to determine a systemic surrogate of microglial activation state might 
re-invigorate the utility of previously discarded immunomodulatory 
neurotherapeutics if we understood when immunosuppression would be 
beneficial.

Considerable debate has raged in the field of preterm neuropathology 
regarding the role for cell death in encephalopathy of prematurity 
[54-57]. Experimental data has shown that microglia activation results in 
pro-inflammatory cytokine release which in turn can lead to apoptosis. 
However, experimental data has also demonstrated that moderate activation 
of microglia leads only to the maturation arrest of oligodendrocytes and 
not cell death [58]. Our study supports a coherent integration of clinical 
and experimental data as it shows that with a clinically-relevant exposure 
paradigm the duration of exposure is essential; oligodendrocyte death 
only occurs after 8 days of LPS exposure. Although outside the scope of 
this study, research into additional variables including pathogen type 
and maternal/fetal health and genetics also undoubtedly play a role 
understanding cohort specific observations on neuropathology. We also 
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wish to highlight that the significant loss of (pre)oligodendrocytes was not 
accompanied by myelin loss in our study. It has been previously postulated 
that the type of robust reduction in myelin protein levels that we would 
be able to measure with our analysis technique only occurs later in the 
course of brain injury due to normal kinetics of myelin production [59]. 
Furthermore, in an inflammation-induced oligodendrocyte injury model, 
early analysis of myelin proteins [58] and genes [60] has indeed failed to 
observe reductions despite later robust hypomyelination and behavioral 
deficits. Detailed analysis of myelin structure could be considered to 
investigate early markers of myelin injury in future studies. 
Together with disturbed white matter development, alterations in grey 
matter development are implicated in long-term neurological sequelae 
following intra-amniotic infections and preterm birth [39, 37, 38]. During 
normal grey matter development, a decrease in MAP-2IR occurs which is 
indicative for refining of dendritic branching and spines [40].  Regulation of 
spine development is part of the basic homeostatic functions of microglia, 
which also include supporting immature cortical neuronal survival 
and stimulating myelination [61]. As such, increase in MAP-2 IR that we 
found in the acute phase following LPS exposure suggests a delay in 
cortical development, a phenomenon that has also been suggested from 
analysis of preterm infants using MRI [62]. Moreover, in humans suffering 
from schizophrenia, increased dendritic arborisation was found in the 
hippocampus compared to healthy humans when stained for MAP-2 [63]. 
Concerning the specific mechanistic link between increased inflammation 
and increased MAP-2, it is noteworthy that COX-2 overexpressing neuronal-
like cells showed significantly increased neurite outgrowth and branching, 
which was partially reverted by COX inhibitor [64].

Despite multiple studies identifying EPO as very promising neuroprotective 
candidate in newborn infants [65, 66, 14, 67, 13, 17, 68-70], other studies did 
not find therapeutic effects on neurodevelopmental outcomes [71, 72, 23]. 
These inconsistencies might be explained by heterogeneity between study 
cohorts including, as outlined in this study for the first time, differences in 
EPO signaling in response to inflammation. Interestingly, after an initial 
increase in the receptor phosphorylation levels, a distinct and long lasting 
decrease of the pEPOR occurred.  Activation of the EPOR phosphorylates 
and activates the kinase Jak-2 resulting in initiation of a complex anti-
apoptotic signaling cascade [73, 25]. Accordingly, we are unsurprised that a 
decrease in the level of pEPOR is accompanied by an increase in the number 
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3of apoptotic cells (caspase-3+) within the same region in the fetal 
brain. This suggests that the reduced activation of the EPO receptor 
in our study results in increased apoptosis in the preterm brain and in 
experimental paradigms this relationship between EPOR and cell death has 
been demonstrated [25]. In regards to the total expression of EPOR, others 
have also shown that this remains stable or increases [74], and this elevation 
occurs within hours in response to pro-inflammatory cytokines like TNFa 
[75], whereas the level of its parent ligand, EPO, is downregulated under 
pro-inflammatory conditions [76]. Thus, understanding the inflammation-
induced dysregulation of EPO signaling provides a therapeutic window 
where treatment with EPO may be most efficacious [76]. Altogether, the 
considerable changes in EPOR expression within the fetal brain in the 
course of inflammation stresses the need for biomarkers to determine the 
onset of intra-amniotic infections.

One important limitation of a large animal study is the relative low number 
of animals per group. Given the relatively small animal numbers per group, 
we reported actual p-values and tended to interpret p-values between 0.05 
and 0.1 as biologically relevant. This assumption decreases the chance of a 
false-negative finding but increases the chance that one of these differences 
is a false-positive result.

Conclusion

Altogether, the cerebral changes as found in our translational model of 
inflammation-related brain injury of the preterm infant could be reasonably 
expected to lead to deficits in learning, memory and social skills and/
or motor disabilities that can persist into adulthood [34]. However, these 
outcomes need to be confirmed in longitudinal studies, incorporating 
behavioral analysis and MRI but nonetheless inform the development of 
interventions to protect and/or regenerate the preterm brain in order to 
allow normal development. By gaining more insight into the temporal 
processes underlying inflammation-induced preterm brain injury we 
provide an increased understanding of the pathophysiological changes 
in the fetal brain with the goal of helping to design new interventions 
or implement interventions more effectively to prevent perinatal brain 
damage. 
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Neuroinfl ammation and structural 
injury of the fetal ovine brain 
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Abstract 

Background 
Intra-amniotic Candida albicans infection is associated with preterm birth 
and high morbidity and mortality rates. Survivors are prone to adverse 
neurodevelopmental outcomes. The mechanisms leading to these adverse 
neonatal brain outcomes remain largely unknown. To better understand 
the mechanisms underlying Candida albicans-induced fetal brain injury, 
we studied immunological responses and structural changes of the fetal 
brain in a well-established translational ovine model of intra-amniotic 
Candida albicans infection. In addition, we tested whether these potential 
adverse outcomes of the fetal brain were improved in utero by antifungal 
treatment with Fluconazole. 

Methods 
Pregnant ewes received an intra-amniotic injection of 107 colony forming 
units Candida albicans or saline (controls) at 3 or 5 days before preterm 
delivery at 0.8 of gestation (term~150d). Fetal intra-amniotic/intra-
peritoneal injections of Fluconazole or saline (controls) were administered 
2 days after Candida albicans exposure. Post mortem analyses for fungal 
burden, peripheral immune activation, neuroinfl ammation and white 
matter/ neuronal injury were 

Results 
Intra-amniotic exposure to Candida albicans caused a severe systemic 
infl ammatory response, illustrated by a robust increase of plasma IL-6 
concentrations. Cerebrospinal fl uid cultures were positive for Candida 
albicans in the majority of the 3 day Candida albicans-exposed animals 
whereas no positive cultures were present in the 5 day Candida albicans-
exposed and Fluconazole treated animals. Although Candida albicans was 
not detected in the brain parenchyma, a neuroinfl ammatory response in 
the hippocampus and white matter was seen which was characterized by 
increased microglial and astrocyte activation. These neuroinfl ammatory 
changes were accompanied by structural white matter injury. Intra-
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4

amniotic Fluconazole reduced fetal mortality, but did not attenuate 
neuroinfl ammation and white matter injury.  

Conclusion 
Intra-amniotic Candida albicans exposure provoked acute systemic 
and neuroinfl ammatory responses with concomitant white matter 
injury. Fluconazole treatment prevented systemic infl ammation without 
attenuating cerebral infl ammation and injury.
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Background   

Preterm birth is associated with chorioamnionitis which is defined as 
inflammation of the fetal membranes and amniotic fluid caused by 
microbial invasion [1, 2]. The microorganisms most frequently associated 
with this condition include Ureaplasma species, Mycoplasma hominis, and 
Gardnerella vaginalis all of which most commonly originate from the 
lower reproductive tract [3]. These microorganisms and/or inflammatory 
mediators in the amniotic cavity can cause a fetal inflammatory response 
syndrome (FIRS) [4-6]. Chorioamnionitis and subsequent FIRS are 
independent risk factors for adverse outcomes, including injury of the 
fetal brain [5, 7]. Adverse neurodevelopmental outcomes result from 
diffuse cerebral inflammation and white matter injury, periventricular 
leukomalacia and intraventricular hemorrhage [5, 8, 9]. These conditions 
are associated with a high mortality rate and survivors are predisposed to 
long-term morbidity including mental retardation, impaired learning and 
visual disorders and in severe cases cerebral palsy [7, 8, 10]. 

The pathophysiology of chorioamnionitis can also include viral and fungal 
species [11, 4, 12]. Candida albicans (C. albicans) is a commensal fungus 
of the gastro-intestinal tract which can be asymptomatic in the vaginal 
microbiota with increasing incidence during pregnancy [13, 14]. Intra-
amniotic C. albicans infections are associated with high mortality rates 
and severely impaired neurodevelopmental outcomes [14, 13, 15, 16] in 
which the mechanisms linking fetal exposure to neurological pathologies 
remain essentially unstudied. We hypothesized that antenatal exposure 
to C. albicans caused a neuroinflammatory response and subsequent white 
matter injury, which we tested by exposing fetal sheep to intra-amniotic C. 
albicans [17, 16].

In two clinical cases intra-amniotic C. albicans infections resolved after oral 
and intra-amniotic Fluconazole [13]. Fluconazole is the most frequently 
used antifungal in C. albicans infections, and inhibits ergosterol synthesis, 
which is an essential component of fungal cell membranes [18]. We therefore 
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further hypothesized that fetal intra-amniotic and intra-peritoneal 
administration of Fluconazole would reduce the neuroinflammatory 
response and subsequent white matter injury to the fetal brain. 
Accordingly, systemic immune activation, neuroinflammation and 
structural white matter injury were assessed in the fetal sheep exposed to 
intra-amniotic C. albicans and treated with Fluconazole. 

Methods

Experimental design 
The study was approved by and performed according to the guidelines of 
the animal ethics committee of the University of Western Australia (Perth, 
Australia). Twenty-six date-mated Merino ewes with singleton pregnancies 
were randomly assigned to receive an intra-amniotic injection of saline (2 
mL) as a control or C. albicans (107 colony forming units (CFU), Western 
Australian clinical isolate) [16]. After 2 days an intra-amniotic/-peritoneal 
injection of Fluconazole (F) (30 mg per injection, Claris Life Sciences Limited, 
Chacharwadi-vasana, Ahmedabad-382 213, India) or saline (controls) was 
administered with delivery after 1 and 3 days (Figure 1). Intra-amniotic 
injections were performed as previously described [17]. 

4

Figure 1. Experimental setup. Animals were exposed to C. albicans for 3 or 5 days in the absence or 
presence of intra-amniotic (IA) / intraperitoneal (IP) Fluconazole (F). Control animals received intra-
amniotic (IA) injection with saline. Fetuses were delivered at 0.8 of gestation.

Saline IA (Control) (=6)

1D Fluconazole IA/IP (=3)

3D C. albicans IA (=6)

3D C. albicans / Fluconazole (n=6)

5D C. albicans / Fluconazole (n=5)

Saline

C. albicans

C. albicans

C. albicans F

F

F

End of experiment

117 119 121 122d GA
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We did not include a 5D C. albicans only group since previous results with 
this model indicated that 5 days exposure to C. albicans alone was lethal 
[16, 17]. Given the survival of 5D C. albicans/Fluconazole-treated group, we 
have concluded that Fluconazole in this model increases survival [16, 17].

Tissue collection.
Fetuses were delivered by Caesarean section at 0.8 of gestation (term ~150days) 
[19], equivalent of 32 - 34 weeks human gestation [20], and euthanized 
with intravenous pentobarbitone (100 mg/kg. Amniotic fluid, blood and 
cerebrospinal fluid (CSF) were collected at delivery and cultures for C. albicans 
were performed [16]. Briefly, amniotic fluid (100 μL) was inoculated onto Difco 
Sabaraud-Dextrose agar and incubated at 37 ºC for 48h. Blood (2 mL) and liquor 
(1 mL) was inoculated into BACTEC Peds Plus culture vials (Becton Dickinson, 
Frankln Lakes, NJ) and incubated aerobically at 37 ºC for 72 hours [16]. Brains 
were immersion fixated in 4% paraformaldehyde. 

Enzyme-linked immunosorbent assay IL-6.
Plasma interleukin (IL)-6 concentrations were assessed as an indication for 
systemic inflammation using a sheep-specific sandwich enzyme-linked 
immunosorbent assay (ELISA). First, 96 well plates were pre-coated with 
100 μL of mouse-anti-ovine monoclonal antibody (MAB1004, Millipore, 
Darmstadt, Germany, working concentration 1:200) overnight at 4°C. Plates 
were washed three times with 0.05% tween-20 in phosphate buffered saline 
(PBST) Non-specific binding was blocked with a blocking buffer (1% bovine 
serum albumin (BSA) in PBST) for 1 hour followed by a washing step. 

Protein standards were prepared by serial dilution of recombinant IL-6 
(ImmunoChemistry Technologies, Bloomington, MN, USA). Plasma samples 
(100 μL) were loaded per well in duplicate and incubated for 2 hours at room 
temperature. Unbound protein was omitted by washing with PBST, followed 
by incubation with detection antibody (rabbit-anti-ovine IL-6, AB1839, 
Millipore, Darmstadt, Germany, working concentration 1:500) for 60 minutes 
and subsequent washing. Next, each well was incubated for 30 minutes with 
100 μL of a goat-anti-rabbit-HRP (Jackson ImmunoResearch Laboratories Inc, 
West Grove, PA, USA, working concentration 1:500) followed by washing and 
incubation with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution for 15 
minutes at room temperature. The reaction was stopped by addition of 50 μL 
2N sulfuric acid to each well. Plates were then read on an ELISA plate reader 
at 450 nm.
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Histology and immunohistochemistry. 
The right hemisphere was divided into 4 defined anatomical regions. 
Serial coronal sections of identical thickness (4 µm) of the region containing 
the posterior hippocampus and mid-thalamus were cut with a Leica RM2235 
microtome. Within this region, we analyzed hippocampus and the cerebral 
white matter since there regions are most affected following intra-uterine 
infection at this developmental stage [21]. All stainings were performed in series 
(every 15th section) and four sections per staining per animal were analyzed. 
Hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) stainings were 
performed for morphological and anatomical analysis and for identification 
of pseudohyphae of C. albicans, respectively. Adjacent sections were stained 
for ionized calcium binding adaptor molecule 1 (IBA-1) (Wako Pure Chemical 
Industries, Osaka, Japan) for microglia, glial fibrillary acidic protein (GFAP) 
(DAKO Z0334) for astrocytes, myelin basic protein (MBP) (Merck Millipore, 
MAB386) for myelin sheaths, 2’,3’-Cyclic-nucleotide 3’-phosphodiesterase 
(CNPase) (Sigma, C5922) for mature myelin producing oligodendrocytes, 
oligodendrocyte transcription factor 2 (Olig2) (Millipore, AB9610) for 
oligodendrocyte lineage cells, cluster of differentiation (CD) 68 (DAKO, M0718) 
for active microglia/phagocytizing macrophages, myeloperoxidase (MPO) 
(DAKO, A0398) for neutrophils, CD3 (DAKO A0452) for T-lymphocytes, Ki67 
(DAKO, M7240) for cell proliferation, and cleaved caspase-3 (Cell signaling, 
#9661) for apoptosis. 

Sections were deparaffinized and rehydrated. Endogenous peroxidase activity 
was inactivated with 0.3% H2O2 treatment. For every immunolabeled stain with 
the exception of GFAP and CD68, antigen retrieval was performed by microwave 
boiling of tissue sections in citrate buffer, pH 6.0. For CD68, antigen retrieval 
was performed with proteinase K (DAKO, S3004) treatment for 5 minutes at 
37ºC. Nonspecific binding was blocked by incubation with 5% BSA (MBP, 
Olig2 and CD3) or goat serum in PBS (IBA-1, GFAP, CNPase, CD68, MPO and 
Ki67). Sections were incubated overnight at 4°C in a closed humidity chamber 
with primary antibody (IBA-1, GFAP, MBP, CNPase and caspase-3 1:1000; 
Olig2, MPO and CD3 1:200; Ki67 1:100; CD68 1:50), and subsequently incubated 
with the specific secondary antibody. Immunostaining was enhanced with a 
Vectastain ABC peroxidase Elite kit (Vector Laboratories Inc, Burlingame, CA) 
followed by a (nickel) 3,3’-diaminobenzidine (DAB) staining and 0,1% Nuclear 
Fast Red (Olig2, CD3, Ki67 and caspase-3) or Mayer’s Hematoxylin (CD68 and 
MPO) for background staining. Sections were dehydrated and cover slipped.

4
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To identify the mature and total number of oligodendrocytes, an immuno-
histochemical procedure for sequential double staining of CNPase and Olig2 
was applied. In this procedure, sections were treated as described above 
and incubated with the anti- CNPase antibody, followed by incubation 
with a biotinylated anti-mouse secondary antibody and visualization with 
3,3-diaminobenzidine (DAB; Dako). Before incubation with the Olig2 primary 
antibody, slides were blocked again with 5% BSA for 60 minutes. Cells that 
stained positive for Olig2 were visualized by HistoGreen (Linaris, E109).

Immunofluorescence.
To identify C. albicans in the brain tissue, immunofluorescence staining 
was performed as described previously [17] using a rabbit anti-C. albicans 
antibody (Meridian Life Science, Memphis, TN, working concentration 1:50) 
and appropriate Alexa Fluor 594-labelled secondary antibody (working 
concentration 1:200). Briefly, sections were deparaffinized, rehydrated and 
incubated in 0.25% ammonia dissolved in 70% ethanol for one hour on a shaker. 
Antigen retrieval was performed using citrate buffer (pH 6.0) in a microwave 
oven. Nonspecific binding was blocked by incubation with 10% goat serum 
for one hour followed by overnight incubation with primary anti-C.albicans 
antibody dissolved in 0.1% PBS with 0.2% Tween-20. For fluorescence staining, 
Alexa Fluor conjugated secondary antibody was used followed by incubation 
in 0.3% Sudan Black Solution to reduce auto-fluorescence. Counterstaining 
was done with the fluorescent nuclear marker Hoechst.

To assess neuronal injury, a Fluoro-Jade C staining was performed, which is 
a specific marker for identification of degenerating neurons [22, 23]. In this 
procedure, sections were deparaffinized, rehydrated and immersed in 0,06% 
potassium permanganate with 0,01% Hoechst for 10 minutes. Before immersing 
in the Fluoro-Jade C solution, sections were rinsed in running tap water for 1-2 
minutes. Immersion in the Fluoro-Jade C solution (Millipore, AG325) (0,01% 
stock solution in 0,1% acetic acid) was performed in the dark for 10 minutes. 
Sections were washed with distilled water and subsequently air dried at 50°C. 
Finally, sections were cleared with xylene for 1 minute before cover slipped 
using DPX.

Qualitative analysis.
H&E-stained sections were analyzed by three independent investigators and 
two neuropathologists, blinded to the experimental groups, to assess overall 
brain structure and inflammatory changes. The absence of tissue autolysis in 
our sections was confirmed by neuropathologists. The sections were examined 
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for the presence of hemorrhages, gliosis, (cytotoxic) edema, abscess 
formation, and structural damage, including cyst formation. C. albicans 
fluorescent and PAS-stained sections were examined for the presence of 
C. albicans.

Quantitative analysis. 
For the analysis of IBA-1, GFAP, MBP, CNPase, Olig2, and CD68 
immunoreactivity, digital images of the hippocampus, white matter (WM) and 
periventricular white matter (PVWM) were acquired using an Olympus AX-70 
microscope (Olympus, Tokyo, Japan) equipped with a black and white digital 
camera. From each section, one picture of the hippocampus was taken at a 20x 
magnification and images in the WM were taken at a 100x magnification of the 
gliotic foci and 4-6 consecutive images of the PVWM. The area fraction of IBA-1, 
GFAP and MBP immuno-reactivity was determined with a standard intensity 
threshold to determine positive staining using Qwin Pro V 3.5.1 software 
(Leica, Rijswijk, The Netherlands). Blood vessels and artefacts were excluded 
from analysis. The CNPase and Olig2 positive cells were counted using Qwin 
software and expressed as cells/mm2. Ki67, caspase-3, CD3 and MPO positive 
cells were counted in all brain regions, focusing on the cerebral vasculature. 
The digital images were acquired and analyzed by an independent observer 
who was blinded to the experimental groups. Fluoro-Jade C/Hoechst stainings 
were examined using the Olympus AX-70 fluorescent microscope. 

Data analysis. 
Statistical analysis was performed with GraphPad Prism software (version 
v5.0; GraphPad Software Inc., La Jolla, CA, USA). Results were analyzed using 
the non-parametric Kruskal-Wallis test with Dunnett’s post-hoc testing to 
compare different groups. Results are given as mean and standard error of the 
mean (SEM) with significance at p < 0.05.  

4
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Results

C. albicans culture.
C. albicans colonial morphology was confirmed by growth on Brilliance 
Candida Agar (Oxoid, Adelaide, Australia). Positive cerebrospinal fluid 
(CSF) cultures for C. albicans were detected in 67% (4/6) of the 3D C. albicans-
exposed animals and in 50% (3/6) of the 3D C. albicans/ Fluconazole-treated 
animals (Table 1). No positive cultures were present in the 5D C. albicans/
Fluconazole-treated group (0/5). Control animals had negative CSF cultures. 
Results of amniotic fluid and blood cultures were previously published by 
Maneenil and colleagues and are also summarized in the table [16]. 

No evidence of C. albicans invasion in the brain. 
Despite substantial numbers of animals with positive CSF cultures for C. 
albicans, PAS and immunofluorescent staining did not identify C. albicans in 
the parenchyma of the brains of any of the experimental groups (data not 
shown).

Pro-inflammatory cytokine response.
Significantly elevated plasma IL-6 concentrations were found in 50% (3/6) 
of the 3D C. albicans-exposed animals when compared to controls (Figure 2). 
40% (2/5) of the 5D C. albicans/Fluconazole-treated animals demonstrated 
elevated plasma concentrations of IL-6, however statistical significance was 
not reached. Plasma IL-6 concentrations in the controls, 1D Fluconazole- 
and 3D C. albicans/Fluconazole-treated animals were not detectable. 

Table 1. Candida albicans cultures. The ratio of C. albicans positive / total cultures are depicted. * 
Based on previously published data [16].

 Control 3D C. albicans
3D C. albicans 
and Fluconazole

5D C. albicans 
and Fluconazole

Cerebrospinal 
fluid 

3021 ± 328 2765 ± 312 2256 ± 305* 3040 ± 285

Fetal blood * 52.2 ± 4.5 50.8 ± 4.9 46.0 ± 2.8# 51.7 ± 7.0

Amniotic fluid * 1.7 ± 0.02 1.9 ± 0.02 2.1 ± 0.02* 1.7 ± 0.02
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Qualitative analysis of the brain. 
Qualitative analysis of H&E stained sections revealed no evidence of 
structural changes including intraventricular hemorrhages and cystic 
lesions in any of the experimental groups. However, the brains of C. 
albicans-exposed animals had increased cell density in the white matter 
which primarily consisted of glial cells and blood-derived macrophages, 
that cannot be distinguished from microglia (Figure 3). These gliotic 
lesions were primarily present in the gyral crests of the white matter and 
were more pronounced in 100% (5/5) of animals of the 5D C. albicans/
Fluconazole-treated group (Figure 3 C-D), and in 67% (8/12) of animals in 
the 3D C. albicans-exposed groups. Control animals had mild to no gliotic 
lesions (Figure 3 A-B). Interestingly, the subcortical white matter was not 
affected (Figure 3C).

4

Figure 2. Plasma IL-6 concentrations following 
intra-amniotic C. albicans and/or Fluconazole 
treatment. For statistical analysis, undetectable 
values were assigned an arbitrary value of 1 pg/
mL. * P≤0.05 vs. control; # P≤0.05 vs. 3D C. albicans/
Fluconazole.

Figure 3. H&E stained 
brain sections of control 
animals and 5D C. albicans/
Fluconazole-treated animals. 
Control animals (A,B) showed 
no to mild gliosis and the 5D 
C. albicans/Fluconazole-treated 
animals (C,D) showed severe 
gliotic foci in white matter 
of the gyral crest. A and C at 
25x magnification (scale bar = 
500 µm) and B and D at 200x 
magnification (scale bar = 100 
µm).
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Figure 4. Antenatal exposure to C. albicans caused microglia activation and subsequent myelin 
disturbances in the white matter. Significant increase (*, p<0.05) of the area fraction of IBA-1 
(A-D) immunoreactivity (IR) was observed in all C. albicans-exposed animals compared to controls 
irrespective of Fluconazole (F) treatment. Significant increase (*, p<0,05) of the area fraction of 
CD68 IR (E-H) was observed in animals of the 5D C. albicans/Fluconazole group. A decrease of 
MBP IR (I-L) was observed which did not reached significance (#, p < 0.1) in the 3D C. albicans-
exposed group compared to the controls irrespective of Fluconazole treatment. Representative 
figures show that the area fraction of the IBA-1 IR is higher in the 3D C. albicans group (C) and 5D C. 
albicans/Fluconazole-treated group (D) compared to the control group (B). Morphological analysis 
showed a higher density of amoeboid microglia present in the white matter after C. albicans 
exposure (inserts). In these regions with microglia activation, myelin disturbances and loss of 
myelin fibers were found in the 3D C. albicans-exposed (G) and the 5D C. albicans/Fluconazole-
treated (H) group. Figures of the 3D C. albicans/Fluconazole-treated group are not depicted here. 
Images taken at 100x magnification (insert at 400x magnification), scale bar= 500 µm.
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Antenatal exposure to C. albicans caused microglia/macrophage 
and astrocyte activation in the hippocampus and white matter 
The neuroinflammatory changes as indicated by the more 
pronounced presence of gliotic foci, in C. albicans-exposed animals were 
further evaluated by immunohistochemical analysis of the microglial 
marker IBA-1. This staining demonstrated IBA-1 immunoreactivity (IR) 
distributed throughout the white matter in distinct foci in the C. albicans 
exposed animals. These foci were primarily detected at the gyral crests 
of the white matter which corresponds with the increased cell density 
found in the H&E staining. This finding is substantiated by an increase 
of IBA-1 IR within these foci after intra-amniotic exposure to C. albicans 
irrespective of Fluconazole treatment compared to control group and/or 1D 
Fluconazole group (Figure 4A-D). These foci comprised microglia of both 
ramified and amoeboid morphology. However, quantification of microglial 
activation based on microglial morphology was hampered by the high cell 
density within these foci. Immunoreactivity of CD68, representative for 
activated microglia/phagocytosing macrophages [24], was increased in the 
5D C. albicans/Fluconazole group compared to controls (Figure 4 E-H). No 
significant changes in IBA-1 immunoreactivity in the periventricular white 
matter were observed. However, in 17% (1/6) of the 3D C. albicans animals 
and 60% (3/5) of the 5D C. albicans/Fluconazole animals, foci containing 
CD68 positive cells were found in the periventricular white matter (data 
not shown). Besides an increase in IBA-1 immunoreactivity, an increase 
of the astrocyte marker glial fibrillary acidic protein (GFAP) was found in 
the hippocampus after intra-amniotic exposure to C. albicans compared to 
the control group and/or 1D Fluconazole group (Figure 5). Administration 
of Fluconazole irrespective of pre-exposure to C. albicans did not induce 
changes in IBA-1 or GFAP immunoreactivity. 

4
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4< Figure 5. Antenatal exposure to Candida albicans caused microglial (IBA-1) and astrocyte 
(GFAP) activation in the hippocampus. A significant increase (*, p<0.05) of the area fraction 
of IBA-1 (A-D) and GFAP (E-H) immunoreactivity (IR) was observed in all C. albicans-exposed 
animals compared to controls irrespective of Fluconazole (F) treatment (A,E). No significant 
changes were found in the Fluconazole treated animals compared to controls. Representative figures 
show that the area fraction of the IBA-1 IR and GFAP IR was higher in the 3D C. albicans group (C,G) 
and 5D C. albicans/Fluconazole-treated group (D,H) compared to the control group (B,F). Images at 20x 
magnification (inserts at 200x magnification), scale bar = 100 µm.

Figure 6. Myelin disturbances are accompanied by a loss of mature oligodendrocytes. A significant 
decrease (*, p<0.05) of the ratio between CNPase positive mature oligodendrocytes and total number of 
cells of oligodendroglial lineage (Olig2 positive) was observed following 3D C. albicans and Fluconazole 
(F) treatment and 5D C. albicans-exposed groups and Fluconazole treatment compared to controls. (A,B) 
Graphical representation of the CNPase (A) and Olig2 (B) data; (C) Graphical representation of the 
CNPase/Olig2 ratio; (D-E) representative figures of CNPase/Olig2 double stain in (D) controls and (E) 
5D C. albicans-exposed animals indicating an apparent loss of CNPase positive cells. Images taken at 
200x magnification (insert at 400x magnification), scale bar = 100 μm.

There was reduced MBP immunoreactivity within regions of overt 
microglial activation in the 3D C. albicans-exposed animals. In addition, 
myelin texture was disturbed in all C. albicans-exposed animals whereas 
no myelin disturbances were observed in control animals (Figure 4 I-L). 
The apparent loss of MBP IR and altered texture of myelin prompted us 
to further investigate the ratio between mature and total oligodendroglial 
lineage cells. Double staining for CNPase and Olig2 revealed a significant 
decrease of CNPase positive cells in the 3D C. albicans/Fluconazole and 5D 
C. albicans/Fluconazole groups whereas the number of Olig2 positive cells 
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remained identical, thereby resulting in a decreased ratio of mature versus 
total oligodendrocytes in these animals (Figure 6 A-E). 

Antenatal exposure to C. albicans did not result in neuronal 
degeneration 
In all experimental groups no Fluoro-Jade C positive neurons were detected 
throughout the brain sections (data not shown). 

MPO and CD3
MPO- and CD3-positive cells were sporadically detected in the cerebral 
vasculature of the choroid plexus and meninges. No MPO- and CD3-positive 
cells were found in the cerebral white matter. No differences were seen 
between all experimental groups (supplementary figure 1).

Ki67 and caspase3
An increase in Ki67 and caspase-3 positive cells was found in the white 
matter and hippocampus of the 5D C. albicans/Fluconazole group compared 
to controls (Figure 7 A-H, Table 2). Moreover, in the periventricular white 
matter, an increase in caspase-3 positive cells was observed. 
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Figure 7. Antenatal exposure to Candida albicans resulted in increased proliferation and apoptosis in 
the subcortical white matter and hippocampus. A significant increase (*, p<0.05) of KI67 and caspase-3 
positive cells were observed following 5D C. albicans with Fluconazole treatment in the white matter 
(E,G) and hippocampus (F,H) compared to controls (A,B,C,D). Images taken at 200x magnification, scale 
bar = 100 μm.
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4
Supplementary figure 1. Antenatal 
exposure to C. albicans does not result 
in infiltration of peripheral immune 
cells. (A-B) representative pictures of CD3 
positive T lymphocytes in the meninges 
of (A) controls and (B) 5D C. albicans /
Fluconazole animals. (C-D) representative 
pictures of MPO positive neutrophils in 
the choroid plexus of (C) controls and (D) 
5D C. albicans /Fluconazole animals.

Table 2. Ki67 and Caspase-3 postive cells. Ki67 and Caspase-3 positive cells expressed as mean (±SD). 
* < 0.05 versus control. 

 Control
1D 
Fluconazole

3D C. 
albicans

3D C. 
albicans and 
Fluconazole

5D C. 
albicans and 
Fluconazole

Ki67 + cells / mm2

White matter 11.2
(7.2)

41.6
(38.7)

21.9
(16.4)

54.7
(71.0)

56.0
(31.1) *

Periventricular white 
matter 

7.6
(9.1)

14.4
(11.2)

17.6
(14.2)

8.6
(10.7)

20.9
(18.9)

Hippocampus 5.6
(4.2)

16.8
(13.6)

22.2
(27.5)

13.1
(13.0)

33.4
(27.0) *

Caspase3 + cells / mm2

White matter 12.8
(13.6)

14.1
(11.1)

23.7
(33.2)

16.9
(6.8)

40.2
(22.6) *

Periventricular white 
matter 

26.1
(11.4)

35.4
(24.4)

93.4
(110.2)

46.4
(29.1)

155.1
(22.4) *

Hippocampus 364.3
(175.3)

264.4
(19.6)

443.2
(198.8)

313.4
(117.0)

726.3
(317.9) *
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Discussion

The main finding of this study is that 3 days of intra-amniotic exposure to 
C. albicans resulted in increased microglial and astrocyte activation with 
subsequent focal white matter disturbances in the preterm ovine brain. At 
this stage, C. albicans positive CSF cultures were detected without C. albicans-
positive immunostainings of the brain. This may indicate that cerebral 
inflammation and injury in the acute phase after intra-amniotic C. albicans 
delivery is not caused by invasion of C. albicans in the brain parenchyma 
[25, 26]. This concept is supported by the absence of neutrophils in the brain 
parenchyma since neutrophils are known to aggravate disruption of the 
blood-brain barrier promoting further invasion of C. albicans in the brain 
[25]. However, we cannot rule out the possibility that low titers invaded 
the brain, since the initial phase of C. albicans invasion does not require a 
disruption of the blood-brain barrier and such low fungal burden of the 
brain cannot be detected by histology or immunofluorescence [15, 25]. 

Since C. albicans was not detected in the fetal brain, we considered that 
severe systemic immune activation, as shown in the present and previous 
studies [16, 17], was (primarily) responsible for the acute changes observed 
in the fetal brain 3 days post-C. albicans infection of the amniotic cavity for 
the following reasons: Pro-inflammatory cytokines, such as IL-6, contribute 
to activation of the endothelium of the blood-brain barrier, which in turn 
activate adjacent microglia and astrocytes, ultimately resulting in a cerebral 
inflammatory response [27-31]. In line with this, systemic inflammation is 
known to be causally involved in the induction of white matter injury - as 
seen in our model [32, 33]. In addition, IL-6 was shown to be involved in 
the inhibition of neurogenesis [28] and the development of hyper-excitable 
neurological conditions including epilepsy, psychoses, anxiety and autism 
spectrum disorders in experimental models [34]. 

Notably, increased circulatory IL-6 concentrations were not always paralleled 
by positive blood cultures in our study. This finding can be explained by 
earlier studies [35, 36] in which the presence of a pro-inflammatory trigger 
in the amniotic fluid caused systemic inflammation without migration of 
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microorganisms or their components into the fetal circulation.
Intra-amniotic C. albicans caused a heterogeneous pattern of cerebral 
immune activation as illustrated by increased IBA-1 immunoreactivity 
in all C. albicans exposed animals. These regions of overt microgliosis were 
strongly associated with white matter injury within these specific regions. 
Moreover, expression of CD68, which is important for the phagocytic 
activity of macrophages/microglia, was increased at 5 days post exposure, 
and might play a prominent role the clearance of debris including injured 
mature oligodendrocytes and myelin [37].

White matter injury in this study was illustrated by reduction of MBP 
IR at 3 days post C. albicans exposure, disrupted myelin texture in all C. 
albicans exposed animals and a deficit of mature oligodendrocytes which 
was most prominent in the 5 days C. albicans/Fluconazole group. This 
white matter injury is considered to be the result of activated microglia as 
seen in our study, which produce cytokines, free radicals, nitric oxide, and 
excitotoxic amino acids, all detrimental for oligodendrocytes and myelin 
[7, 38]. In addition, the most prominent loss of mature oligodendrocytes 
in the 5 days C. albicans/Fluzonazole group is most likely the result of 
clearance of these cells by phagocytizing microglia as previously stated. 
This deficit was paralleled by replenishment of the oligodendrocyte pool 
via two mechanisms. First oligodendrocyte progenitors could migrate 
to the site of injury [39, 40]. Second increased oligodendrocyte numbers 
could be the consequence of increased proliferation [39, 41], which would 
be consistent with our Ki67 data. However, increased Ki67 positive cells 
do not exclusively identify oligodendrocyte proliferation but could also 
comprise other cell types. In particular, the increase of Ki67 positive cells 
could also, in part, account for microglial proliferation, since we observed 
an increase of microglia within these regions.

Nonetheless, the observed replenishment of oligodendrocytes is considered 
to be initiated as compensation for the observed reduction of mature 
oligodendrocytes [39, 41]. It is tempting to speculate that these progenitors 
might fail to mature into functional myelin producing oligodendrocyte 
since this phenotype has previously been reported in experimental models 
of perinatal stress [42-44] and in human neonates with periventricular 
leukomalacia [39]. Finally, such oligodendrocyte maturation arrest 
correlates with motor deficits characteristic for cerebral palsy [38, 44, 45]. 
In conjunction with white matter injury, grey matter injury is increasingly 
recognized as a contributor to adverse neurodevelopmental outcome [35]. 

4
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However, in our study no degenerating neurons were observed [23, 22]. 
Although it is not likely that neurodegeneration is already pertinent in the 
5D C. albicans/Fluconazole group, we cannot exclude the possibility that 
the absence of Fluoro-Jade staining at 5 days post exposure is the result 
of already degenerated and dead neurons. In addition, cerebral palsy 
also comprises cognitive impairments [7, 8] for which we analyzed the 
hippocampus in which a similar inflammatory response was observed 
which is consistent with our previous results [46, 21].

We previously reported that intra-amniotic C. albicans rapidly colonizes 
the amniotic fluid, causing inflammation of the fetal skin and lungs, and 
progresses into a fetal systemic inflammatory response causing fetal death 
within 5 days after exposure [16, 17]. In the present study we show that 
Fluconazole administration eradicated C. albicans from the CSF and reduced 
systemic inflammation. Importantly, reduction of the fungal burden and 
inhibition of systemic immune activation following Fluconazole treatment 
was not accompanied by attenuation of cerebral inflammation and injury. 
Multiple studies have demonstrated that cerebral inflammation acquired 
during early fetal development continues postnatally and might even 
persist into adulthood [47, 48]. Therefore, we consider that the observed 
cerebral inflammatory response following intra-amniotic C. albicans 
exposure is a persistent reaction that is initiated by peripheral immune 
activation. Although Fluconazole treatment did not protect against 
structural cerebral injury in this acute phase, the observed inhibition of 
systemic immune activation might be clinically relevant, since prolonged 
and aberrant systemic immune activation are known to induce blood-brain 
barrier disruption, thereby facilitating cerebral invasion of C. albicans and 
substantially aggravating cerebral injury resulting in increased morbidity 
and mortality [26]. Collectively, previous and current findings suggest 
that timing of infection and the start of antifungal treatment regimen 
are important in the initiation, maintenance, and possible resolution of 
neuroinflammation and structural injury in the fetal brain. The current 
study provides important insight in the sequelae of events that contribute 
to induction of adverse outcomes of the premature brain following intra-
amniotic C. albicans infection. In addition, this study points out that 
Fluconazole treatment should be started immediately after intra-amniotic 
exposure to C. albicans considering the narrow therapeutic time window to 
reduce morbidity and mortality. Therefore, further research should focus 
on timing, frequency and dosing of antifungals in the presence or absence 
of immunomodulatory treatment [49].
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Fluconazole treatment was not associated with adverse effects in our 
study, which is in line with the findings of Maneenil and colleagues 
in the same model [16] and studies demonstrating that teratogenic effects of 
Fluconazole are exclusively seen when used in the first trimester at higher 
doses and after multiple gifts [50]. The administered Fluconazole dose in 
this study mimics the amount used in systemic neonatal candidiasis in 
which no adverse long-term brain pathology and behavioral deficits are 
currently described [50]. In addition, clinical in utero administration of 
Fluconazole prolonged pregnancy in two cases of intra-amniotic C. albicans 
infection without adverse treatment effects on the fetus [13]. 

We note that our study has several limitations. We only tested one dose 
and frequency of Fluconazole administration. In addition, we were not 
able to correlate histological changes to functional neurological outcomes. 
However, several studies previously established an association between 
endotoxin-induced chorioamnionitis and functional EEG changes [51, 52, 
43]. 

Conclusions

We have shown that intra-amniotic exposure to C. albicans results in an 
acute systemic and neuroinflammatory response with concomitant white 
matter injury. Although systemic immune activation was significantly 
inhibited following Fluconazole treatment, modulation of the cerebral 
inflammatory response and prevention of concomitant white matter injury 
was not found. 
This study forms the essential basis for follow up studies in which the 
timing, frequency and dosing of antifungal treatment must be explored 
and alternative/additional neuroprotective treatment options including 
immunomodulatory interventions can be tested.

4
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Abstract 

Background 
Involvement of the cerebellum in the pathophysiology of hypoxic-ischemic 
encephalopathy (HIE) in preterm infants is increasingly recognized. We 
aimed to assess the neuroprotective potential of intravenously administered 
Multipotent Adult Progenitor Cells (MAPC®) in the preterm cerebellum.

Methods 
Instrumented preterm ovine fetuses were subjected to transient global 
hypoxia-ischemia (HI) by 25 minutes of umbilical cord occlusion at 0.7 of 
gestation. After reperfusion, two doses of MAPC cells were administered 
intravenously. 

Results 
Global HI caused marked cortical injury in the cerebellum, histologically 
indicated by disruption of cortical strata, impeded Purkinje cell 
development and decreased dendritic arborisation. Furthermore, global HI 
induced histopathological microgliosis, hypomyelination and disruption 
of white matter organization. MAPC cell treatment signifi cantly prevented 
cortical injury and region-specifi cally attenuated white matter injury 
in the cerebellum following global HI. Diff usion tensor imaging (DTI) 
detected HI-induced injury and MAPC cell neuroprotection in the preterm 
cerebellum. 

Conclusion
This study has demonstrated in a preclinical large animal model that 
early systemic MAPC therapy improved structural injury of the preterm 
cerebellum following global HI. Microstructural improvement was 
detectable with DTI. These fi ndings support the potential of MAPC cell 
therapy for the treatment of HIE and the added clinical value of DTI for 
the detection of cerebellar injury and the evaluation of cell-based therapy.
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5

Signifi cance statement 

Cerebellar injury after asphyxia was reduced with systemic multipotent 
adult progenitor cells (MAPC) therapy. These fi ndings in the cerebellum 
essentially extended our previous experimental work showing that MAPC 
cells induced structural and functional neuroprotection after asphyxia 
in the ovine cerebrum. MAPC cells are a clinical-grade product with 
extensively proven safety and a recent clinical trial in adult stroke patients 
showed that MAPC cells improved functional outcomes after 1-year follow-
up. Our work in a relevant large animal model with clinical-grade stem 
cells greatly improve the potential for translation into neonatal medicine.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) is an important cause of mortality and 
morbidity in preterm neonates [1]. Global hypoxic-ischemic encephalopathy 
in preterm infants affects individual brain regions differently [1, 2]. HIE was 
recognized primarily as a white matter disease of the cerebrum, leaving cerebellar 
involvement underappreciated in the clinical setting [2]. However, previous 
findings demonstrate that cerebellar injury plays an important role in the high 
prevalence of non-motor deficits (i.e. cognition, learning and behavior) in survivors 
of prematurity [3]. 

During the third trimester of pregnancy the cerebellum exhibits a rapid increase in 
growth and development [2]. Any disturbance of cerebellar growth e.g. by hypoxia-
ischemia or inflammation, may lead to irreversible aberrations of the cerebellar 
integrity [2, 4]. Moreover, cerebellar lesions in the developing brain can cause or 
aggravate contra-lateral supratentorial deficits (cerebellocerebral diaschisis) [2]. 
Until recently, acute cerebellar injuries were rarely detected with conventional 
clinical neuroimaging, such as T1- and T2-weighted magnetic resonance 
imaging (MRI) [5]. Clinical imaging studies using new advanced MRI modalities, 
including diffusion tensor imaging (DTI), however showed that cerebellar injury 
in premature survivors with neonatal encephalopathy is common and associated 
with adverse clinical outcome [6]. Moreover, disturbed cerebellar development in 
prematurely born children can still be detected at school age/adolescence with 
advanced neuroimaging [7].

Therefore, protection of the cerebellum following preterm birth and/or HI is 
clinically highly relevant and cell-based therapy has proven to be a promising 
treatment to improve neurodevelopmental outcomes in preterm infants [8]. We 
have previously shown that intravenous administration of mesenchymal stem cells 
(MSC) and multipotent adult progenitor cells (MAPC) protect cerebral structure 
and function in a fetal sheep model of HIE [9, 10]. In this model of preterm brain 
injury, we demonstrated that the injurious effects of global hypoxia-ischemia and 
therapeutic effects of intravenous stem cell therapy could be readily detected in 
the cerebral white matter using DTI [9].
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5The primary aim of this study was therefore to assess the neuroprotective 
potential of MAPC cells in the cerebellum following global hypoxia-ischemia 
(HI). We hypothesized that MAPC cell therapy would reduce structural 
injury in the preterm cerebellum following global HI. To test this hypothesis, 0.7 
gestation instrumented fetal sheep were exposed to global hypoxia-ischemia by 
umbilical cord occlusion and subsequently treated with intravenously delivered 
MAPC cells. Cerebellar injury was assessed by histopathology and diffusion 
weighted MRI.
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Material and methods

Study approval
All animal procedures were performed in accordance with the guidelines 
and approval of the institutional Animal Ethics Research committee of 
Maastricht University, The Netherlands.

Multi-potent Adult Progenitor Cells 
Multipotent adult progenitor cells (MAPC) are a plastic adherent bone-
marrow derived population of adult progenitor cells with long-term 
culture expansion and potency [11, 12]. MultiStem®, the clinical grade 
MAPC product, is currently being tested for neuroprotection in an 
international phase III trial of adult stroke (clinicaltrial.gov NCT03545607) 
[13]. Differentiation capacity, functional characteristics and genomic and 
epigenetic stability of the MAPC cells were confirmed as previously 
described [11, 12]. MAPC cells were expanded under Good Manufacturing 
Practice (GMP) as previously described [14] and stored in liquid nitrogen. 
Before administration, the MAPC cells were thawed and washed twice 
and suspended in PBS at a concentration of 10 x 106 cells/ml. The fetuses 
randomized to MAPC cell treatment received two intravenously delivered 
doses of 10 x 106 cells in 1 ml PBS.

Experimental design
Fetuses of time-mated Texel ewes were instrumented as previously 
described [9]. The outcome of the cerebrum of these animals has been 
previously reported [10]. We assessed the cerebellum of twenty-three (n=23) 
singleton fetuses (both sexes), which had been randomly assigned to one of 
the four following experimental groups: (1) sham umbilical cord occlusion, 
saline treatment (sham-SAL; n=8), (2) sham umbilical cord occlusion, 
MAPC treatment (sham-MAPC; n=3), (3) umbilical cord occlusion, saline 
treatment (HI-SAL or HI; n=7) and (4) umbilical cord occlusion, MAPC 
treatment (HI-MAPC; n=5). Power analysis indicated that with a sample 
size of n=5 in the HI-MAPC group significant treatment effects could be 
detected in the cerebellum, which was based on previous reported MAPC-
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5mediated white matter protection in the cerebrum [10]. Previous 
clinical [13] and experimental [10, 15-17] work has extensively shown 
safety of MAPC cells under control conditions. Therefore, a smaller 
sham-MAPC group of n=3 was considered acceptable to exclude MAPC-
induced changes in the cerebellum under sham conditions. 

Fetal instrumentation was performed at 102 days of gestation (experimental 
day -4). At 106 days of gestation (experimental day 0) fetuses were subjected 
to 25 minutes of umbilical cord occlusion (UCO) or sham conditions. At 
the time of UCO, brain maturation is broadly equivalent to 30 weeks of 
human gestation which coincides with the high-risk window of brain 
injury in preterm infants [18]. The dynamics of physiological parameters 
during UCO were previously reported [10]. Fetuses received two doses of 
MAPC cells or an equal volume of the vehicle (1 hour and 4 days following 
UCO). Randomization, (sham) UCO and tissue sampling was performed by 
investigators who were blinded for treatment allocation.

Brain sampling
After a reperfusion period of 7 days, animals were sacrificed at 113 
days of gestation with intravenous pentobarbitone (200 mg/kg). Brains 
were collected and the right hemisphere was submersion fixated in 4% 
paraformaldehyde (PFA) at 4°Celsius for 3 months.

Magnetic Resonance Imaging
To wash out the PFA, forty-eight hours prior to MRI imaging the right 
hemisphere was washed with PBS and stored in PBS containing 1% sodium 
azide. DTI images were acquired using an echo planar imaging (EPI) sequence 
with diffusion gradients (b=4000 s/mm2) applied in 66 non-collinear directions 
and 6 B0 measurements. An average of 60 slices was recorded within 36 
minutes using a repetition time (TR) = 500 ms and echo time (TE) = 75 ms. 
Isovolumetric voxel size was 0.5 mm3. The FOV was 30x60x60 mm and scan 
matrix size 60x120x60 mm.

Diffusion weighted images were processed using ExploreDTI version 
4.8.6 running in Matlab (R2015, The MathWork Inc., Natick, MA) [19]. To 
optimize image quality, all datasets were corrected for motion, EPI-induced 
distortions and Eddy currents [19, 20]. Diffusion tensors were calculated 
robustly using the REKINDLE approach to exclude motion-induced 
outliers prior to tensor estimation [21]. For each dataset, color-coded FA 
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maps were spatially aligned with the T2 image, and visualized as a semi-
transparent overlay on the T2 maps. This visualization approach improved 
localization of the desired anatomical regions of interest. After region of 
interest (ROI) placement in the cerebellum (white matter and cortex) FA 
values were obtained for each ROI in Explore DTI. Manual delineation of 
ROIs was performed by a neonatologist with expertise in DTI analysis who 
was blinded for the treatment allocation. 

Histology and immunohistochemistry 
The right hemisphere of the cerebellum was embedded in paraffin and serial 
sagittal sections (4 µm) were cut with a Leica RM2235 microtome (Leica, 
Rijswijk, The Netherlands) [22]. At the intersection of the cerebellar peduncles, 
Nissl and Luxol Fast Blue (LFB) stainings were performed for morphological 
and anatomical analysis. Immunohistochemical analysis were performed on 
three sections per animal (every 10th consecutive section). Adjacent sections 
were stained with an anti-ionized calcium binding adaptor molecule 1 (IBA-1) 
antibody (019-19741, Wako Pure Chemical Industries) for microglia, a glial 
fibrillary acidic protein (GFAP) antibody (ZO334, Dako) for astroglia, a myelin 
basic protein (MBP) antibody (MAB386, Milipore) for mature oligodendrocytes 
and myelin, a calbindin antibody (CB-38a, Swant) for Purkinje cells (PC) and 
a cleaved caspase-3 antibody (#9664, Cell signaling) for apoptotic cell death.  

Endogenous peroxidase activity was inactivated with 0.3% H2O2 treatment. 
Antigen retrieval was performed by microwave boiling of tissue sections in 
citrate buffer (pH 6.0) [22]. Nonspecific binding was blocked by incubation 
with bovine, goat or donkey serum in PBS. Sections were incubated overnight 
at 4°C with the diluted primary antibody (IBA-1, GFAP, MBP & Caspase-3 
1:1000; calbindin 1:6000). The following day sections were incubated with the 
specific secondary antibody and staining was enhanced with a Vectastain 
ABC peroxidase Elite kit (Vector Laboratories Inc, Burlingame, CA) and (nickel) 
3,3’-diaminobenzidine staining. 

Qualitative analysis 
Nissl stained sections were analyzed by a neuropathologist with expertise in 
the field of neonatal brain injuries and two independent researchers who were 
blinded for the experimental set up. Sections were assessed for structural and 
inflammatory changes including the presence of gliosis, hemorrhages and 
structural damage, including cyst formation. LFB sections were evaluated for 
myelin structure and myelin abnormalities. 
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5Quantitative analysis of Nissl staining 
The thickness of cerebellar strata was measured on Nissl stained sections. 
The molecular layer (ML) and external granular layer (EGL) thickness 
were determined in ImageJ 1.49v (U. S. National Institutes of Health, Bethesda, 
Maryland, USA) using 20x images of lobule I – X from Nissl stained cerebellar 
sections. The thickness of the ML was defined as the distance between the 
top of the Purkinje cell (PC) soma and the internal border of the EGL. EGL 
thickness was determined relative to the ML. Measurements were performed 
in duplicate by two independent researchers on 20 images per animal. One 
image was taken of the crest and one of the insert of each lobule (lobule I-X) 
(Figure 1), resulting in 20 images per animal. 

Quantitative analysis of immunohistochemical stained sections
Immunohistochemical stainings were analyzed using a light microscope 
(Leica DM2000) equipped with Leica QWin Pro version 3.4.0 software (Leica 
Microsystems, Mannheim, Germany). Inflammatory changes were assessed 
by IBA-1 immunoreactivity (IR) and white matter alterations were assessed 
by MBP IR in the anterior cerebellum (lobule III) and posterior cerebellum 
(lobule IX) (Figure 1). Region of interests were both the white matter and 
cortex of the cerebellum; as illustrated in Figure 1 the cortical region of interest 
comprised all three cortical layers i.e. IGL, ML and EGL, whereas the white 
matter was marked from the beginning of the lobe till the boundary of the 
IGL. Area fractions were determined using a standard threshold to detect 
positive staining with Leica QWin Pro V 3.5.1 software (Leica, Rijswijk, The 
Netherlands). In the same regions, caspase positive cells were counted and 
expressed as positive cells / mm2. 

PC density was quantified by counting all cell somas positive for calbindin 
that intersect with a horizontal line of known length and then dividing the 
number of cells by the length of the line. Counting was performed in lobule III 
and IX in four random fields of views per lobule.   
The areal densities of GFAP+ cells and in particular GFAP+ Bergmann glia 
that are only located in the ML, were determined by measuring area fractions 
of GFAP IR in the cerebellar white matter and IGL and ML of the cerebellar 
cortex using Leica QWin Pro V 3.5.1 software (Leica, Rijswijk, The Netherlands). 
In addition to area fractions, the linear density of the Bergmann glial fibers 
(GFAP+ fibers) in the ML was determined using ImageJ. Perpendicular to the 
Bergmann glial fibers a horizontal line was drawn and fibers that intersected 
this line were counted in three random fields of view in lobe III and three in 
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lobe IX (6 fi elds of view per animal). Linear density was calculated by dividing 
the number of intersecting fi bers by the length of the line and displayed in 
intersections/mm.

Statistical analysis
All values are shown as means with 95% confi dence interval or standard 
deviations with signifi cance level at p < 0.05. Comparison between diff erent 
experimental groups was performed with analysis of variance (ANOVA) 
and Bonferroni post-hoc testing. In case data were positively skewed, 
log-transformation was applied to obtain normal distributed data or 
non-parametric Kruskal-Wallis test was performed with Dunn’s post-hoc 
testing. Statistical analysis was performed with IBM SPSS Statistics Version 
22.0 (IBM Corp., Armonk, NY, USA; SPSS, RRID: SCR_002865) and GraphPad 
Prism software (version v5.0; GraphPad Software Inc., La Jolla, CA, USA).
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Figure 1. Overview of quantitative analysis. (A-B) Immunohistochemical Nissl staining depicting regions of 

interest in the cerebellum. (A) Thickness of the external granular layer and molecular layer was measured in the 

crest (*) and inserts (**) of the anterior lobe and the posterior lobe of the cerebellum. (B) Immunohistochemical 

stainings were analyzed in lobe III and in lobe IX and in the cerebellar peduncles. The black squares indicate 

the regions of interest in cerebellar white matt er, cerebellar cortex and the peduncles. AL = anterior lobe; PL = 

posterior lobe; * = crest of the lobule; ** = insert of lobule.
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5

Results

The structural and functional benefits of MAPC in the cerebrum after 
global HI and reproducibility of physiological parameters of the animals in 
this study have been previously reported [10]. One animal in the HI-MAPC 
group was excluded from analysis because of maternal postoperative 
complications necessitating early delivery (day 3 post UCO) of the fetus 
before the end of the experiment (day 7 post UCO). In the cerebellum, no 
significant differences in histopathological and neuroimaging outcome 
parameters were found between the sham-SAL and sham-MAPC group 
which is consistent with previous experimental studies [10, 15, 17]. 
Therefore, sham-SAL and sham-MAPC groups were pooled and presented 
as one control (CTR) group.

MAPC cell therapy prevented histopathological alterations in the 
cerebellar cortex after global HI
Global HI significantly induced a decrease of the ML thickness (CTR vs. HI 
p < 0.001) and not an increase of the EGL thickness (CTR vs. HI p = 0.161). 
This resulted in a significant increase of the EGL/ML-ratio (CTR vs. HI 
p = 0.007) (Figure 2). Following HI, cortical layers were morphologically 
less defined and cellular density within the EGL and ML was increased 
following HI compared to control animals (Figure 2). 

Purkinje cells (PCs) were analyzed based on cell number and morphology 
by means of Nissl and calbindin staining. Nissl staining showed that global 
HI reduced the number of morphologically normal PCs, increased empty 
spaces or gaps within the PC layer and increased the number of pyknotic 
PCs (Figure 2). Pyknotic PCs showed shrunken nuclei with chromatin 
condensation and reduced or bright pink, acidophilic cytoplasm (Figure 
2D, insert). Moreover, there were more PCs present in the internal granular 
layer (IGL) and cerebellar white matter following HI compared to controls, 
indicating more ectopic PCs (data not shown). 

Global HI-induced loss of PCs was confirmed by a significant (CTR 
vs. HI p < 0.001) decrease of calbindin+ cells following HI (Figure 2). In 
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addition, dendritic arborisation of calbindin+ cells was reduced following 
HI compared to controls indicating altered Purkinje cell development or 
injury (Figure 2). Interestingly, the reduction of dendritic arborisation in 
the cerebellar cortex was more pronounced in the anterior lobes compared 
to the posterior lobes of the cerebellum (Figure 3), indicating region-specifi c 
neuronal vulnerability in the cerebellum after global HI. Moreover, in the 
anterior lobe (Figure 3E) markedly more ‘gaps’ within the PC layer were 
detected as compared to the posterior lobe (Figure 3G), indicating that loss 
of PCs was more pronounced in the anterior lobe. Overall, no signifi cant 
diff erences (CTR vs. HI p = 0.121) in caspase-3+ cells were found following 
global HI. 

Figure 2. MAPC treatment protected HI-induced cerebellar 
cortical alterations. Graphical presentation of (A) EGL/ML-ratio, 
(E) calbindin+ cells and (I) GFAP linear density in the cerebellar 
cortex. Means ± 95% CI and levels of signifi cance are depicted. 
Immunohistochemical (B-D) Nissl, (F-H) calbindin and (J-L) 
GFAP staining in the cerebellar cortex at 400x magnifi cation. 
Global HI increased the EGL/ML-ratio and decreased the number 
of calbindin+ cells in the preterm cerebellum. Furthermore, 
global HI increased the number of pyknotic cells (arrow in insert 
of panel C), caused more ‘gaps’ within the PC layer (arrowhead 
in panel C) and disturbed dendritic arborisation of PCs (panel 
G). MAPC cell therapy signifi cantly prevented the increase of 
EGL/ML-ratio and loss of calbindin+ cells after global HI. HI 
and MAPC treatment did not induced changes in GFAP linear 
density. CTR = control, HI = hypoxia-ischemia, EGL = external 
granular layer, ML = molecular layer. Scale bar = 50 µm.
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5Systemic MAPC cell administration prevented the alterations of 
cerebellar cortical strata after global HI as shown by a signifi cantly 
decreased EGL/ML ratio in the total cerebellum (HI vs. HI-MAPC 
p = 0.006). MAPC cell therapy prevented HI-induced loss of Purkinje cells 
as evidenced by signifi cantly increased number of calbindin+ cells in the 
total cerebellum (HI vs. HI-MAPC p < 0.001). Furthermore, the MAPC 
cells prevented loss of dendritic arborisation after global HI (Figure 2). No 
signifi cant diff erences in EGL/ML ratio were found between the control 
(CTR) and treatment group (HI-MAPC).

Figure 3. The anterior cerebellum displayed a morphological phenotype distinctly diff erent from 
the posterior cerebellum following HI.(A-D) Graphical presentation of EGL/ML-ratio and calbindin+ 
cells in the (A-B) anterior lobe and (C-D) posterior lobe. Means ± 95% CI and levels of signifi cance are 
depicted. (E-H) Immunohistochemical (E, G) Nissl and (F, H) calbindin staining in the cerebellar cortex 
at 100x magnifi cation. Global HI induced more pronounced disruption of cortical layers and loss of 
calbindin+ cells in the (E, F) anterior lobe compared to the (G, H) posterior lobe of the cerebellum. 
More ‘gaps’ (arrows in panel E) within the PC layer of the anterior lobe were seen as compared to 
the posterior lobe. MAPC cell therapy prevented HI-induced calbindin+ cell loss in both lobes and 
prevented disruption of cortical strata in the posterior lobe. CTR = control, HI = hypoxia-ischemia, EGL 
= external granular layer, ML = molecular layer. Scale bar = 200 µm.
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Cortical Bergmann glia were not altered after global HI and MAPC 
cell therapy
We assessed linear fiber density of GFAP+ Bergmann glia, which are 
specialized astrocytes located in the ML of the cerebellar cortex and act 
as a migration scaffold for granule cells which in turn are important for 
PC development [23, 24]. Fiber linear density was not significantly altered 
following global HI (CTR vs. HI p = 0.443) (Figure 2I-L). Systemic MAPC 
cell administration did not alter GFAP+ fiber linear density in the cerebellar 
cortex following HI (HI vs. HI-MAPC p = 0.992) (Figure 2I-L). 

No significant differences in GFAP IR were found in the cerebellar white 
matter (CTR vs. HI p = 0.999) and cerebellar cortex GFAP IR (CTR vs. HI p 
= 0.999) after global HI. MAPC cell administration significantly increased 
GFAP IR in the cerebellar cortex following HI (HI vs. HI-MAPC p = 0.017) 
(Figure 2I-L). MAPC cells did not alter GFAP expression in sham conditions. 

MAPC cell therapy region-specifically prevented histopathological 
cerebellar white matter injury after global HI
White matter injury was assessed by measuring area fraction of Myelin 
Basic Protein (MBP) IR and quantitative analysis of Luxol Fast Blue (LFB) 
staining. Global HI significantly reduced MBP IR in the cerebellar white 
matter (CTR vs HI p = 0.009) indicating hypomyelination (Figure 4A-D). 
Both MBP (Figure 4B-D) and LFB (Figure 4F-H) staining showed evident 
disruption and disorganization of myelin sheaths in cerebellar white matter 
following global HI. No cystic formation or hemorrhages were found in all 
experimental groups in the cerebellum following global HI. 
Systemic MAPC cell administration increased MBP-IR following global HI 
in the white matter of the cerebellum, however the difference did not reach 
significance (HI vs. HI-MAPC p = 0.087)(Figure 4A). Sub-analysis indicated 
that MAPC cell administration did significantly increase MBP-IR in the 
posterior lobe of the cerebellum after global HI (HI vs. HI-MAPC p = 0.024) 
(Figure 4E). No significant differences in MBP IR were detected between 
the control (CTR) and treatment group (HI-MAPC).

MAPC cell therapy did not alter histopathological microgliosis in 
the preterm cerebellum after global HI
The cerebellar inflammatory response after global HI was studied by 
assessing microglial proliferation using ionized calcium binding adaptor, 
which is a highly specific marker for resting and activated microglia in 
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5sheep [10]. Global HI signifi cantly increased IBA-1 immunoreactivity 
in cerebellar white matter (CTR vs. HI p = 0.045) and the cerebellar 
peduncles (CTR vs. HI p = 0.045) indicating marked microglial 
proliferation in these regions (Figure 4H-K). Within the cerebellar white 
matter, IBA-IR was increased in the anterior lobes (CTR vs. HI p = 0.050) 
but did not reach signifi cance in the posterior lobes (CTR vs. HI p = 0.117). 
In the cerebellar cortex, no signifi cant change in IBA-1 IR was detected after 
global HI (CTR vs. HI p = 0.133) (data not shown). Morphological assessment 
showed that activated microglia were localized in close association with 
PCs following HI (Figure 4J insert). 

Systemic MAPC cell administration did not alter IBA-1 IR (HI vs HI-MAPC 
p = 0.999) in the preterm cerebellum following HI (Figure 4). No signifi cant 
diff erences in IBA-1 IR were detected between the control (CTR) and 
treatment group (HI-MAPC).

Figure 4. MAPC treatment region-specifi cally prevented disruption of white matter and hypomyelination 
without modulating microgliosis in the cerebellar white matter. Graphical presentation of (A, E) MBP IR 
area fractions of the (A) total cerebellum and (E) posterior lobes and (I) IBA-1 IR area fractions in the total 
cerebellar white matter. Means ± 95% CI and levels of signifi cance are depicted. Immunohistochemical (B-D) 
MBP, (F-H) Luxol fast blue and (J-L) IBA-1 staining in the cerebellar white matter. Global HI caused marked 
hypomyelination with disorganization of myelin sheets and microglial proliferation in cerebellar white matter. 
Activated microglia were co-localized with PCs or ‘gaps’ in the PC layer (arrows in insert of panel K). MAPC cell 
therapy prevented white matter injury in the preterm cerebellum after global HI. MAPC cell therapy did not 
alter microglial proliferation in cerebellar white matter. Images are taken at 400x magnifi cation. CTR = control, 
HI = hypoxia-ischemia, IR = immunoreactivity. Scale bar = 50 µm.
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MAPC cell therapy prevented microstructural changes detected 
by DTI in the cerebellar cortex aft er global HI 
FA is a sensitive DTI marker to detect microstructural changes in both white 
matter and cortex [25]. FA values in the total cerebellum were signifi cantly 
decreased following global HI (CTR vs. HI p = 0.017) (Figure 5). The 
decrease of FA values was particularly pronounced in the cerebellar cortex 
(CTR vs. HI p = 0.007) and did not reach statistical signifi cance in cerebellar 
white matter (CTR vs. HI p = 0.074). In the cerebellar cortex FA values were 
positively related to the number of calbindin+ cells in the posterior lobe 
(Pearson’s r = 0.72, p = 0.004) and in total cortex (Pearson’s r = 0.53, p = 
0.040) and inversely related to linear density of GFAP+ Bergmann glia 
fi bers in the anterior lobe (Pearson’s r = -0.55, p = 0.040). In cerebellar white 
matter FA values were inversely related to IBA-1 IR (Pearson’s r = -0.66, 
p = 0.007) and positively related to MBP IR (Pearson’s r = 0.54, p = 0.036) 
in the anterior lobe of the cerebellum. No signifi cant diff erences in mean 
diff usivity (MD) values in the cerebellum were found following global HI 
compared to controls (CTR vs. HI p = 0.792). 
Systemic MAPC cell administration signifi cantly increased FA values 
of the total cerebellum (HI vs. HI-MAPC p = 0.043). The MAPC-induced 
increase of FA values was particularly pronounced in cerebellar cortex (HI 
vs. HI-MAPC p = 0.035) and did not reach statistical diff erence in cerebellar 
white matter (HI vs. HI-MAPC p = 0.626) (Figure 5). No signifi cant diff erences 
in FA values were detected between the control (CTR) and treatment group 
(HI-MAPC).

Figure 5. Microstructural changes detected by DTI in the preterm cerebellum following HI and 
MAPC treatment. (A) Representative FA map depicting the delineation of the cerebellar region of 
interest. (B-D) Graphical presentation of FA values in the (B) total cerebellum, (C) cerebellar white matter 
and (D) cerebellar cortex. Means ± 95% CI and levels of signifi cance are depicted. Global HI signifi cantly 
decreased FA values in the cerebellum, indicating disruption of cerebellar microstructure. MAPC cell 
therapy signifi cantly protected the cerebellum against microstructural alterations, particularly in the 
cerebellar cortex. CTR = control, HI = hypoxia-ischemia, FA = fractional anisotropy.
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5

Discussion

Cerebellar injury is increasingly recognized as a contributor to hypoxic-
ischemic encephalopathy (HIE) in preterm infants. Nowadays, cell-based 
therapy is considered a promising strategy for the treatment of HI-induced 
white matter injury in the neonatal brain [26]. This is the first study in a 
preclinical large animal model demonstrating that systemic stem cell 
therapy may have the potential to protect the preterm cerebellum after 
global HI.

We found in our model that global HI induced a pattern of injury with 
disrupted cortical strata, white matter injury and microgliosis in the preterm 
ovine cerebellum. More precisely, we showed that global HI increased the 
EGL/ML-ratio, which could not be explained by altered apoptotic cell death 
within this layer. The latter finding might be explained by the timing of 
analysis and/or involvement of other mechanisms of cell death (i.e. necrosis 
or autophagy). The altered EGL/ML ratio may also be the result of impeded 
migration of the granular cells from the EGL to the IGL reflecting cerebellar 
underdevelopment following global HI [2]. In line, global HI increased the 
number of ectopic PCs, which is indicative for a migration arrest of PCs 
from the ependymal zone to the cerebellar cortex [4]. The disruption of 
cortical strata within this important developmental period may form the 
pre-stage for cerebellar underdevelopment which is frequently observed in 
preterm infants and associated with various neurodevelopmental disorders 
in later life [2]. The alterations in the cerebellar strata following global HI 
were paralleled by marked loss and reduced dendritic arborisation of 
Purkinje cells (PC) which play a pivotal role in structural and functional 
organization of cerebellar circuitry [27, 28]. Developmental disturbances 
in the cerebellar cortex were more pronounced in the anterior lobe as 
compared to the posterior lobe after global HI. This spatial vulnerability 
might reflect distinct molecular properties acquired during development 
rendering the anterior lobe more vulnerable to injury [29, 30]. We observed 
hypomyelination and disorganization of myelin structure in the preterm 
cerebellum following global HI, which in this model similarly occurred in 
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the cerebral subcortical white matter as previously reported [10].  Excessive 
activation of microglia is considered as one of the essential steps leading to 
white matter injury [31]. Accordingly, we found increased microgliosis in 
the white matter of the cerebellum following global HI. Our findings are in 
line with previous studies demonstrating white matter injury in the ovine 
cerebellum after repeated global HI [32] or an alternative pro-inflammatory 
stimulus such as systemic endotoxin [33] indicating the vulnerability of 
cerebellar white matter during early development. 

We demonstrated that early systemic MAPC cell treatment modulated the 
pattern of injury in the preterm cerebellum after global HI, as indicated 
by protection of ultrastructure of cortical strata, prevention of PC loss and 
region-specific prevention of cerebellar white matter injury. These findings 
extend our previous results showing that the MAPC cells prevented 
hypomyelination of the periventricular white matter in the ovine preterm 
brain after global HI [10]. 

MAPC cells have been shown to possess strong anti-inflammatory and 
regenerative properties [16, 17]. Therefore, the first dose of MAPC cells was 
administered early after HI, targeted to modulate the emerging inflammatory 
response, which plays an important role in the etiology of HIE [31]. The 
second dose of MAPC cells was administered in the sub-acute phase after 
global HI to support neuroregeneration after primary cell death has been 
initiated [31].  We showed that MAPC cells prevented hypomyelination 
and reduced PC cell injury to control levels after global HI. We consider 
it to be unlikely that regeneration of PC cells and oligodendrocytes (and 
remyelination) would occur in the short follow-up period of 7 days. 
Therefore, we consider that neuroprotection was primarily established by 
the first dose of MAPC cells that dampened the peripheral and cerebral 
inflammatory response, rather than regeneration of oligodendrocytes and 
PC cells by the second dose. Such pharmacological benefit of MAPC-driven 
immunomodulation was previously shown in experimental studies where 
MAPC cells modulated the cerebral and peripheral inflammatory response 
after various types of CNS injury, thereby providing an environment for 
recovery and repair of brain function and structure [16, 17]. More precisely, 
the neuroprotective effect was attributed to modulation of the peripheral 
inflammatory response in a spleen-mediated fashion [17, 34] and modulation 
of the cerebral inflammatory response by inducing a microglial-type 
switch from a pro- inflammatory M1 phenotype to an anti-inflammatory 
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5M2 phenotype [16, 17, 35]. Unfortunately, we cannot confirm the 
MAPC-induced switch towards a dominant neuroprotective M2 
phenotype since ovine-specific reagents are currently not available 
to discriminate M1 from M2 microglia. Moreover, we were not able to 
incorporate various timepoints to assess the cerebral inflammatory and 
structural changes over time or to discriminate between the therapeutic 
effect of the first and second dose of MAPC cells. These limitations are 
inherent to limited experimental groups to make large animal experiments 
feasible.

We showed neuroprotection with an early treatment strategy, which was 
initiated 1 hour after global HI. Recent work in a similar ovine model of 
HIE indicated that later (12-24 hours after global HI) administration of stem 
cells similarly protected the preterm brain [36, 37]. Moreover, recent clinical 
data showed that MAPC cells are neuroprotective when administered 
18-36 hours after ischemic stroke [13]. Based on these combined findings we 
expect that administration of MAPC cells to neonates at a clinically more 
feasible timepoint (24 hours) after the hypoxic-ischemic event will result in 
comparable neuroprotective effects as shown in our current study.

The work in this preclinical animal model enabled us to correlate 
microstructural histological changes with DTI. Although acute cerebellar 
injury was found in a large (>80%) percentage of infants in human 
post-mortem studies [38], conventional MRI (e.g. T1- and T2 weighted 
imaging) is notoriously poor in detecting acute cerebellar injury [39]. We 
showed that DTI readily detected HI-induced injury and MAPC cell-
mediated microstructural improvement, both of which were concurrently 
demonstrated with histopathology. Furthermore, FA values correlated 
well with several relevant histopathological markers of cerebellar injury, 
further indicating the added value of assessing microstructural injury 
and repair with this advanced imaging technique. Our data suggest that 
DTI allows early detection of cerebellar alterations in pediatric patients. 
Therefore, we advocate the use of DTI to evaluate HI damage to the brain 
and to monitor the effects of future neuroprotective strategies in vivo in 
humans. However, not all histological changes in our study were detected 
by DTI and effect sizes appear to be more pronounced in histopathological 
analysis suggesting that even with advanced MRI techniques such as 
DTI, certain pathological phenomena could be underestimated. Currently, 
advanced imaging algorithms and post-processing methods are being 



140

developed, which will increase sensitivity and specifi city of DTI and 
thereby further improve the clinical use of DTI as a biomarker of individual 
neurodevelopment and therapeutic eff ect in the future.

One important limitation of this large animal study is the low number of 
animals. The drop-out of one animal in the HI-MAPC group may have 
infl uenced therapeutic eff ect sizes. Given the relatively small animal 
numbers per group, we reported actual p values and tended to interpret p 
values between 0.05 and 0.1 as biologically relevant [40]. This assumption 
decreases the chance of a false-negative fi nding but increases the chance 
that one of these diff erences is a false-positive result [41]. Importantly, the 
observed treatment eff ects in the cerebellum were consistent with our 
previous experimental work showing MAPC-mediated neuroprotection 
after global HI [10].  

MAPC cells have been approved for clinical use in adult CNS injury. A 
recent clinical trial in adult stroke patients showed that early administration 
of a single dose of MultiStem® (the clinical name for the MAPC derived 
product) was safe and signifi cantly improved functional outcomes after 
1-year follow-up [13]. An international multi-centered phase III trial 
further evaluating the neuroprotective potential of these cells in adult 
stroke patients has been initiated in 2018 (clinicaltrial.gov NCT03545607). 
Altogether, our fi ndings of neuroprotection in the preterm cerebrum [10] 
and cerebellum may extend future clinical application of clinical-grade 
MAPC cells from adult stroke to neonatal brain injury. 

In conclusion, this is the fi rst study in a preclinical animal model that 
indicated that early systemic MAPC cell therapy induced microstructural 
improvement in the preterm cerebellum following global HI. Moreover, 
microstructural alterations in the cerebellum were detectable with DTI, 
indicating the added clinical value of this imaging technique. Our fi ndings 
underline the potential of MAPC cell therapy for the treatment of preterm 
brain injury after HI.
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6
Annexin A1 as neuroprotective 
determinant for blood-brain 
barrier integrity  in neonatal 
hypoxic-ischemic encephalopathy
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Abstract 

Blood-brain barrier (BBB) disruption is associated with hypoxia-ischemia 
(HI) induced brain injury and life-long neurological pathologies. Treatment 
options are limited. Recently, we found that mesenchymal stem/stromal 
cell derived extracellular vesicles (MSC-EVs) protected the brain in ovine 
fetuses exposed to HI. We hypothesized that Annexin A1 (ANXA1), present 
in MSC-EVs, contributed to their therapeutic potential by targeting the 
ANXA1/Formyl peptide receptor (FPR), thereby preventing loss of the BBB 
integrity. Cerebral ANXA1 expression and leakage of albumin into the fetal 
ovine brain parenchyma after HI were analyzed by immunohistochemistry. 
For mechanistic insights, barrier integrity of primary fetal endothelial cells 
was assessed after oxygen-glucose deprivation (OGD) followed by treatment 
with MSC-EVs or human recombinant ANXA1 in the presence or absence 
of FPR inhibitors. Our study revealed that BBB integrity was compromised 
after HI which was improved by MSC-EVs containing ANXA1. Treatment 
with these MSC-EVs or ANXA1 improved BBB integrity after OGD, an 
eff ect abolished by FPR inhibitors. Furthermore, endogenous ANXA1 
was depleted within 24 hours after induction of HI in cerebovasculature 
and ependyma and upregulated 72 hours after HI in microglia. Targeting 
ANXA1/FPR with ANXA1 in the immature brain has great potential in 
preventing BBB loss and concomitant brain injury following HI.
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Introduction

Hypoxic ischemic encephalopathy (HIE) in new-borns is defi ned as brain 
injury caused by insuffi  cient blood fl ow and oxygen supply to the brain 
generally due to placental insuffi  ciency or umbilical cord occlusion in the 
perinatal period [1]. HIE is therefore after preterm birth the most important 
recognized perinatal cause of neonatal mortality [2]. Accordingly, HIE has 
detrimental eff ects on brain development with severe long-term disabilities 
including cognitive impairments, mental retardation, epilepsy and cerebral 
palsy [1]. Treatment strategies are currently limited to hypothermia therapy 
which is only applicable in late preterm and term infants with HIE [3-6].

Understanding the underlying pathologic mechanisms of HIE is crucial 
for the development of new therapeutic interventions suited for preterm 
infants as well. Besides direct eff ects of hypoxia and reperfusion, and 
chronic neuroinfl ammation, the disruption of the blood-brain barrier (BBB) 
is increasingly recognized as an important cause of brain injury following 
neonatal HIE [5,7-10]. The BBB is mainly composed of endothelial cells (ECs) 
which form a barrier that communicates with both, the peripheral immune 
system and cells of the central nervous system, including pericytes, neurons, 
microglia and astrocytes, to maintain cerebral homeostasis [11,12]. There 
is evidence that the BBB is already functional early in development [13]. 
Following a hypoxic-ischemic (HI) insult excessive glutamate due to energy 
failure is released and free radicals are produced damaging cerebral cells 
including endothelial cells of the BBB [1,11]. Necrotic and apoptotic cells 
activate microglia that release cytokines [1]. Microglia activation and oxidative 
stress contribute to changes in BBB permeability [14,15]. BBB permeability 
increases and perpetuates the neuroinfl ammatory response by enabling the 
infi ltration of peripheral immune cells potentially aggravating the immune 
response and brain injury [16,17]. Clinical studies analyzing the BBB integrity 
demonstrate that global HI in neonates resulted in an increased CSF/serum 
albumin-ratio, an indicator for increased BBB permeability, and subsequent 
deregulation of cerebral homeostasis [7,8]. Moreover, more severe HIE clinical 
scores are associated with increased BBB permeability measurements, 
suggesting that brain injury is exacerbated due to BBB disruption [7]. In line, 
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experimental rodent and ovine models for HI demonstrated that HI adversely 
affected the BBB. More precisely, brain pathology was closely related to 
areas of compromised BBB [18] and decrease in tight junction proteins was 
correlated with increased BBB permeability [9]. Altogether, the contribution 
of BBB injury in the pathophysiology of HIE indicates that strengthening 
the BBB integrity in the course of HI can attenuate brain injury. This idea 
mandates the understanding of the mechanisms regulating BBB integrity in 
order to exploit them as potential therapeutic targets.

We have previously shown in a fetal ovine HIE model that mesenchymal stem/
stromal cell derived extracellular vesicles (MSC-EVs) improved brain stem 
function and partially protected against hypomyelination. The therapeutic 
effects could not be attributed to anti-inflammatory effects of MSC-EVs [19]. 
Considering the role of the BBB, we hypothesized that protective effects of 
MSC-EVs against global HI induced brain injury involve protection of the 
BBB. 

Recently, Solito et al. identified Annexin A1 (ANXA1) to be an essential 
endogenous regulator of BBB integrity in neurodegenerative diseases [20]. 
This group furthermore showed that pharmacological administration of 
human recombinant ANXA1 (hrANXA1) ameliorated BBB permeability [20]. 
Classically, ANXA1 is appreciated as an important downstream effector 
molecule of anti-inflammatory glucocorticoid effects [21]. It activates anti-
inflammatory and pro-resolving mechanisms mainly as an agonist of formyl 
peptide receptors (FPRs), which are G protein-coupled receptors regulating 
host defense and inflammation [22,23]. In the adult brain, changes in ANXA1 
expression are associated with neurodegenerative diseases related to BBB 
dysfunction such as Alzheimer’s disease, Parkinson’s disease and multiple 
sclerosis [20,24-27]. In the fetal brain, ANXA1 is expressed by microglia and ECs 
that form the BBB [12], suggesting a role of ANXA1 in cerebral inflammation 
and BBB regulation during development. Since annexins are frequently 
found in the proteome of extracellular vesicles [28-30], we hypothesized that 
MSC-EVs protected BBB integrity after global HI in new-borns, at least in 
part, through ANXA1 that is present in MSC-EVs [28-30].  We tested this in 
a preterm fetal ovine model in which brain injury was induced by global 
hypoxia-ischemia by transient umbilical cord occlusion (UCO) for 25 minutes 
[16,17,19]. Furthermore, we studied mechanistic insights in a widely accepted 
BBB in vitro model in which trans-endothelial electrical resistance (TEER) 
was measured on fetal primary ECs as a marker for endothelial integrity [31].
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Experimental Section

Study approval and experimental design
All experimental procedures were performed in compliance with a protocol 
approved by the Animal Experiments Committee of Maastricht University 
Medical Center, NL (Mesenchymal stem cell-derived exosomes as a therapeutic 
intervention for hypoxia-ischemia in the preterm neonate, DEC 2012-064) 
and  conducted  in  accordance  with ARRIVE guidelines (https://www.
nc3rs.org.uk/arrive-guidelines) and the Maastricht University guidelines 
on the  Care  and  Use  of  the  Laboratory  Animals. The study design was 
described previously [19]. Briefly, individual fetuses (n=37) of Texel pregnant 
ewes were randomly assigned to four different experimental groups: (1) sham 
umbilical cord occlusion (UCO) and saline treatment (sham-SAL), (2) sham 
UCO and MSC-EV treatment (sham-MSC-EVs), (3) UCO and saline treatment 
(HI-SAL) and (4) UCO and MSC-EV treatment (HI-MSC-EVs). All fetuses were 
instrumented at 102 days of gestational age (term ~147 days of gestational age). 
An inflatable vascular occluder was inserted around the umbilical cord for 
induction of transient global hypoxia ischemia. An umbilical vessel catheter 
was placed in the femoral artery and brachial vein for measuring blood 
pressure and for the administration of MSC-EVs, respectively. After a recovery 
period of 4 days, fetuses were subjected to 25 minutes of sham occlusion or 
UCO through inflation of the vascular occluder. At the time of UCO, ovine 
brain development is comparable with 30 weeks of gestation in humans which 
coincides with the high-risk window of brain injury in preterm infants [32]. 
Fetuses assigned for MSC-EVs treatment received two boluses of MSC-EVs 
from 4 x 107 cell equivalents at 1 hour and 4 days following (sham) UCO. 
Control animals received an equal volume of sterile 0.9% sodium chloride 
(SAL) at similar time points. Fetuses were sacrificed 1 day (n=10), 3 days (n=8) 
or 7 days (n=19) after (sham) UCO (Figure 1). The investigators performing 
the (sham) UCO, tissue sampling and post-mortem analysis were blinded to 
treatment allocation. The MSC-EV groups on day 7 are relatively small due to 
a dropout of 16% which was primarily restricted to the sham-MSC-EV group 
(i.e., 3 animals of the sham-MSC-EV group and 1 animal of the HI-MSC-EV) 
caused by a technical reason as reported previously [19].
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Figure 1. Experimental design. Fetuses were instrumented at GA 102 (IN; d-4). After 4 days of recovery, 
fetuses were subjected to 25 minutes of umbilical cord occlusion (UCO) or sham occlusion (0d). One 
hour and 4 days (110d GA) after (sham) UCO, fetuses received either intravenous MSC-EVs (2.0 x 107cell 
equivalents; black arrows) or an equivalent volume of saline 0.9% (SAL; white arrows). After a 1d, 3d 
(sham-SAL and HI-SAL groups only) and 7d (all groups) reperfusion period, at 107d, 109d and 113d GA 
respectively, animals were sacrificed and brain tissue was collected. Abbreviations: d, day; END, end 
of experiment; GA, gestational age; HI, hypoxia-ischemia; IN, instrumentation; MSC-EV, mesenchymal 
stem cell‐derived extracellular vesicle; UCO, umbilical cord occlusion, SAL, saline.

Mesenchymal stem/stromal cell-extracellular vesicles
After informed consent according to the Declaration of Helsinki, bone 
marrow-derived MSCs were raised from human donated bone marrow, 
as described previously [33]. The MSC characteristics were verified by 
flow cytometry and conventional MSC differentiation assays [19,33]. 
MSC-conditioned media was harvested as described previously and EVs 
were harvested from MSC-conditioned medium through a polyethylene 
glycol (PEG) method in which following PEG precipitation the volume of 
the conditioned media is reduced by a low-speed centrifugation (1500 x g) 
after overnight incubation at 4°C. Obtained pellets were resuspended and 
washed in 0.9% NaCl and following reprecipitation by ultracentrifugation 
solved in 1 mL aliquots, reflecting the MSC-EV yield of the supernatant of 
4 x 107 MSCs [33]. MSC-EVs were characterized by Nanoparticle Tracking 
Analysis (NTA) and by western blots for CD81 and tumor susceptibility 
gene 101 (Tgs101), as described previously [33,34]. For our study, MSC-EVs 
were further characterized by tunable resistive pulse sensing (TRPS) and 
additional western blot analyses.
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Figure 1: Experimental design. Fetuses were instrumented at GA 102 (IN; d-4). After 4 days of recovery, fetuses were 
subjected to 25 minutes of umbilical cord occlusion (UCO) or sham occlusion (0d). One hour and 4 days (110d GA) after 
(sham) UCO, fetuses received either intravenous MSC-EVs (2.0 x 10⁷ cell equivalents; black arrows) or an equivalent 
volume of saline 0.9% (SAL; white arrows). After a 1d, 3d (sham-SAL and HI-SAL groups only) and 7d (all groups) reper-
fusion period, at 107d, 109d and 113d GA respectively, animals were sacrificed and brain tissue was collected. Abbrevia-
tions: d, day; END, end of experiment; GA, gestational age; HI, hypoxia-ischemia; IN, instrumentation; MSC-EV, mesen-
chymal stem cell-derived extracellular vesicle; UCO, umbilical cord occlusion, SAL, saline.   
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6MSC-EV analysis using tunable resistive pulse sensing (TRPS)
For in vitro experiments, amount of particles within the MSC-EVs were 
determined by TRPS using a qNano Gold with Izon Control Suite 3.2 Software and 
CPC100 calibration beads (Izon, Oxford, UK) by the Department of Medical Microbiology 
at Maastricht University. A NP150 nanopore (Izon, Oxford, UK) was coated using the 
Izon reagent kit for EV analysis according to the manufacturer’s instructions. To obtain a 
stable baseline current, samples were diluted 1:100 in Solution Q (Izon, Oxford, UK) and 
to prevent frequent pore obstruction, 10% (v/v) Solution G (Izon, Oxford, UK) was added. 
The NP150 nanopore was used at a stretch of 46.51 mm and a pressure of 6 mbar. Mean 
current for measuring was 128 nA with a voltage of 0.42 V. Recordings were stopped 
after 10 minutes with more than 400 blockades detected in both samples.

Western blot of MSC-EVs
MSC-EVs (40 μL, 1.76 mg/mL protein concentration determined by Pierce™ BCA assay 
(Fisher Scientific, Landsmeer, NL)) were tested for Annexin A1 (ANXA1) by western 
blot analysis. Pure human platelet lysate (hPL), hPL centrifuged at 10.000 x g for 10 
minutes and centrifuged lysate with subsequent filtration through a 0.2 μM filter were 
used as negative control to ensure that no platelet derived ANXA1 was present in the 
MSC-EVs as MSCs were expanded in MSC basal media supplemented with 10% hPL. Gel 
electrophoresis of samples was performed on a 10% SDS-polyacrylaminde gel. 

Separated samples including 200 ng human recombinant (hr)ANXA1 [35] and a broad 
protein marker (Biorad, Hercules, CA, USA) were transferred to a nitrocellulose 
membrane and probed with a 1:1000 dilution of anti-ANXA1 which was a kind gift from 
Prof. Mauro Perretti followed by an goat anti-rabbit-IgG-alkaline phosphatase (Sigma-
Aldrich, St. Louis, MO, USA). For visualisation the membrane was washed in a reaction 
buffer (0.1 M Tris-HCl, 0.1 M NaCl, 5 mM MgCl2) followed by incubation in substrate 
solution containing Nitrotetrazolium Blue chloride (Sigma-Aldrich, St. Louis, MO, USA) 
and 5-Bromo-4-chloro-3-indolyl phosphate disodium salt (Sigma-Aldrich, St. Louis, 
MO, USA). The reaction was stopped by 0.5 M EDTA, and scans were taken by an Epson 
Perfection V300 Photo scanner (Supplementary Figure S1).

 This western blot procedure was confirmed and extended. For this experiment, a dilution 
curve of 1, 3, 10 and 30 ng human recombinant (hr)ANXA1 [35] and a Dual color marker 
(Biorad, Hercules, CA, USA) were transferred to a nitrocellulose membrane and probed 
with a 1:2500 dilution of anti-ANXA1 (kind gift from Prof. Mauro Perretti) followed by 
an goat anti-mouse-IgG-HPR (Dako, Santa Clara, CA, USA). Samples were detected by 
Pierce™ ECL Western Blotting according to the manufacturer’s protocol (Fisher Scientific, 
Landsmeer, NL). Pictures were taken by an Odyssey scanner at different exposure times 
(50 sec and 1500 sec) (Li-cor, Bad-Homburg, Germany).
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Figure 2. ANXA1 scoring system. a) ANXA1 is expressed within the white matter and b) co-localizes 
with IBA1 IR in adjacent sections (magnification 100x, scale bar 200 µm). c) ANXA1 IR scoring system (1, 
2, 3) of blood vessels, ependymal tissue and microglia (magnification 100x, scale bar 200 µm).
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Figure 2: ANXA1 scoring system. a) ANXA1 is expressed  within the white matter and b) co-localizes 
with IBA1 IR in adjacent sections (magnification 100x, scale bar 200 µm). c) ANXA1 IR scoring system 
(1, 2, 3) of blood vessels, ependymal tissue and microglia (magnification 100x, scale bar 200 µm). 
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Immunohistochemistry and analysis
Immediately after sacrifice, fetal brains were removed from skulls and weighed. 
The right hemisphere was submersion fixated in ice-cold 4% paraformaldehyde 
for 3 months. After fixation, a predefined region containing the lateral ventricles, 
periventricular white matter and basal ganglia was embedded in paraffin and serial 
coronal sections (4 μm) were cut with a Leica RM2235 microtome (Leica Microsystems 
B.V., Amsterdam, NL). Coronal sections were stained for albumin as a marker for BBB 
leakage, ionized calcium binding adaptor molecule 1 (IBA1) as a general microglia 
marker and ANXA1. Endogenous peroxidase activity was quenched via incubation 
with 0.3% hydrogen peroxide dissolved in Tris-Buffered Saline (TBS). Antigen retrieval 
involved boiling tissues in a sodium citrate buffer (pH 6.0) using a microwave oven. 
Next, sections were incubated overnight with the primary polyclonal rabbit anti-
ANXA1 (Abcam; Cambridge, UK, 1:100), anti-albumin (Accurate Chemical, Westbury, 
NY, USA; 1:2000), anti-IBA1 (Wako chemicals, Neuss, Germany; 1:1000) antibody at 4°C, 
followed by incubation with a secondary polyclonal swine anti-rabbit biotin (Dako, 
Santa Clara, CA, USA; 1:200). The antibody specific staining was enhanced with a 
Vectastain ABC peroxidase elite kit (Vector Laboratories, Burlingame, CA, USA) followed 
by a 3,3’-diaminobenzidine (DAB) staining. Nuclei were counterstained with Mayer’s 
haematoxylin. 

Analysis of immunohistochemical stainings was done after taking digital images using a 
Leica DM2000 microscope with Leica Qwin Pro V3.4.0. Software (Leica Microsystems, 
Mannheim, Germany). Images of ANXA1 and IBA1 were taken at a magnification of 100x. 
Region of interest comprised the blood vessels, ependymal lining cells and white matter 
including microglial cells stained with IBA1. Assessment of ANXA1 IR in microglial cells 
was determined based on cellular phenotype and staining of adjacent sections with IBA1 
co-localizing with ANXA1 IR (Figure 2a and b). For the quantification of the intensity of 
ANXA1 IR we used a scoring system (1-3) to evaluate the immunoreactivity intensity of 
ANXA1 whereby score 1 comprised minor, 2 moderate and 3 intense immunoreactivity 
(IR) (Figure 2c). Scoring was complemented by analysis of area fractions, expressed as 
the percentage of positive staining relative to the total area using a standard threshold 
intensity, determined with Leica Qwin Pro V 3.5.1. Software (Leica, Rijswijk, NL). Same 
area fraction measurements were used for IBA1 IR assessment as described previously 
[16]. Moreover, the thickness of the ANXA1 positive stained periventricular area was 
measured with ImageJ Software version 1.48. 

6
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Analysis of albumin staining was done on 10 images (200x magnification) of 
similar sized blood vessels per animal. To evaluate the integrity of the BBB, 
albumin extravasation was scored with a (-) if no albumin was present in the 
cerebral parenchyma and a (+) if positive albumin staining was present in the 
surrounding cerebral tissue of the blood vessel (see exemplary Figure 3b). These 
results are displayed as a percentage of albumin extravasation indicating leaky 
blood vessels.

Endothelial cell isolation and culture
Endothelial cells were a generous gift of Dr. Nynke van den Hoogen, 
University of Maastricht, Department of Mental Health and Neuroscience. 
Cells were isolated from brains of Sprague-Dawley rat pups sacrificed at 
day P3 by cervical dislocation accordingly to Bernas et al. 2010 [36]. The 
brain developmental stage of rodents on postnatal day 3 (P3) is comparable 
to preterm human infants [37]. Brains were dissected from the skull and 
meninges and large vessels were removed before trituration of the tissue by 
passing the fragments through decreasing pipet tips. Large fragments were 
filtered out by passing cell suspension through a 500 µM strainer (pluriSelect, 
Leipzig, Germany). Cells in the flow-through were collected on a 30 µM 
strainer (pluriSelect, Leipzig, Germany) and subsequently centrifuged at 
51 x g for 10 minutes. The pellet was resuspended in DMEM-F12-glutamax 
(Fisher Scientific, Landsmeer, NL) supplemented with 10% heat inactivated 
fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA), 1% antibiotic-
antimycotic solution (Sigma-Aldrich, St. Louis, MO, USA), 50 µg/mL EC 
growth supplement  (BD Biosciences, San Jose, CA, USA), 1 mg/mL heparin 
(Biochrom GmbH, Berlin, Germany) and hydrocortisone 500 nM (Stemcell 
Technologies, Cologne, Germany) and transferred into a T25 flask pre-coated 
with type-I-collagen (Corning Life Science, Oneonta, NY, USA). Culture 
expansion was allowed for approximately one month to achieve highly 
confluent cerebrovascular ECs showing minimal contamination by pericytes 
(< 5%). Characterization of the ECs to assess the purity of the cell population 
was performed by immunocytochemistry. Cells were grown on glass slides 
and stained for von Willebrand Factor (vWF) (Dako, Santa Clara, CA, USA), 
zona-occludens 1 (ZO-1) (Fisher Scientific, Landsmeer, NL) as EC markers and 
α-smooth muscle actin (α-SMA) as marker for pericytes (Sigma-Aldrich, St. 
Louis, MO, USA). Cells were fixated by incubation in 4% paraformaldehyde 
followed by blocking with either 3% bovine serum albumin (BSA) or 10% 
normal goat serum (NGS) in phosphate buffered saline (PBS). Cells were then 
incubated overnight with the primary antibody (ZO-1 1:50, α-SMA and vWF 
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61:200) at 4°C, followed by incubation with the appropriate alexa-fluor 
labelled secondary antibody (1:200). Nuclei were stained with DAPI and 
coverslips were mounted using fluorescent mounting medium (Dako, 
Santa Clara, CA, USA). 

Trans-endothelial electrical resistance (TEER)
A cellular monolayer of ECs was cultured on semipermeable filter inserts 
(transwell, 12 wells) (Corning Life Science, Oneonta, NY, USA). TEER was 
measured as an established quantitative readout for barrier integrity [31] 
using an Epithelial Voltohmmeter (EVOM2, World Precision Instruments, 
Sarasota, FL, USA) with two chopstick electrodes, each containing a silver-
silver chloride pellet for measuring voltage and a silver pellet for passing 
current. Measurements of the resistance in ohm (Ω) across the cell layer were 
made on the semipermeable membrane by placing one electrode in the upper 
compartment and the other electrode in the lower compartment. Measurements 
were performed in duplo per insert and consistently conducted for several 
days, 30 minutes after culture media was changed and temperature was kept 
at 37°C before and between all measurements. Once values plateaued, the 
membrane reached confluency and further experiments could be performed 
(baseline measurement). When ECs reached confluency in the transwells, cells 
were randomly assigned to oxygen-glucose deprivation (OGD) or normoxia 
conditions and baseline TEER was measured. Normoxia controls were left in 
normal culture conditions. OGD was performed by changing the culture media 
with DMEM without glucose and glutamine (Life Technologies, Carlsbad, CA, 
USA) and exposing ECs to 0% oxygen in a hypoxic chamber at 37°C for 4 hours. 
After 4 hours of normoxia/OGD, medium was changed to culture media and 
TEER was measured followed by one or a combination of the treatments at 
the following concentrations: 1.1 x 109 MSC-EVs were given per well based 
on our TRPS analysis, hrANXA1 [31] (3 µM), FPR1/2 receptor blockers WRW4 
(10 µM, TOCRIS Bio-techne Ltd., Abingdon, UK) and cyclosporine H (1 µM, 
Sigma-Aldrich, St. Louis, MO, USA). Subsequently, TEER was measured in all 
groups at 0, 3, 6, 12 and 24 hours after normoxia/OGD. This setup resulted 
in following treatment groups: (1) no treatment, (2) MSC-EVs, (3) hrANXA1, 
(4) WRW4, (5) Cyclosporine H, (6) WRW4 + MSC-EV, (7) cyclosporine H + 
MSC-EVs, (8) WRW4 + hrANXA1, (9) cyclosporine H + hrANXA1. Cell culture 
experiments were repeated in duplo to test for reproducibility (n=4). 
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Statistical analysis
Regarding immunohistochemistry results, all values are shown as mean 
with 95% confidence interval (CI) or standard deviations (SD). Comparison 
between different experimental groups was performed with one- or two-way 
analysis of variance (ANOVA) and appropriate post-hoc testing. In case data 
were positively skewed, log-transformation was applied to obtain normal 
distributed data or non-parametric testing was performed.

Data from TEER measurements were obtained from 2 independent 
experiments each run in n=2 per treatment group making a total of n=4 per 
group. The absolute TEER values are reported as resistance across the EC 
layer on the semipermeable membrane in Ohm (Ω). These values are averaged 
and presented as mean absolute TEER measurements (Ω) with 95% CI and 
tested with a two-way analysis of variance (ANOVA) and appropriate post-hoc 
testing for significance.

Statistical analysis was performed with IBM SPSS Statistics Version 22.0 
(IBM Corp., Armonk, NY, USA; SPSS) graphical design was performed using 
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA; GraphPad Prism). 
Exact p-values are reported and statistical significance was accepted at p < 
0.05. 

Results

MSC-EVs tended to prevent albumin leakage in the fetal ovine 
brain following global hypoxia-ischemia.
Global HI induced a 34%-38% increase in albumin leakage compared to 
control animals (mean of 22% vs. 56% in sham-SAL vs. 7d HI-SAL p=0.054 
and mean of 22% vs. 60% of 3d HI-SAL p = 0.088) into the brain parenchyma 
(Figure 3a). At 7 days, in four out of seven (56%) animals increased albumin 
leakage was found following HI compared to the mean of the sham-SAL 
group (sham-SAL vs. 7d HI-SAL, p = 0.054). No difference in albumin 
leakage was found at 1 day following HI (data not shown). MSC-EV 
treatment prevented albumin leakage on day 7 after reperfusion compared 
to the untreated control animals following HI (HI-SAL vs. 7d HI-MSC-EVs 
p = 0.0501). MSC-EVs did not induced albumin leakage in sham conditions 
(sham-SAL vs sham-MSC-EVs p=0.613) (Figure 3a).
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Figure 3. Albumin leakage into brain parenchyma. a) Percentage of albumin leakage inside the brain 
parenchyma is depicted. b) Immunohistochemical distribution of endogenous albumin. Representative 
vessels of a HI-MSC-EV animal showing albumin present inside the vessel (left) and albumin extravasation 
after HI (right) indicated by arrows. 400x magnification, scale bar 50 μm.

Figure 3: Albumin leakage into brain parenchyma. a) Percentage of albumin leakage 
inside the brain parenchyma is depicted. b) Immunohistochemical distribution of 
endogenous albumin. Representative vessels of a HI-MSC-EV animal showing 
albumin present inside the vessel (left) and albumin extravasation after HI (right) 
indicated by arrows. 400x magnification, scale bar 50 µm.
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MSC-EVs and ANXA1 restored endothelial resistance / barrier 
integrity following oxygen-glucose deprivation in FPR dependent 
manner
To study the potential mechanism underlying the protective effects of 
MSC-EVs observed in vivo, a model of primary fetal ECs isolated from rat 
brains at postnatal day 3 (P3) was used. Morphology of ECs was typically 
cobblestone-like (Figure 4a). Purity of EC culture was determined, 4 weeks 
after starting of the cell culture by immunocytochemical analysis of the 
vWF (Figure 4b), ZO-1 (Figure 4c) and pericyte marker α-SMA (Figure 
4d). Baseline TEER values were approximately 150 Ω per trans-well insert 
before experiments were initiated. After 4 hours of OGD, TEER values 
significantly decreased in each treatment group. Subsequently, MSC-EVs 
steadily increased TEER and values plateaued from 12 hours onwards at 
122 Ω (no treatment vs MSC-EVs 24 hours, p = 0.022). These improved TEER 
values upon MSV-EV treatment were not detected when the FPR1 and FPR2 
receptors were blocked by cyclosporine H and WRW4 (Figure 4e and f). As 
ANXA1 is an appreciated agonist of FPRs and known to strengthen BBB 
integrity in adult neuropathologies, we investigated whether ANXA1 is 
present in MSC-EVs and confirmed its presence by a western blot (Figure 4g). 
Taking pictures at low exposure times (10 – 50 sec), 10 and 30 ng hrANXA1 
(37 kDa) was already detectable. After increasing the exposure time (1500 
sec), a fragment of 37 kDa was detected in the MSC-EV sample whereas 
still no band was visible in the 1 and 3 ng hrANXA1 lanes or negative 
controls. Since the MSC-EV fraction used for the blot (40 µL) contains more 
than 3 ng and less than 10 ng hrANXA1, 1 ml of MSC-EVs isolated from 4 
x 107 cells would contain (75-250 ng ANXA1/mL aliquot MSC-EVs. In line, 
a physiological relevant amount of ANXA1 in MSCs was found within the 
same ng range [30].

Subsequently, we tested whether BBB integrity in our in vitro model 
was improved after OGD in response to hrANXA1. Similar to MSC-EV 
treatment, hrANXA1 significantly improved TEER values after OGD (no 
treatment vs MSC-EVs 24 hours, p = 0.017), which was prevented in the 
presence of FPR inhibitors (Figure 4h and i).
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6ANXA1 is widely expressed in the preterm ovine brain and the 
expression decreases acutely after global hypoxia-ischemia
We investigated the temporary dynamics of ANXA1 expression 
within cerebral blood vessels, ependymal lining and microglia in vivo after 
HI. We found that 1 day after global HI, ANXA1 IR decreased significantly 
in blood vessels (1d sham-SAL vs. 1d HI-SAL p = 0.032) and ependymal 
lining cells (1d sham-SAL vs. 1d HI-SAL p = 0.007) compared to controls, 
whereas at day 3 and day 7 seven ANXA1 expression were normalized 
(3d sham-SAL vs. 3d HI-SAL p = 0.880 and p = 0.975; 7d sham-SAL vs. 7d 
HI-SAL p = 0.100 and p = 0.894) (Figure 5a and b). Systemic administration 
of MSC-EVs did not change ANXA1 expression 7 days after (sham) UCO 
in cerebral vasculature, ependyma and microglia (7d HI-SAL vs. 7d 
HI-MSC-EVs p = 0.794, 7d HI-SAL vs. 7d HI-MSC-EVs p = 0.603, 7d HI-SAL 
vs. 7d HI-MSC-EVs p = 0.999) (Supplementary Figure S2). 

Since ANXA1 is expressed by microglia, we assessed IBA1 IR and ANXA1 
IR in adjacent sections in the same regions of interest as illustrated in Figure 
5c. In these white matter regions microglia were abundantly present and 
we found that at 3 days after global HI ANXA1 expression was significantly 
increased compared to time-matched controls (3d sham-SAL vs. 3d HI-SAL 
p = 0.047) (Figure 5c). Moreover, analysis of area fraction of IBA-1 IR showed 
that increased microglial activity was found at 3 and 7 days following HI 
(data not shown) which is in line with previous studies [16,19,38,39]. 
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Figure 4. MSC-EVs and ANXA1 prevent loss of BBB integrity in vitro after OGD via FPRs. Characterization 
of primary fetal rat endothelial cell culture by a) bright-fi eld microscopy (100x magnifi cation) and b) 
immunocytochemistry for vWF (200x magnifi cation) c) immunocytochemistry for ZO-1 (200x magnifi cation) 
d) immunocytochemistry for α-SMA (40x magnifi cation). e) Baseline TEER measurements were taken before 
initiation of OGD (0 hours). Four hours after OGD, fetal rat endothelial cells were treated with MSC-EVs and/
or FPR inhibitors and followed up for 3, 6, 12 and 24 hours (n=4). f) TEER endpoint measurement 24 hours 
after OGD and MSC-EV treatment (28 hours absolute time) in the presence or absence of FPR inhibitors 
(n=4); * = p < 0.05. g) Western blot analyses to detect ANXA1 in MSC-EVs. g1. After 50 sec of exposure time, a 
weak and intense fragment was detected in the 10 and 30 ng hrANXA1 lanes respectively whereas no signal 
was detected when MSC-EVs (not shown) or 1 and 3 ng hrANXA1 were loaded per lane. g2. After 1500 sec 
of exposure time, endogenous ANXA1 (37 kDa) was detected in lysate of MSC-EVs but not in MSC culture 
medium controls (pure hPL, pure hPL lysate + 10.000 x g for 10 minutes, pure hP +10.000 x g for 10 minutes 
+ 0.2 µM fi ltered) which were used as negative controls (not shown). h) Baseline TEER measurements were 
taken before initiation of OGD (0 hours). Four hours after OGD, fetal rat endothelial cells were treated 
with hrANXA1 and/or FPR inhibitors and followed up for 3, 6, 12 and 24 hours (n=4). i) TEER endpoint 
measurement, 24 hours after OGD and hrANXA1 treatment (28 hours absolute time) in the presence or 
absence of FPR inhibitors (n=4); * =p < 0.05. magnifi cation, scale bar 50 μm.
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Figure 4: MSC-EVs and ANXA1 prevent loss of BBB integrity in vitro after OGD via FPRs. Characterization of 
primary fetal rat endothelial cell culture by a) bright-field microscopy (100x magnification) and b) immunocyto-
chemistry for vWF (200x magnification) c) immunocytochemistry for ZO-1 (200x magnification) d) immunocyto-
chemistry for α-SMA (40x magnification). e) Baseline TEER measurements were taken before initiation of OGD 
(0 hours). Four hours after OGD, fetal rat endothelial cells were treated with MSC-EVs and/or FPR inhibitors and 
followed up for 3, 6, 12 and 24 hours (n=4). f) TEER endpoint measurement 24 hours after OGD and MSC-EV 
treatment (28 hours absolute time) in the presence or absence of FPR inhibitors (n=4); * = p < 0.05. g) Western blot 
analysis to detect ANXA1 in MSC-EVs. g1. After 50 sec of exposure time, a weak and intense fragment was 
detected in the 10 and 30 ng hrANXA1 lanes respectively whereas no signal was detected when MSC-EVs (not 
shown) or 1 and 3 ng hrANXA1 were loaded per lane. g2. After 1500 sec of exposure time, endogenous ANXA1 
(37 kDa) was detected in lysate of MSC-EVs but not in negative controls (not shown). h) Baseline TEER measure-
ments were taken before initiation of OGD (0 hours). Four hours after OGD, fetal rat endothelial cells were treat-
ed with hrANXA1 and/or FPR inhibitors and followed up for 3, 6, 12 and 24 hours (n=4). i) TEER endpoint 
measurement, 24 hours after OGD and hrANXA1 treatment (28 hours absolute time) in the presence or absence 
of FPR inhibitors (n=4); * =p < 0.05.   

37 kDa
1 3 10 30
1. 2.

MSC-EVs

(f)

(i)

(g)

(h)

(a) (b) (c) (d)

hours

TE
E

R
 (Ω

) 

0 10 20 30
80

100

120

140

160
No treatment

MSC-EVs

Cyclosporin H

Cyclosporin H & MSC-EVs

WRW4

WRW4 & MSC-EVs

* *

hours

TE
E

R
 (Ω

) 

0 10 20 30
80

100

120

140

160
No treatment

ANXA1

Cyclosporin H

Cyclosporin H & ANXA1

WRW4

WRW4 & ANXA1

* *

(e)

TE
E

R
 (Ω

)

No t
rea

tm
en

t

ANXA1

Cyc
los

po
rin

 H

Cyc
los

po
rin

 H
 &

 ANXA1

W
RW

4

W
RW

4 &
 ANXA1

0

50

100
100

110

120

130

140
p = 0.017

TE
ER

 (Ω
)

No t
rea

tm
en

t

MSC-E
Vs

Cyc
los

po
rin

 H

Cyc
los

po
rin

 H
 & M

SC-E
Vs

WRW4

WRW4 &
 M

SC-E
Vs

0

50

100
100

110

120

130

140
p = 0.022

Figure 4: MSC-EVs and ANXA1 prevent loss of BBB integrity in vitro after OGD via FPRs. Characterization of 
primary fetal rat endothelial cell culture by a) bright-field microscopy (100x magnification) and b) immunocyto-
chemistry for vWF (200x magnification) c) immunocytochemistry for ZO-1 (200x magnification) d) immunocyto-
chemistry for α-SMA (40x magnification). e) Baseline TEER measurements were taken before initiation of OGD 
(0 hours). Four hours after OGD, fetal rat endothelial cells were treated with MSC-EVs and/or FPR inhibitors and 
followed up for 3, 6, 12 and 24 hours (n=4). f) TEER endpoint measurement 24 hours after OGD and MSC-EV 
treatment (28 hours absolute time) in the presence or absence of FPR inhibitors (n=4); * = p < 0.05. g) Western blot 
analysis to detect ANXA1 in MSC-EVs. g1. After 50 sec of exposure time, a weak and intense fragment was 
detected in the 10 and 30 ng hrANXA1 lanes respectively whereas no signal was detected when MSC-EVs (not 
shown) or 1 and 3 ng hrANXA1 were loaded per lane. g2. After 1500 sec of exposure time, endogenous ANXA1 
(37 kDa) was detected in lysate of MSC-EVs but not in negative controls (not shown). h) Baseline TEER measure-
ments were taken before initiation of OGD (0 hours). Four hours after OGD, fetal rat endothelial cells were treat-
ed with hrANXA1 and/or FPR inhibitors and followed up for 3, 6, 12 and 24 hours (n=4). i) TEER endpoint 
measurement, 24 hours after OGD and hrANXA1 treatment (28 hours absolute time) in the presence or absence 
of FPR inhibitors (n=4); * =p < 0.05.   
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6

Figure 5. Temporal expression of ANXA1 on 1, 3 and 7 days after HI in cerebrovasculature, 
ependymal lining and microglia. a) ANXA1 expression in cerebrovasculature and representative 
picture of ANXA1 loss in vasculature 1 day after HI compared to control. b) Endogenous ANXA1 over 
time in ependymal lining and representative picture of ANXA1 loss in ependymal lining 1 day after 
HI compared to control. c) Endogenous ANXA1 expression in microglia over time and representative 
pictures of ANXA1 increase in microglia 3 days after HI compared to control. 100x magnification, scale 
bar 200 μm.
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Discussion

We show in our translational fetal sheep model of global HI that the BBB 
integrity is compromised, as indicated by an increased albumin leakage 
into the brain parenchyma. This is in line with clinical reports and studies 
with fetal animals in which loss of BBB integrity occurred after HI [7,9,10,18]. 
BBB dysfunction is one of the key mediators in adult neurological disorders 
including multiple sclerosis (MS), stroke, Alzheimer’s and Parkinson’s 
disease since it facilitates immune cell infiltration into the central nervous 
system (CNS), which act as drivers of cerebral inflammation and subsequent 
brain injury [24-27,40]. In the fetal situation, HI results in a multifactorial 
cascade of detrimental events, of which BBB dysfunction similar to adult 
neuropathologies is identified as one of the contributors to cerebral injury 
leading to life-long cognitive and sensory motoric disabilities [7,8]. In addition 
to direct BBB dysfunction, multiple phases of energy failure following 
global HI lead to cell death and release of excitotoxic molecules, eliciting a 
strong pro-inflammatory response by microglia that secrete cytokines and 
reactive oxygen species that exacerbate existing BBB damage [1,14,15,25,41-43]. 
Moreover, systemic inflammation, induced by a global HI insult, can increase 
the BBB permeability, allowing inflammatory mediators such as cytokines 
and inflammatory cells to enter the parenchyma, thereby contributing to 
disease progression. Evidence for such second hit in our global HI model was 
previously shown by recruitment of immune cells into the circulation within 
24 hours following global HI with a subsequent marked cerebral influx of 
neutrophils and T-cells [16]. The influx of peripheral immune cells after cerebral 
ischemia is considered to further aggravate acute inflammation of the brain 
that was initiated by immediate cell death and microglial activation [42-44]. 
This emphasizes that disturbance of BBB integrity by HI and peripheral and 
cerebral inflammation act synergistically, leading to a self-enhancing loop of 
inflammation/brain damage which needs to be contained. Hence, targeting 
molecular pathways regulating BBB integrity appears a logical strategy to 
combat brain injury following HI.

We have previously shown in our fetal sheep model of global HI that 
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pharmacological administration of MSC-EVs resulted in partial 
protection against hypomyelination. These therapeutic effects could 
not be explained by anti-inflammatory effects of the MSC-EVs [19]. 
Therefore, we focused on an alternative explanation for pharmacological 
effects of MSC-EVs, being restoring the injured BBB by targeting the ANXA1/
FPR-axis following HI. In the current study, we report that MSC-EVs protect 
the BBB that was compromised by global HI in our fetal sheep model. We 
conclude from our previous [19] and current findings that the protective 
effects of MSC-EVs arise, at least in part, from their protective actions on the 
BBB. Interestingly, recent studies of adult traumatic brain injury and stroke 
models showed that stem cell therapy diminished trauma and HI-induced 
BBB leakage [44,45]. Although our combined findings indicate that ANXA1-
driven inhibition of cerebral inflammation is not a plausible explanation for 
the pharmacological effects of MSC-EVs, we cannot rule out the possibility 
that microglia are part of the underlying working mechanism. More 
precisely, Solito et al found that ANXA1 plays an important role in controlling 
non-inflammatory phagocytosis of apoptotic cells and promoting resolution 
of inflammation in models of Alzheimer’s disease [25]. An annexin-driven 
switch into M2 microglia that typically express such characteristics is a 
realistic scenario that warrants further investigation in a follow up study 
where neuroprotective effects of ANXA1 will be directly tested in vivo.  

The most important finding of this study was that MSC-EV mediated 
protection of BBB integrity (after OGD) was dependent on FPR signaling 
and that MSC-EVs contain the potent FPR agonist ANXA1. ANXA1 is 
a multifunctional molecule originally identified as anti-inflammatory/
pro-resolving mediator and more recently also as a crucial regulator of 
BBB integrity [20,21]. In particular, ANXA1 KO mice exhibit increased BBB 
permeability compared to WT mice due to disrupted inter-EC tight junctions 
[20]. ANXA1 regulates the BBB by binding to the FPR2 receptor that in turn 
inhibits the activity of RhoA, subsequently promoting cytoskeletal stability 
and enhancing tight junction formation [20,46,47]. Blocking of FPR signaling 
by cyclosporine H or WRW4 leads to activation of RhoA that might induce a 
leaky BBB by destabilizing β-actin cytoskeleton. RhoA activity, inhibited by 
ANXA1, was also identified to induce BBB permeability in AD supporting the 
role of ANXA1 to regulate BBB integrity by this pathway [48]. Another study 
proposed FPR/ANXA1 interactions in improving BBB integrity, in a model 
studying sexual dimorphism in systemic inflammation [49]. Exclusively in 
young female mice ANXA1 signaling, downstream of estrogen, prevented 
inflammation-induced BBB tight junction breakdown and limited lymphocyte 
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extravasation into the brain parenchyma [49]. Similar sexual dimorphism in 
susceptibility of HI induced preterm brain injury is also observed in clinic 
and experimental models which found females to be better protected from 
premature brain damage and sequelae compared to males [50-52].

In accordance with previous reports, we found ANXA1 to be expressed 
by fetal microglia, BBB endothelial and ependymal cells [12,53,54]. The 
mechanism by which endogenous ANXA1 regulates BBB integrity in brain 
microvascular ECs is considered to occur by binding to β-actin, thereby 
promoting cytoskeleton formation, which serves as an anchor linking β-actin 
to the plasma membrane, facilitating establishment of tight junctions between 
ECs [20]. 

Since ependymal cells, which form the basis of the brain-CSF interface, fulfil 
a similar barrier function during development as ECs of the BBB [13,55,56] it is 
likely that ANXA1 exerts the same regulatory function in these cells. Neuro-
ependymal cells of the fetus are connected by strap junctions that restrict 
the influx of larger molecules from the CSF into the brain [13,55-57] and 
disruption might cause uncontrolled passage of larger molecules between the 
brain and the CSF. This tempts us to speculate that loss of ANXA1 within the 
first 24 hours after HI might lead to a weakened brain-CSF barrier function. 
For future research, determination of albumin in CSF immediately after HI 
insult might give insights into the function of ANXA1 in ependymal lining. 
We aimed to measure albumin in CSF but unfortunately, this analysis was 
hampered by blood contamination during sampling of CSF in a number of 
samples.

An important observation in this study is the acute, transient decrease 
of endogenous ANXA1 expression of the cerebral vasculature following 
global HI indicating that an important endogenous protection of the BBB is 
abrogated which might destabilize BBB integrity promoting the vicious cycle 
of inflammation/brain damage. The clinical consequences of ANXA1 loss are 
supported by earlier findings, showing that depletion of ANXA1 was also 
detected in cerebrovascular capillaries and serum of MS and AD patients 
and respective experimental models in which a disrupted BBB is a major 
requirement for the onset of disease [20,48]. 
Besides acute ANXA1 loss in cerebrovasculature and ependymal cells, we 
found an increase in ANXA1 expression of microglia three days after HI 
compared to time-matched control animals. The increase of endogenous 
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6ANXA1 in microglia after the acute phase might be part of controlled 
resolution of inflammation. ANXA1 facilitates phagocytosis of apoptotic 
cells and debris by microglia without eliciting a pro-inflammatory 
response [25,43,47,58]. Furthermore, ANXA1 skews macrophages from a 
pro-inflammatory towards an anti-inflammatory phenotype [59-61]. The 
specific and acute loss of endogenous ANXA1 following HI in cells lining 
the BBB suggests the idea that the BBB is the primary site affected by HI, 
highlighting it as the most obvious therapeutic target in HI.

A limitation of our in vitro study is that we cannot completely rule out that 
primary cells might lose characteristics during culturing. However, there 
is evidence that cerebral endothelial cells maintain specific morphology in 
culture which is especially the case with the endothelium from embryonal 
origin [62]. In particular, fetal endothelial cells did not show signs of cellular 
aging; cells retained ultrastructural characteristics and cells did not change 
lectin binding pattern [62]. Furthermore, there are several differences between 
adult and fetal brain endothelial cells i.e. adult and fetal endothelial cells differ 
in growth rate and expression of endothelial markers [63]. Also functional 
differences have been reported which are important to be mentioned such as 
different reaction to tumor-conditioned media [63] and neonatal endothelial 
cells display a lower barrier integrity compared to adult cells measured by 
TEER [64]. 

Given the relative small animal numbers per group, which is an inherent 
limitation to large animal models, we report actual P values and tend 
to interpret P values between 0.05 and 0.1 as biologically relevant. This 
assumption will decrease the chance of a false negative finding but increases 
the chance that one of these differences is a false positive result.

Together our data in this proof of concept study support the notion that the 
ANXA1/FPR axis is a therapeutic target to treat fetuses exposed to HI of 
the brain and that hrANXA1 is a potential therapeutic agent especially with 
regard to BBB function. Our current understanding of the pathologic course 
of HI is described by a primary phase during/after HI that is characterized 
by reduction in cerebral blood flow and subsequent oxygen/nutrient 
shortage resulting in severe tissue damage. The primary phase is followed 
by a latent/recovery phase (~6 hours after HI) in which cerebral blood flow 
is restored leading to a secondary energy failure phase 6-72 hours after the 
initial insult [1,4,6]. The latent phase is believed to be the optimal window of 



166

therapeutic interventions [1,4,6]. Considering that ANXA1 depletion occurs 
within the fi rst 72 hours upon ischemia in cerebrovasculature and ependyma, 
supplementation of exogenous ANXA1 should be conducted within the 
pharmacological window of opportunity of at most three days after the HI 
insult but preferably earlier. 

Supplementary Materials
The following supplementary material is available online at www.mdpi.com/
xxx/s1, Figure S1 Western blot of MSC-EVs and negative controls for ANXA1, 
Figure S2 ANXA1 IR within cerebral blood vessels, ependyma and microglia 
in response to MSC-EV treatment 7 days after HI or sham-HI.
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Summary & discussion

Perinatal infl ammatory stress and premature birth are strongly associated 
with neurological disabilities throughout life [1]. Over the last decades, 
extensive research has been performed to identify causes and unravel 
pathophysiological mechanisms, leading to injury of the developing brain 
in order to facilitate development of therapeutic strategies. Despite diff erent 
approaches and numerous studies, many essential questions are still 
unanswered and the obtained knowledge resulted in only limited translation 
into clinical practice. As a result, still high rates of neurodevelopmental 
impairment are observed in survivors of prematurity. From the diff erent 
essential questions that remain unanswered, I focused on the following 
items which formed the basis for the chapters in this thesis:  

1. The peripheral and cerebral outcomes of the fetus following diff erent 
intra amniotic microbial stimuli (chapter 2-4).

2. The time-dependent changes in the developing brain in the course of 
perinatal infl ammatory stress (chapter 2 & 3).

3. The eff ect of repetitive infl ammatory stimuli on preterm brain 
development (chapter 2).

4. Therapies for EoP with a focus on cell-based therapies and their region-
dependent eff ects (chapter 5 & 6).

5. Defi ning the optimal window of opportunity for new neuroprotective 
interventions (chapter 3 & 6).

Perinatal brain injury (EoP) can result from diff erent origins with diff erent 
underlying mechanisms. I, therefore, studied the eff ects of chorioamnionitis 
(chapter 2-4) and global hypoxia-ischemia (HI) (chapter 5-6) separately as 
two important, independent, contributing factors to EoP. For these studies, 
we have primarily used two preclinical ovine models closely mimicking 
human brain development in utero. In chapter 2-4, ovine models of 
intrauterine infection/infl ammation have been used to mimic acute or 
chronic chorioamnionitis with fetal involvement (FIRS) to study its eff ects 
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on fetal brain development. Considering the polymicrobial origin of 
chorioamnionitis diff erent infectious/infl ammatory triggers were 
used within these studies, including Ureaplasma Parvum, C. albicans 
and E. coli-derived Lipopolysaccharide (LPS) as representatives of most 
common bacterial and fungal isolates in chorioamnionitis [2].

In chapter 2-4 we showed that intra amniotic exposure to LPS or C. albicans 
provoked an acute increase in fetal systemic IL-6 concentrations within 
the fi rst days after in utero exposure. More recently, these fi ndings were 
recapitulated by UP (unpublished data), indicating that regardless of the 
microbial trigger a systemic infl ammatory response is induced within 
the same timeframe. Pro-infl ammatory cytokines, and IL-6 in particular, 
contribute to the activation of cerebral endothelium and cells of the 
blood-brain barrier [3-5]. These cells in turn activate adjacent microglia 
and astrocytes as their primary targets and producers of infl ammatory 
mediators, ultimately resulting in a neuroinfl ammatory response [6-10]. 
This is also supported by our data in which we showed that the induction 
of a systemic response was followed by the induction of a cerebral 
infl ammatory response as shown by an increase in microglia density and 
subsequently cerebral injury (chapter 2-4). In addition, IL-6 inhibits the 
development of new neurons in experimental models which is part of the 
pathogenesis of hyper-excitable neurological conditions including epilepsy 
and autism spectrum disorders [3, 11].

The clinical importance of increased fetal circulatory IL-6 levels has 
been further underscored by studies which showed a strong association 
between IL-6 levels and neonatal morbidity and mortality [12]. Numerous 
clinical studies have shown that fetal involvement by the induction of FIRS 
(characterized by increased pro-infl ammatory cytokines including IL-6) 
during chorioamnionitis is related to higher rates of neonatal sepsis and 
multi-organ adverse outcomes including perinatal brain injury [12, 13] and 
in particular CP [14]. A recent study including 2,390 extremely preterm 
infants (<27 weeks of gestation) demonstrated that the presence of clinical 
chorioamnionitis was associated with an increased risk of cognitive 
impairment at 18-22 months of corrected age [15]. In contrast, histological 
chorioamnionitis without fetal involvement has not been associated with 
adverse neurodevelopmental outcomes [16, 17] and shown to be only a 
weak risk factor for CP [16]. These combined data suggest that the release 
of infl ammatory cytokines (FIRS) in the course of intrauterine infections 
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play a crucial role in the initiation and aggravation of brain injury [14].
Based on the items described above, it is appealing to consider systemic IL-6 
levels as a prognostic marker to predict cerebral outcomes. However, caution 
is required for the following reasons: Increased plasma IL-6 levels are also 
found after non-infection-related insults including Rh-alloimmunization 
[18], trauma [19] and HI insults [20]. It still needs to be established whether 
the prognosis of FIRS differs if induced by infectious or non-infectious 
insults. Moreover, increased plasma levels of IL-6 in the acute phase 
(<24 h) following an ischemic insult or traumatic brain injury have been 
shown to be a reliable prognostic marker for adverse cerebral outcomes 
[21, 22]. We demonstrated that IL-6 concentrations were only acutely and 
transiently increased following intrauterine exposure to inflammation (UP, 
LPS) (chapter 2 and 3). Therefore, the timing of IL-6 analysis appears to be 
essential as marker for cerebral prognosis and needs to be incorporated into 
the clinical decision model. Further studies should focus on the use of IL-6 
in combination with other implemented systemic inflammatory markers 
(CRP, procalcitonin) or novel biomarkers that can determine the onset of 
intra amniotic infections [23] to better predict cerebral outcomes. Currently, 
promising biomarker studies are ongoing that meet this need in the future.

In women who deliver preterm, Ureaplasma species are the most 
frequently isolated microorganisms from the amniotic fluid and placentae 
[24]. Although Ureaplasma parvum (UP) is known as a pathogen of low 
virulence, it is associated with chorioamnionitis, spontaneous abortions/
miscarriages and neonatal respiratory diseases [25]. Despite the fact that 
these microorganisms have been routinely found within placentae of 
pregnancies with chorioamnionitis, the role of Ureaplasma species as 
a causative agent has not been irrefutably explained. The controversy 
surrounding the role of UP in disease is reinforced by the fact that not 
all women infected with Ureaplasma spp. develop chorioamnionitis [25, 
26].  In chapter 2 we however show that Ureaplasma parvum (UP) is not a 
harmless commensal colonizing the amniotic fluid.  Chronic intra amniotic 
exposure induced changes in the fetal brain that might explain the observed 
altered neurological outcomes at 2 years of age in children born following 
chorioamnionitis by UP [27]. We found that chronic UP exposure in the 
third trimester decreased the number of astrocytes which was associated 
with increased number of oligodendrocytes (OLs) and epigenetic 
changes in the cerebral white matter and hippocampus. In line, changes 
in astrocyte function or density are associated with altered neurological 
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outcomes [28]. In particular, altered astrocyte protein expression 
(GFAP) and disrupted astrocyte maturation have been implicated in 
the pathogenesis of neurodevelopmental disorders such as autism 
and cerebral palsy. In addition, the increase of OL lineage cells, as seen 
following 42d of UP exposure, might indicate replenishment of OLs upon 
initial loss in the acute phase following UP exposure. This combined with 
the loss of MBP suggests a maturation arrest of OL progenitor cells which 
is a key feature of white matter injury in preterms [29, 30].

To gain more insight in the time dependent changes of the white matter in 
these fetal brains we studied the effects of intra amniotic LPS exposure over 
time. We found increased numbers of apoptotic cells in the white matter 
which was followed by loss of (pre-) OLs at 15 days post LPS exposure (chapter 
3). Such changes of the white matter predispose to the long-term adverse 
neurological outcomes in later life [30], which supports the developmental 
origin of health and disease (DOHaD) hypothesis. Considering the clinical 
importance, several potential mechanisms responsible for this altered 
white matter development, were studied and described in both chapter 2 
and 3. First, aberrant or excessive microgliosis following LPS exposure was 
found (chapter 3) with subsequent cell death and/or maturation arrest of 
OLs with detrimental effects for the immature brain. Second, the observed 
alterations in astrocyte expression (chapter 2) is proposed to induce altered 
OL maturation since astrocytes are important for the metabolic support of 
OLs and key in regulating glutamate homeostasis [31]. At this stage of fetal 
brain development, pre-OLs are typically present in relative high numbers, 
and these cells are particularly vulnerable to glutamate receptor induced 
injury. When astrocyte function is altered, OLs lose metabolic support, 
glutamate homeostasis is disturbed and pre-OLs are prone to glutamate 
induced injury [32]. 

Alternatively, inflammation-induced epigenetic changes during early 
development can cause substantial lasting neurodevelopmental impairments 
later in life [33, 34]. The observed increase of the DNA methylation marker 
5-mc (chapter 2), an important repressor of gene transcription [35], is 
indicative for such epigenetic changes which are already induced during 
pregnancy complicated by chorioamnionitis. These findings highlight 
that essential alterations can occur in the antenatal period, which might 
be prerequisite for disturbed maturation and differentiation of immature 
OLs with potential detrimental consequences in later life. Based on 
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the data described in this thesis, longitudinal follow up studies in our 
pre-clinical models are ongoing in which the long term consequences of 
the pathophysiological processes imitated in the perinatal period will be 
studied causally. Such a longitudinal study enables us to study tertiary 
mechanisms of brain injury which include epigenetic changes and persistent 
inflammation [9]. These processes can persist for months or years after the 
initial insult in the perinatal period and are proposed to contribute to the 
prevention of endogenous repair and regeneration which contribute to the 
neuropathological substrate of EoP [9].

Chorioamnionitis is not limited to bacteria or bacterial products but 
also include viral and fungal species [2]. Although intra-amniotic fungal 
infections are rare, its consequences on fetal development are of enormous 
impact including a high mortality rate and severe neurological disabilities. 
We have chosen C. albicans infection since this is the most common fungal 
species found in women diagnosed with chorioamnionitis (chapter 4) [2]. 
As shown in this chapter, intra-amniotic exposure to C. albicans resulted 
in a systemic immune response (increased IL-6 levels) with concomitant 
microglial and astrocyte activation, focal white matter disturbances, 
increased cell death and fetal death within 5 days upon exposure 
without fungal invasion of the brain parenchyma. We have previously 
shown that C. albicans resulted in skin, lung [36] and gastro-intestinal 
tract inflammation [37]. Moreover, Nikiforou et al. [37] showed fungal 
translocation through the epithelial barrier within the blood stream from 
3 days onwards. Since at this stage no invasive growth of C. albicans was 
present in other organs including the brain parenchyma, we consider that 
the systemic inflammatory response at this stage of the infection as most 
important trigger for cerebral inflammation and subsequent injury which 
corresponds with the postulated pathophysiological changes of the brain 
following intra-amniotic UP and LPS exposure. 

Antenatal treatment for Candida chorioamnionitis is challenging and, 
until now, only resulted in half of cases in the delivery of living infants 
[38]. We showed that intra-amniotic Fluconazole treatment after intra-
amniotic C. albicans infection successfully eradicated C. albicans from the 
CSF and temporarily inhibited systemic immune activation. However, 
modulation of the cerebral inflammatory response and prevention of the 
concomitant white matter injury was not observed. Nonetheless, a single 
dose of Fluconazole promoted fetal survival. In addition, Nikiforou et al. 
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showed that Fluconazole treatment was successful in decreasing 
colonization and epithelial injury of the fetal gut. Taken together, 
we consider that the decreased mortality is a result of the decreased 
colonization and epithelial injury of the fetal gut and potentially the lung 
resulting in a temporarily diminished systemic inflammatory response. 
Besides eradication of the microbe, future studies should aim at preventing 
the inflammation- and/or HI-induced adverse effects on the brain including 
immune-modulatory/regenerative therapies. 
The etiology of EoP is complex and multifactorial. Over the last decade 
(pre)clinical evidence demonstrated that the brain experiences altered 
susceptibility when exposed to a second injurious hit following 
pre-exposure to inflammation [39, 40]. This concept of sensitization and 
preconditioning is supported by clinical data showing that the combination 
of antenatal infection and a hypoxic-ischemic (HI) insult around birth 
dramatically increases the risk of cerebral palsy (OR 78) when compared 
to either HI (OR 2.5) or infection (OR 7.2) alone [39]. Besides this specific 
combination of insults, multiple ante-, peri- or postnatal hits can contribute 
to the development of brain injury in the preterm infant including small 
for gestational age and impaired placental growth [41-43]. In addition, 
evidence is accumulating that postnatal ventilation-induced white matter 
injury, barotrauma around birth, (par)enteral feeding, necessary medication 
(glucocorticoids), surgeries, all could contribute to the development of EoP 
[44]. Clinically, exposure to multiple hits is associated with an enormous 
increase in the risk of and severity of white matter abnormalities [41, 45, 46]. 
Therefore, the impact of these factors on brain development also depends 
on interactions between different insults and treatments which need to be 
further explored.

In chapter 2 we investigated the effect of multiple inflammatory hits, 
representing intrauterine inflammation and possible postnatal infections, 
and the effect on brain development. In this double-hit study, we found that 
chronic intra-amniotic UP exposure prevented microgliosis, epigenetic and 
lipid profile changes and myelin disturbances when animals were exposed 
to a second inflammatory hit with lipopolysaccharide (LPS) from E.coli. 
In line, this ‘preconditioning’ phenotype was also found in ovine fetuses 
exposed to 70 days of UP and 7 days LPS [47]. Such preconditioning renders 
the brain less susceptible to a second insult, thereby resulting in less brain 
injury [48]. In contrast to these cerebral findings, UP infection for 24 days 
appeared to sensitize the fetal lungs [49] and gut (unpublished data) against a 
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second inflammatory hit with LPS indicating that target organ and duration 
of the insult determines susceptibility for a second hit. The underlying 
mechanisms by which inflammation establishes a favorable environment 
protecting the brain against a second event remain largely unknown. 
Gene ontology analysis reveals that the most over-represented genes 
belong to immune and inflammatory processes and cell death pathways 
in LPS-induced preconditioning in the immature brain [48].  Moreover, 
the time delay between insults appears to be critical in determining the 
pathological outcome as the same sublethal exposure can render the tissue 
either more (sensitization) or less (preconditioning) sensitive to the same 
subsequent, severe insult, depending on the interval between events. 
Mallard et al. showed that the vulnerability of the brain to an HI insult 
following in utero inflammation differs between neonatal and adult brains 
resulting in sensitization and preconditioning respectively [50]. Altogether, 
these data support the complexity of the underlying pathophysiological 
mechanisms of EoP. Considering the clinical heterogeneity between 
patients makes it almost impossible to develop tailor-made treatments and 
predict outcomes on individual levels. Recognition of individual causal 
factors leading to brain damage is the first step in a complex translational 
mission to tailor safe and effective therapies resulting in individualized/
personalized medicine.

Treatments
 
The introduction of therapeutic hypothermia as a treatment for moderate to 
severe neonatal encephalopathy follows two decades of pre-clinical studies 
in experimental HI models and clinical trials [51]. There is clear evidence 
that therapeutic hypothermia in this setting reduces adverse outcomes 
including decrease of mortality and neurodevelopmental disability at 
18 months of age (RR 0.75% CI 0.68-0.83) which persists into childhood. 
However, around 40%  of infants , have an adverse neurodevelopmental 
outcome, despite treatment [52]. Moreover, in preterm infants hypothermia 
is contra-indicated since it is associated with increased risk of side effects 
including poor neurodevelopmental outcome. Recently, the crucial role 
of the immune response has been recognized as having an important 
influence on outcome of hypothermia treatment [53-55]. It has been shown 
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that therapeutic hypothermia is ineffective and even harmful in the 
presence of infection/inflammation in adult clinical studies [55]. In 
a pre-clinical neonatal rodent study cooling was not neuroprotective 
in inflammation-sensitized HI [54]. In a small prospective study of 
placental histology being related to MRI of babies undergoing therapeutic 
hypothermia, therapeutic hypothermia was less protective in babies whose 
placentas showed chorioamnionitis [55]. Considering these data, the need 
for new therapeutic strategies to prevent EoP is emerging. As already 
elaborated in the introduction of this thesis, stem cell therapies are of 
increasing interest as a neurotherapeutic for neonatal brain injury and may 
show great potential in the prevention of encephalopathy of prematurity 
[56]. As shown in chapter 2-4 the initiation of a cerebral inflammatory 
response is one of the essential steps leading to brain injury. Modulating 
this inflammatory response directly or indirectly is considered to be a 
key mechanism of action of a potential treatment. Second, regeneration of 
injured OLs and neurons and/or stimulate the maturation of these cells 
is a prerequisite of a new treatment to prevent EoP [9, 57]. Mesenchymal 
stromal cells possess both anti-inflammatory and regenerative properties. 
We have previously shown in an ovine model of HI-induced brain injury 
that intravenous administration of bone marrow-derived adherent stromal 
cells (MSCs, MAPCs) prevented cerebral inflammation, white matter injury 
and loss of function/decreased seizure activity following global hypoxia-
ischemia [58, 59]. 

Besides the cerebrum, the cerebellum is increasingly appreciated as an 
important contributor in EoP [60]. Clinical data show that disturbed 
cerebellar development in prematurely born children can still be detected at 
school age/adolescence and is associated with adverse neurodevelopmental 
outcome [61]. More precisely, it has been shown that cerebellar injury plays 
an important role in the high prevalence of non-motor deficits like cognition, 
learning and behavior in survivors of prematurity. Therefore, protection of 
the cerebellum following preterm birth and/or HI is clinically highly relevant. 
In chapter 5 we demonstrated that besides the cerebral white matter, MAPC 
therapy also protected the cerebellum against HI-induced injury. We found 
marked cortical injury, microgliosis and hypomyelination in the cerebellum 
following global HI, changes that are indicative as a pre-stage for cerebellar 
underdevelopment [60]. We showed that these cerebellar alterations were 
prevented by intravenous administration of MAPCs and potentially may 
prevent neurodevelopmental disorders in later life.
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The different phases leading to brain injury following a HI insult have been 
well described and discussed in the introduction of this thesis [9, 62, 63]. 
Numerous studies have shown that microglia become excessively activated 
within 24 hours after an acute global HI insult and  abundantly release 
pro-inflammatory cytokines, free oxygen species and excitatory amino acids   
[62-65]. Moreover, systemically, global HI also provokes a pro-inflammatory 
environment which triggers systemic release of danger signals reaching 
peak values around 24 hours after the insult [62-64, 66]. This systemic 
accumulation of DAMPs has been associated with massive activation of 
the peripheral immune system with rapid mobilization of immune effector 
cells (i.e. neutrophils, monocytes, T-cells) from the spleen [65, 67]. These 
mobilized effector cells can invade the neonatal brain through a disrupted 
blood-brain barrier and aggravate the existing injury [65, 67]. This concept 
has been confirmed and extended by our data in a preclinical model of 
neonatal HIE, showing that neuroinflammation mediated by microglia was 
associated with marked mobilization of the peripheral immune system and 
splenic involution [58]. These immunomodulatory changes were associated 
with an increased seizure burden and induction of white matter injury. 
In our studies, we administered MSC [58] and MAPC (chapter 5) at 1 h 
and/or 4 days after global HI since these cells have shown to possess both 
strong anti-inflammatory and regenerative capacities in CNS injury. These 
capacities are influenced by the host’ microenvironment.  With the first 
dose, we aimed to dampen the acute peripheral and cerebral inflammatory 
response which is considered as one of the first steps leading to EoP [1, 
9]. Interestingly, we showed in our pre-clinical model that MSC induced 
persistent peripheral T-cell tolerance in vivo and reduced invasion of T-cells 
into the preterm brain following global HI, which might be a mechanism 
underlying the therapeutic effects of MSCs [58]. Ultimately, attenuation of 
the cerebral and peripheral inflammatory response, will prevent/inhibit 
subsequent cell death and injury in the brain.

Besides the immunomodulatory effects, we postulate that MAPC cell 
therapy promotes remyelination in a similar manner as MSCs, which have 
been shown to stimulate neural progenitor cells to differentiate towards the 
OL lineage and induce remyelination in vivo. Therefore, the second dose was 
administered 4 days after global HI to support repair of oligodendrocyte 
and neuronal injury, which is initiated in the sub-acute phase after 
HI-injury. We showed that MAPC cells prevented hypomyelination and 
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induced almost complete protection against PC loss at 7 days after 
HI. This is a very short period which makes protection a more likely 
mechanism than regeneration. In line, another group that studied 
the neuroprotective effects of stem cell based therapies in the preterm 
ovine fetus showed that these cells suppressed cerebral inflammation and 
protected white matter structures [68]. This study attributed these protective 
effects by indirect systemic and neuroimmunomodulatory effects. The 
neuroimmunomodulatory effects included the induction of a microglia 
phenotype switch towards a resting state, i.e. from a pro- inflammatory M1 
phenotype to an anti-inflammatory M2 phenotype. Miron et al. showed 
that these M2 microglia enhance OL differentiation during remyelination 
in the brain [69]. Unfortunately, we cannot confirm the MAPC-induced 
switch towards a dominant, neuroprotective M2 phenotype since ovine-
specific reagents to discriminate M1 from M2 microglia were not available 
at that moment. Recently, M2 specific markers (including CD 163) have 
been validated in fetal sheep studies which in future studies are useful to 
discriminate microglia phenotypes (unpublished). Altogether, we consider 
that especially the early administration of MAPC cell treatment is accountable 
for the neuroprotective effects observed in this study. Although one might 
question the clinical feasibility of the 1 hour gift, recent experimental 
and clinical data indicated that later (12-36 hour) administration of stem 
cells similarly protected the adult brain after stroke [70]. Based on these 
combined findings, we expect that administration of MAPC cells to 
neonates at a clinically more feasible time point (24 hours) after the HI 
event will result in comparable neuroprotective effects as shown in our 
current study. Clinically, the pathophysiological process of encephalopathy 
in preterm infants evolves over time and therefore we cannot exclude that 
late administration of MAPCs would still exert beneficial effects at a later 
stage of brain development. Therefore, we consider the timing of analysis 
as an important limitation for the assessment of regenerative effects of 
MAPC cells in our study.

Despite that immunomodulatory and regenerative effects have been 
shown, the underlying mechanism of action of stem cell therapies remain 
largely unknown. It was initially thought that the therapeutic action of 
stem cells relied on direct replacement of dead and injured cells. However, 
since the number of cells that reach the site of injury is minimal, there is 
marginal engraftment and short cell survival (72h), this theory was largely 
disregarded [59, 71]. In line, we and others could not identify MAPC cells 
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within the cerebral parenchyma after 7 days [59, 71]. Meanwhile, there was 
growing evidence that the pharmacological effects of stem cell therapy rely 
at least in part on paracrine mechanisms since studies showed comparable 
therapeutic effects of MSC-conditioned medium when compared to its 
cellular equivalent [72, 73]. Consistently, we have previously shown in our 
fetal sheep model of global HI that i.v. administration of mesenchymal stem 
cell-derived extracellular vesicles (MSC-EVs) resulted in partial protection 
against hypomyelination [74]. Remarkably, these therapeutic effects could 
not be explained by anti-inflammatory effects of the MSC-EVs such as 
seen after MSC treatment. This prompted us to focus on an alternative 
explanation for pharmacological effects of MSC-EVs, being restoring the 
injured BBB following global HI. There is accumulating evidence that the 
BBB around the second trimester becomes functional [75]. However, a 
global HI insult results in release of reactive oxygen species and excitotoxic 
molecules (direct/metabolic effects of HI) and cytokines released from the 
peripheral and local innate immune system (inflammatory component) 
leading to BBB dysfunction [76]. An increased permeability of the BBB 
results in infiltration of peripheral immune cells (e.g. macrophages, 
leukocytes, T-cells) that can aggravate white matter injury by the release 
of pro-inflammatory mediators. Therefore, strengthening or restoring 
maintenance of BBB integrity by enforcing endothelial cells could restrict 
the extent of white matter injury. In chapter 6, we observed that global 
HI negatively affects the integrity of the fetal blood-brain barrier (BBB). 
We provide substantial evidence that this reduced integrity is associated 
with an acute drop in Annexin A1 (ANXA1) expression in the cerebral 
vasculature. Annexin A1 is known as an endogenous regulator of BBB 
integrity in neurodegenerative diseases [77]. Moreover, using an in vitro 
model of fetal cerebral endothelial cells we demonstrated that targeting the 
ANXA1/FPR axis is effective in restoring the BBB integrity loss following 
oxygen and glucose deprivation. Importantly, Annexins, including ANXA1, 
are frequently found in the proteome of stem cells and their EVs [78]. 
Altogether, we conclude from our previous and current findings that the 
protective effects of MSC-EVs arise, at least in part, from their protective 
actions on the BBB which may be mediated by Annexin A1. This concept 
is supported by a recent study that demonstrated that the BBB integrity 
in a murine brain endothelial cell line was rescued by administration of 
human recombinant ANXA1 following β‐Amyloid 1-42 (Aβ42)-induced 
BBB disruption [79]. Although our combined findings indicate that ANXA1-
driven inhibition of cerebral inflammation is not a plausible explanation 
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for the pharmacological effects of MSC-EVs, we cannot rule out 
the possibility that microglia are part of the underlying working 
mechanism. More precisely, Solito et al. found that ANXA1 plays an 
important role in controlling non-inflammatory phagocytosis of apoptotic 
cells and promoting resolution of inflammation in models of Alzheimer’s 
disease [80]. An Annexin-driven switch into M2 microglia that typically 
express such characteristics is a realistic scenario that warrants further 
investigation in a follow up study where neuroprotective effects of ANXA1 
will be directly tested in vivo. Taken together, we and others show that 
the beneficial effects of stromal derived cells depend on a combination of 
actions of the intact cell and its secretome.

Future studies - personalized 
medicine – designing targeted 
stem cell therapies

The work presented in this thesis helps to unravel the time-dependent 
changes in the fetal brain following perinatal inflammatory stress. 
Apoptotic cell death, measured by the number of cleaved caspase-3 
positive cells, is an important prognostic factor for neurological outcomes 
[81]. Importantly, whereas HI-induced cell death has been observed within 
3 days after the HI insult [82, 83], we found increased apoptotic cell death 
following antenatal exposure to infection from 8 days post intra-amniotic 
LPS exposure (chapter 3). These time dependent differences in the acute 
phase following a sterile or infectious inflammatory trigger are important 
determinants in defining a treatment regimen. 

The data presented in this thesis indicate that defined windows of 
opportunities emerge following perinatal inflammatory triggers which are 
different following an HI insult compared to an infectious trigger. These 
important findings indicate a potential mismatch between the optimal 
timing and current clinical initiation of treatment regimens which might 
be an explanation for the reported inconsistencies of clinical trials. This 
may in particular be true for trials with EPO [84]. More precisely: the work 
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described in chapter 3 & 6 shows a time-dependent and transient decrease 
of the pEPOR expression and endogenous ANXA1 content in the brain. 
Therefore, availability of a technology to detect the onset of inflammation 
in utero in a safe and non-invasive manner is key for the application of this 
concept. Moreover, every child that is born has its own “fingerprint” of risk 
factors potentially contributing to the development of EoP. This demands 
detection tools for the recognition of these distinct risk factors and a more 
individualized treatment approach. Correct timing of treatment initiation 
in relation to the nature and stage of injury is of great clinical importance 
in the near future.

Our studies and other preclinical studies primarily focused on single 
hit models with no standardized route, dose or intervention time of (cell-
based or cell-derived) therapies. Timing and route of delivery for many 
treatments and dosage related effects are likely to play a role in efficacy and 
therapeutic potential. In experimental settings, several research groups have 
used intracranial delivery of neurotherapeutics [85, 86], however clinically 
a less invasive administration route is preferred [87]. Intranasal delivery is 
emerging as an effective administration method for especially cell based 
therapies which directly targets the brain, preventing loss of cells in the 
peripheral organs. Comparing intravenous delivery, which has the proposed 
advantage of reducing systemic inflammation as a key factor in initiating 
EoP, to intranasal delivery should be elucidated in future studies [56].

The best studied treatment currently in clinical trials is EPO. Although EPO 
is an endogenous factor expressed in the fetal brain, preclinical studies have 
shown that EPO treatment requires pharmacological, non-physiological 
doses to cross the blood-brain barrier to acquire a neuroprotective effect 
[88, 89]. Clinical trials still show great variability in used dosages of EPO 
which could explain the inconsistent results [84]. 

Until today, hypothermia is the only clinically available effective 
neuroprotective treatment for neonates at risk for brain injury. We know 
that hypothermia alters the time course of pathophysiologic events 
resulting in brain injury including energy failure and inflammation. 
Moreover, it modifies drug metabolism drastically. Therefore, designing 
new neurotherapeutic strategies must consider the pharmacological 
alterations induced by hypothermia and future studies should focus on 
these potential interactions of treatments. 
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In conclusion, the nature of brain injury in preterm neonates is 
very complex, multi factorial and sensitive approaches for patient 
identification are essential. In addition, preclinical studies primarily 
focused on single hit models with no standardized route, dose or intervention 
time of (cell-based or cell-derived) therapies. This mismatch impedes 
development and or translation of neurological therapeutics for preterm 
infants, explaining the existing unmet clinical need. As such, future (pre)
clinical studies should (1) address the multi-factorial nature of EoP, thereby 
allowing (2) proper patient stratification; (3) focus on dose, route and timing; 
and (4) explore synergistic approaches in which cell-based therapies are 
combined with therapies, such as EPO, melatonin, glucocorticoids, and 
hypothermia. Achieving the correct poise of interventions at the correct 
time in relation to the underlying pathophysiology and stage of injury will 
be a significant challenge in the next years.
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Vroeggeboorte en infl ammatoire stress rondom de geboorte zijn sterk 
geassocieerd met neurologische handicaps gedurende het gehele leven. In 
de afgelopen jaren is er uitgebreid onderzoek verricht om de onderliggende 
oorzaak en mechanismen die leiden tot deze hersenschade te identifi ceren 
om zo uiteindelijk nieuwe behandelingen te ontwikkelen. Echter, er blijven 
bepaalde essentiële vragen onbeantwoord waardoor deze resultaten maar 
in beperkte mate worden geïmplementeerd in de klinische praktijk. Het 
gevolg hiervan is dat tot op de dag van vandaag nog steeds veel vroeggeboren 
kinderen hersenschade ontwikkelen. In mijn thesis onderzoek ik het 
ontstaan van hersenschade na verschillende (gecombineerde) triggers, 
focus ik mij op de tijdsafhankelijke veranderingen in de hersenen van de 
vroeggeborene na deze triggers om zo het juiste tijdstip van behandelen 
beter te kunnen vaststellen en test ik nieuwe behandelingen.  

EoP (hersenchade bij vroeggeborenen) heeft verschillende onderliggende 
oorzaken en ontstaansmechanismen. De twee meest belangrijke 
bijdragende factoren die ik onafhankelijk van elkaar heb bestudeerd in dit 
proefschrift zijn een intrauteriene ontsteking (chorioamnionitis) (hoofdstuk 
2-4) en zuurstoftekort (globale hypoxie-ischemie) (hoofdstuk 5 & 6). Om 
dit te bestuderen heb ik gebruik gemaakt van een preklinische groot 
proefdiermodel, het schaapmodel, welke de humane hersenontwikkeling 
tijdens de zwangerschap zeer nauwkeurig nabootst. In hoofdstuk 2-4 heb 
ik gebruik gemaakt van intra-uteriene infectie/infl ammatie modellen welke 
de klinische acute/chronische chorioamnionitis met foetale betrokkenheid 
(FIRS) nabootst. In deze hoofdstukken worden de tijdsafhankelijke 
veranderingen en processen in het premature brein in kaart gebracht 
na blootstelling aan een intra-uteriene infectie (chorioamnionitis). 
Chorioamnionitis is een polymicrobieel ziektebeeld en in ons model maken 
wij gebruik van verschillende infl ammatoire stimuli inclusief Ureaplasma 
Parvum (UP), C. albicans en E. coli-derived Lipopolysaccharide (LPS) 
welke de meest voorkomende bacteriën en schimmels in chorioamnionitis 
vertegenwoordigen. 
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De eerste belangrijke bevinding van mijn werk is dat in de acute 
fase na blootstelling aan verschillende microbiële triggers (UP, 
Candida als LPS) een systemische immuunreactie optreedt die ik 
gekarakteriseerd heb door bepaling van het cytokine IL-6 in het foetale 
serum. Verhoogde systemische IL-6 levels is een essentiële marker voor het 
vaststellen van een foetaal infl ammatory response syndrome (FIRS) welke 
in meerdere klinische studies is geassocieerd met neonatale mortaliteit 
en morbiditeit waaronder hersenschade inclusief cerebrale parese (CP). 
Onze data laat zien dat de IL-6 levels acuut en kortdurend verhoogd zijn 
na blootstelling aan intra-uteriene blootstelling aan infl ammatie (UP, LPS) 
(hoofdstuk 2 & 3). Om de bepaling van IL-6 levels als klinische biomarker 
voor het ontstaan van hersenschade te gaan gebruiken is het belangrijk 
om het tijdstip van deze bepaling mee te nemen in het beslismodel. 
Daarnaast zullen studies zich moeten gaan focussen op het combineren 
van bestaande systemische infl ammatoire markers (CRP, procalcitonine) of 
nieuwe biomarkers die het ontstaan van een intra-uteriene infectie kunnen 
bepalen om zo de neurologische uitkomst beter te kunnen voorspellen in 
de toekomst. 

In hoofdstuk 2 onderzoek ik de gevolgen van chronische intra-uteriene 
blootstelling aan Ureaplasma Parvum (UP) op het foetale brein. Ureaplasma 
species worden in vrouwen die te vroeg bevallen het meeste geïsoleerd 
uit het vruchtwater en placenta. Ondanks dat UP de meest voorkomende 
geïsoleerde microbe is bestaat er veel onenigheid over de rol van UP 
binnen de neonatale morbiditeit en mortaliteit. In mijn onderzoek laat ik 
zien dat chronische intra-uteriene blootstelling aan UP veranderingen 
in het foetale brein veroorzaken die op lange termijn zijn geassocieerd 
met een veranderde neurocognitieve ontwikkeling, waaronder verlies 
van astrocyten, epigenetische veranderingen en veranderingen in 
ontwikkelende witte stofcellen. Deze veranderingen kunnen verklarend zijn 
voor de geobserveerde veranderde neurologische uitkomsten op 2-jarige 
leeftijd in kinderen die geboren zijn en blootgesteld aan UP geïnduceerde 
chorioamnionitis.

Een volgende belangrijke bevinding laat zien dat in ieder infectieus/
infl ammatoir model de systemische ontstekingsresponse (verhoogd IL-6) 
gevolgd wordt door een cerebrale response gekenmerkt door activatie 
van microglia, veranderingen in de witte stof maturatie en verhoogd 
aantal apoptotische cellen. Opmerkelijk is dat deze verhoogde celdood 
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na blootstelling aan een inflammatoire trigger relatief later ontstaat in 
vergelijking met na een hypoxisch-ischemisch insult (hoofdstuk 3). Na 
blootstelling aan LPS zien wij een verhoogd aantal caspase-3 positieve cellen 
(marker voor apoptose) vanaf dag 8, waarbij dit na een globaal HI insult 
al vanaf dag 3 wordt waargenomen. Daarnaast wijzen de geobserveerde 
witte stof veranderingen op een maturatie arrest, een beeld dat naast het 
verlies aan witte stof als meest belangrijk onderliggend probleem gezien 
wordt in hersenschade van de vroeggeboren baby (EoP). Daarnaast maken 
deze veranderingen in de witte stof de baby vatbaar voor het ontwikkelen 
van neurologische handicaps gedurende het leven welke de DOHaD 
(developmental origin of health and disease) oftewel Barker hypothese 
ondersteunt. In mijn thesis worden verschillende oorzaken van deze 
veranderde witte stof maturatie als verklaring gevonden en onderbouwd 
waaronder afwijkende en overmatige microglia activatie, veranderingen 
in astrocyten populatie en epigenetische veranderingen. Echter een 
beperkende factor aan deze studies is de korte termijn follow-up. Lange 
termijn follow-up studies worden op dit moment uitgevoerd waarin de 
lange termijn gevolgen en de pathofysiologische processen onderliggend 
aan deze veranderingen bestudeerd zullen worden. 

In hoofdstuk 4 heb ik de effecten van Candida albicans op het brein 
bestudeerd aangezien chorioamnionitis niet alleen wordt beperkt tot 
bacteriële triggers. Hoewel C. albicans geïnduceerde chorioamnionitis maar 
zelden voorkomt, zijn de effecten hiervan op de foetus enorm schadelijk. 
Ook in dit model zien wij een vergelijkbaar patroon aan veranderingen 
(verhoogd IL-6, cerebrale ontsteking en witte stof veranderingen). Een 
belangrijke bevinding vanuit deze studie is dat een eenmalige gift van 
intra-uteriene Fluconazole (antimycoticum) wel in staat is om neonatale 
sterfte te voorkomen maar niet de cerebrale ontstekingsresponse en 
potentieel schade op de lange termijn tegen gaat. Deze bevindingen pleiten 
ervoor dat een behandeling naast antimicrobiële/bacteriële eigenschappen 
ook immunomodulatoire/anti-inflammatoire effecten moet hebben.

Behandelingen
Therapeutische hypothermie is tot op heden de enige behandeling die 
hersenschade (deels) kan voorkomen die clinici voorhanden hebben voor 
pasgeboren baby’s. Echter, 40% van de behandelde kinderen heeft ondanks 
hypothermie nog steeds afwijkende neurologische uitkomsten op de latere 
leeftijd. Daarnaast heeft hypothermie in vroeggeboren kinderen meer 



203

bijwerkingen en wordt afgeraden in deze kwetsbare groep kinderen. 
Meer recent onderzoek laat ook zien dat in de aanwezigheid van een 
infectie (chorioamnionitis) hypothermie helemaal niet effectief is 
en mogelijk zelfs nadelige gevolgen heeft. De noodzaak voor een nieuwe 
behandeling om EoP te voorkomen/behandelen is dus groot. Stamcellen 
zijn mogelijk een goede kandidaat hiervoor. Stamcellen bezitten zowel 
regeneratieve als immunomodulatoire eigenschappen. In eerder onderzoek 
heeft onze groep laten zien dat beenmerg afkomstige stamcellen (MSCs, 
MAPCs) in staat zijn om cerebrale ontsteking, witte stofschade en 
functieverlies als gevolg van zuurstoftekort kunnen voorkomen in het 
schapenmodel. 
In hoofdstuk 5 laat ik zien dat deze MAPCs ook in staat zijn om het 
cerebellum (kleine hersenen) te beschermen tegen zuurstofgebrek rondom 
de geboorte. Schade aan het cerebellum speelt een toenemende belangrijke 
rol in de ontwikkeling van (niet-motorische) problemen na vroeggeboorte. 
Na zuurstoftekort rondom de geboorte (hypoxie-ischemie) ontstaat er 
een ontstekingsreactie, verlies van witte stof en verlies van belangrijke 
neuronen (purkinje cellen) in het cerebellum. Deze veranderingen passen 
bij een vertraagde of achterblijvende ontwikkeling van het cerebellum en 
worden geassocieerd met EoP. Ik laat zien dat MAPCs deze veranderingen 
kunnen voorkomen en hiermee dus problemen op latere leeftijd worden 
voorkomen. 

In hoofdstuk 6 onderzoek ik het onderliggende mechanisme van deze 
stamceltherapie. De mechanismen waarop stamcelen het immuunsysteem 
kunnen beïnvloeden zijn namelijk grotendeels onbekend. Een voorgesteld 
mechanisme is door uitscheiding van extra-cellulaire blaasjes (EVs) waarin 
immuun modulerende moleculen verpakt zitten. In ons schaapmodel 
hebben wij eerder laten zien dat EVs afkomstig van stamcellen (MSC-EVs) 
in staat zijn om de duur en aantal convulsies te verminderen na 
zuurstoftekort. Daarnaast was er een neiging tot witte stof bescherming. 
Echter, in tegenstelling tot de stamcel zelf kon dit beschermend effect 
van de EVs niet verklaard worden door anti-inflammatoire effecten. Als 
alternatief werkingsmechanisme laat ik zien in deze studie dat MSC-EVs 
in staat zijn de bloed-breinbarrière (BBB) te herstellen na een periode van 
zuurstoftekort rondom de geboorte. Het is algemeen bekend dat de BBB 
na zuurstoftekort beschadigd raakt waardoor schadelijke immuuncellen 
uit het bloed de hersenen kunnen binnendringen en hier bijdragen aan de 
ontstekingsresponse en witte stofschade. Daarnaast laten wij zien dat deze 
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verstoring in barrière gepaard gaat met een vermindering van AnnexineA1 
(ANXA1) expressie in het brein. ANXA1 staat bekend als een regulator 
van de bloed-hersenbarrière en speelt ook een rol in het ontstaan van een 
beschadigde barrière in ziekten als Parkinson en Multipele Sclerose. In 
een kweekmodel toon ik aan dat door het toedienen van zowel MSC-EVs 
als ANXA1 de bloed-hersenbarrière wordt hersteld na een periode van 
zuurstoftekort. Deze bescherming van de BBB komt door signalering van 
ANXA1, via de ANXA1/FPR-axis welke het tight junction complex van 
de endotheelcellen versterkt. Concluderend, het beschermende effect van 
MSC-EVs kan (deels) worden verklaard door het beschermende effect van 
de bloed-hersenbarrière, welke wordt gemedieerd door ANXA1. 

Tot slot heb ik in hoofdstuk 3 ingezoomd op de regulatie van het receptor 
systeem van een ander potentieel neuro-farmacologische toepassing 
namelijk het al bekende cytokine Erytropoëtine (EPO). Zowel uit deze 
studie, als ook uit de data van het ANXA1/FPR receptor systeem (hoofdstuk 
6), blijkt dat er op specifieke tijdstippen na een pro-inflammatoir insult 
in utero, er veranderingen ontstaan in deze complexen welke inzicht 
verschaffen over mogelijke timing van start van behandelingen. Zo ontstaat 
er na blootstelling aan een pro-inflammatoir insult over de tijd een depletie 
ontstaat van het endogene ANXA1. Tevens hebben we een verminderde 
activiteit van de EPO-receptor aangetoond. Deze resultaten vormen een 
mogelijke verklaring voor de wisselende uitkomsten van klinische studies 
waarin EPO als mogelijk behandeling in pasgeborenen werd getest. Tevens 
hebben we voor het potentieel klinisch gebruik van AnxA1 een “optimal 
window of opportunity” blootgelegd.

De toekomst
Hersenschade bij vroeggeborenen is multifactorieel en complex en 
kent een zeer heterogene patiëntenpopulatie. Ieder kind heeft een eigen 
“vingerafdruk” van risicofactoren die een rol spelen in het ontstaan en 
verloop van mogelijke hersenschade. Dit behoeft een individuele aanpak 
wat betreft de behandeling (personalised medicine). In mijn onderzoek 
breng ik tijdsafhankelijke veranderingen in het premature brein in kaart 
na inflammatoire blootstelling in utero. Belangrijk hierin is dat ik laat zien 
dat er mogelijk een mismatch bestaat tussen het optimale moment waarop 
behandeling het meest effect zou zijn en het tijdstip waarop er in de kliniek 
daadwerkelijk behandeling wordt gegeven. Om een individuele aanpak 
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te implementeren in de kliniek is stratificatie middels betrouwbare 
biomarkers een vereiste. De timing en het type insult spelen 
hierbij een sleutelrol. Afhankelijk van de voorgeschiedenis van de 
pasgborene kan een op maat beleid worden afgesteld. Interventies middels 
stamcellen, Annexine A1 en EPO (of een combinatie hiervan) zijn in dit 
kader veelbelovend.

8
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Valorization

Over the past decades, improved perinatal health care has led to more 
infants that survive preterm birth and consequently a shift in survival to 
earlier gestational ages [1]. However, the chance of event-free survival is 
still low in extremely preterm babies. Nowadays, around 35% of preterm 
infants survive with neurodevelopmental impairments such as cognitive 
defi cits and attention defi cit disorder which rises up to 50-60% in extre-
mely preterm babies (<27 weeks of gestation), and around 10% develop 
motoric spasticity  (CP) [2]. This results in a prevalence of CP around two 
per 1000 live births in developed and in developing countries [3, 4]. As-
suming that in the Netherlands 180.000 children are born annually, this 
accounts for 360 babies born with CP every year. EoP does not only aff ect 
the patient but has an enormous impact on its families and society [5, 6]. 
Substantially increased lifetime costs are therefore attributed to EoP. An-
nually, in the Netherlands the costs for all CP patients comprises € 737,5 
million Euros (0,10 % of BNP) [4]. 

In this thesis, I addressed the time dependent changes in the preterm 
brain in the course of perinatal stress and identifi ed (cell-based, cell-deri-
ved and anti-infective) therapies. For this purpose, we used a translational 
ovine model of preterm brain injury caused by either HI or intrauterine 
infection. The long gestational period of sheep enables us to study ante-
natal developmental processes in detail and to administer our therapies 
at specifi c time-points in during this development. Moreover, ovine brain 
development in utero and the cerebral disease progression following peri-
natal infl ammatory insults (global HI and chorioamnionitis) has essential 
overlap with man [7]. 

The data presented in this thesis (chapter 2-6) support and extend the 
concept that EoP has a multifactorial and complex origin, indicating that 
every newborn child has its own “fi ngerprint” of risk factors potentially 
contributing to EoP development. More precisely, the timing of the pe-
ripheral and cerebral infl ammation and its pathophysiological cerebral 
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changes were shown to be diff erent following a sterile (HI) insult 
when compared to an infectious trigger (chapter 3 & 6). Accor-
dingly, we show that defi ned windows of opportunity emerge fol-
lowing exposure to multiple perinatal infl ammatory triggers. These 
important fi ndings highlight that a potential mismatch might be present 
between the optimal timing of a treatment (in relation to the nature of the 
insult(s)) and the current clinical initiation of a treatment. This mismatch 
impedes development and translation of neurological therapeutics for 
preterm infants. Correct timing of treatment initiation in relation to the 
distinct nature and stage of injury is of great clinical importance in the 
near future. Translation of our fi ndings into the clinical setting demands 
diagnostic tools for the recognition of these perinatal risk factors in a safe 
and non-invasive manner. Our group is currently working on analyzing 
volatile organic compounds in breath condensate of pregnant women to 
determine the presence and/or predict the onset of intra-amniotic infecti-
ons. 

In addition, we performed diff usion MRI sequencing in our study to 
further improve the clinical use of DTI as a biomarker of individual 
neurodevelopment and therapeutic eff ect in the future. Correlation of 
such new crucial imaging biomarkers with microstructural histological 
changes will improve clinical application and subsequently result in an 
individualized treatment approach (chapter 5). Such personalized medi-
cine in which tailor made treatments will be adjusted to individuals need 
is nowadays focus of research in every facet of health care, from preven-
tion to terminal care. The overall aim is to develop new methodologies 
and technological applications that make it easier to predict outcomes in 
individual cases, align treatment with those predictions, and administer 
reliable tests to determine the success of that treatment. Closer coopera-
tion and back-to-back analysis between translational/basic science and 
clinical data will help to achieve this aim. 

Our data (chapter 4) suggests that eradication of Candida Albicans with 
anti-fungal treatment is not suffi  cient to prevent brain injury. Our work 
in chapter 3 supports other reports that describe that cerebral infl amma-
tion that is initiated upon exposure with an infectious trigger continuous 
(postnatally) and might even persist into adulthood. Therefore, future 
treatment protocols should combine multiple therapeutics that harbor 
anti-microbial, immunomodulatory and regenerative capacities to protect 
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against neurodevelopmental disorders in later life. Potential candidates 
that have proven to possess anti-infl ammatory or immunomodulatory ca-
pacities are erythropoietin, cell-based therapies including MSCs/MAPCs 
(chapter 3 & 5) and AnnexinA1 (chapter 6). In chapter 6, we investigate 
the potential therapeutic role of AnxA1 in hypoxic-ischemic encephal-
opathy (HIE). We are the fi rst group to demonstrate a strong potential 
for AnxA1 in the treatment of HI-induced brain injury. The intellectual 
property has been patented which off ers new scientifi c and economic 
opportunities. Future research should focus on route, dose and timing of 
AnxA1 and elucidate whether AnxA1 can act synergistically with other 
therapies including cell-based therapies like MAPCs (Multistem®) that 
have been successfully tested (chapter 5). The potential for MultiStem® to 
treat ischemic stroke is currently being evaluated in a registered trial in 
Japan and in a pivotal Phase 3 clinical trial conducted in North America 
and Europe (clinicaltrial.gov). In addition, this program received the Fast 
Track designation, as well as the Regenerative Medicine Advanced thera-
py designation from the FDA (fda.gov). These designations are designed 
to accelerate the development, regulatory review and subsequent commer-
cialization of product candidates like MultiStem® cell therapy for ische-
mic stroke if the clinical evaluation demonstrates appropriate safety and 
therapeutic eff ectiveness. As a subsequent step, MAPCs can be evaluated 
as therapeutic intervention in neonatal brain injury. In conclusion, the 
fi ndings in this thesis are on short term primary of value to other rese-
archers, but in long term could be translated into commercially available 
products and/or services to improve the outcome of babies at risk for EoP.        
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mensen bedanken die mij de afgelopen jaren zo ontzettend goed geholpen 
hebben en zonder wie dit resultaat nooit zo mooi was geworden. En ook de 
mensen die mij iedere keer opnieuw hebben gemotiveerd en op de moeilijke 
momenten hebben gestimuleerd of afgeleid ben ik ontzettend dankbaar.
 
Te beginnen met mijn promotieteam bestaande uit dr. Tim Wolfs, prof. Dr. 
Boris Kramer en prof. Dr. Luc Zimmermann, zonder wie ik niet de kans 
had gekregen om mijn onderzoeksstage voort te zetten in dit PhD traject. 
Als jonge bijna afgestudeerde dokter heb ik hier mijn eerste stappen in de 
onderzoekswereld mogen zetten en mij uiteindelijk mogen ontwikkelen tot 
een volwaardig onderzoeker.  

Tim, ik weet zeker dat zonder jouw gedrevenheid en begeleiding ik nooit 
zo ver was gekomen. Je optimisme, kritische houding en brede kennis en 
ervaring in het onderzoek gaven mij de sturing die ik nodig had. Telkens 
wist jij mij te stimuleren om het beste uit mezelf te halen en mijn doel niet 
uit het oog te verliezen. Messcherp moest het zijn en alles werd tot in de 
puntjes geperfectioneerd, want goed was niet goed genoeg. Uiteindelijk 
resulterend in een aantal echt mooie publicaties waar we trots op mogen 
zijn. Gelukkig werd dit harde werken ook afgewisseld met heel hard 
lachen (anekdotes om een heel boek mee te schrijven dus ik zal het je hier 
besparen). Dit maakte het harde werken nooit vervelend en ook de moeilijke 
momenten makkelijker te relativeren. Ik heb ontzettend veel van je geleerd 
en heb bewondering voor hoe jij leidinggeeft over de groep. Bedankt voor 
de steun die je mij hebt gegeven en ik ben er trots op dat ik onder jouw 
supervisie mag promoveren. 
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Boris, “Als jij neonatoloog wil worden, moet je onderzoek 
komen doen bij mij.” was het eerste wat je tegen mij zei bij 
onze ontmoeting. Je enthousiasme voor het vakgebied werkte 
aanstekelijk en als net afgestudeerde jonge dokter werd ik geboeid op de 
manier hoe jij sprak over deze groep kwetsbare patiëntjes van de NICU. 
Mijn onderzoekstijd werd dan ook regelmatig afgewisseld met een bezoek 
aan de NICU. Bedankt voor het mede mogelijk maken voor de kans om mij 
als onderzoeker te ontwikkelen en ook om hierbij het klinische aspect niet 
uit het oog te verliezen.   

Luc, bedankt voor de kritische input met betrekking tot de inhoud van 
mijn onderzoek maar vooral ook bedankt voor het zijn van een luisterend 
oor op de momenten waar ik die nodig had. Heel veel succes en plezier met 
je nieuwe baan.

De leden van de leescommissie, prof. Dr. Jeroen Vermeulen, prof. Dr. Marc 
Spaanderman, dr. Daniel van den Hoven, Prof. Dr. Freek Hoebeek en  
dr. Jane Pillow, wil ik bedanken voor het beoordelen van mijn proefschrift. 
Het positieve oordeel van deze groep maken voor mij dit proefschrift 
extra bijzonder! Beste Jeroen, bovendien wil ik je bedanken voor je 
toegankelijkheid en behulpzaamheid over de afgelopen jaren zowel 
vakinhoudelijk maar ook als ik vastliep met MRI-software. Ik mocht altijd 
bij je aankloppen. Ook de sessies waarin we brainstormden om nieuwe 
MRI-projecten van de grond te krijgen zijn uiteindelijk niet voor niets 
geweest. Ik kijk enorm uit naar alle resultaten van de aankomende studies. 
Beste Freek, we zijn ooit in Rotterdam begonnen met onze samenwerking 
en inmiddels zijn we je gevolgd naar Utrecht. Je scherpe inbreng en 
vermogen om iets vanuit andere invalshoeken te bekijken samen met je 
fundamentele neurowetenschappelijke kennis waren vaak van toegevoegde 
waarde waren voor mijn studies. Daarnaast zijn de gezamenlijke meetings 
tussen onze onderzoeksgroepen, ook samen met Jeroen, Kay, Cora en 
Caroline, waarin we brainstormen over onze studies een ontzettend 
leuk en inspirerend aspect van onderzoek. De biertjes na afloop maken 
het natuurlijk nog gezelliger en een treinritje naar Utrecht geen straf. Ik 
hoop dat de samenwerking tussen beide groepen voor de toekomst nog 
vele mooie projecten gaan opleveren. Dear Jane, thank you for the critical 
appraisal of my thesis and granting it with a positive result. It was nice 
meeting you at the JENS conference in Maastricht this year. 

11
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Ontzettend blij ben ik met mijn twee paranimfen, Daan en Lilian, die 
deze dag naast mij staan! Maar veel belangrijker is dat jullie de afgelopen 
jaren mijn ‘lab’ maatjes zijn geweest. Ik heb veel steun aan jullie gehad. 
Zonder jullie was mij dit nooit gelukt. Daan, ooit ben ik begonnen als jouw 
student en was jij voor mij als begeleider iemand met een enorme brede 
kennis en passie voor dit onderzoek. Daarnaast deelden we de interesse 
in de ontwikkelings(patho)fysiologie van de hersenen waarover we uren 
konden filosoferen en brainstormen over nieuwe experimenten. Hierdoor 
voelde ik me al snel thuis in het laboratorium. Als onderzoeker ben jij een 
onuitputtelijke bron van nieuwe ideeën en hadden we helaas vaak tijd te 
kort om deze allemaal uit te voeren. Tijdens onze zoektochten naar steeds 
betere koffiebarretjes in en rond het ziekenhuis hebben we ook ontzettend 
veel gelachen, praatte jij mij weer bij over de ‘achterklap’-roddels maar 
kon ik ook mijn frustraties en moeilijkheden bij je kwijt. Daan, je bent 
een ontzettend fijn mens en goede collega, bedankt dat je er voor mij bent 
geweest en ik heb niemand liever naast mij staan op deze dag dan jij!  
Lilian, jij verdient ook een ontzettend grote pluim voor al het werk dat jij 
hebt verzet in het lab. Jij was mijn extra paar gouden handen! Zonder al te 
veel moeite wist jij ieder protocol werkende te krijgen en konden we vaak 
samen enorme reeksen aan experimenten verzetten. Daarnaast hebben we 
veel gelachen en gek gedaan (met het foute uur op de achtergrond), zette 
je me iedere ochtend een bakje verse koffie en kon ik ook als ik ergens 
tegenaan liep goed met je praten. Je heerlijke nuchtere kijk op dingen, die 
ik weleens mis (en niet alleen op de lab-uitjes;)) waren vaak wel helpend. Ik 
ben blij met jou naast mij op deze dag! 

Mijn andere (ex)collega’s van het kindergeneeskunde lab. Maria, Monique, 
Sizzle, Jip, Reint & Matthias. Thanks for welcoming me as your newest 
roommate and introducing me in the world of sheep science. Maria, I hope 
the Greek sun is treating you well and that you never feel cold anymore! 
I miss you as our roomie, but we can finally open the windows for some 
fresh air. Jip, bedankt voor de gezelligheid en de flauwe ‘plastische’ humor 
die ik stiekem wel kon waarderen. Ik wens je ontzettend veel succes met de 
laatste loodjes en het krijgen van een opleidingsplek, je hebt het verdiend! 
Reint, het zien van jouw verdediging was voor mij de eerste keer dat ik 
deze ceremonie zag waarbij ik al plaatsvervangende zenuwen kreeg, 
erg indrukwekkend. Ik heb alleen maar respect voor hoe jij de kliniek 
combineert met de wetenschap en hard door bikkelt aan je carrière. Een 
bijna onmogelijke combinatie lijkt mij, heel knap! Mijn laatste project 
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ontstond vanuit onze nieuwsgierigheid naar de kleine hersenen 
welke we uiteindelijk samen hebben opgepakt. De weg was af 
en toe hobbelig, de laatste loodjes zijn het zwaarst, maar ik denk 
dat we uiteindelijk tevreden mogen zijn met het resultaat. Bedankt voor je 
begeleiding en vooral ook het geduld, zeker voor het afgelopen jaar. Beste 
Matthias, bedankt voor de gezelligheid tijdens de koffie breaks en ook voor 
je luisterend oor en adviezen die je me hebt gegeven afgelopen jaren. Wat 
zou het leuk zijn om in de toekomst ook eens samen dienst in de kliniek te 
mogen draaien. 

Het lab zou nooit overeind blijven zonder de ondersteunende rol van Nico, 
Leon en Teun, welke van onschatbare waarde is geweest. Samen zorgen 
jullie voor orde in de chaos maar ook voor een gezellige ontspannen sfeer 
waarbij er naast hard werken ook veel gelachen kon worden. Bedankt! 
Teun, je optimisme en warmte worden nog iedere dag gemist op het lab! 
De lab-uitjes met jou blijven voor altijd een mooie herinnering!

Mijn nieuwe collega’s, Luise, Helene, Ilse & Charlie, ik mis jullie als 
mijn teamgenootjes! Ik heb veel bewondering voor hoe jullie samen dit 
gigantische project toch maar even weten neer te zetten, echt teamwork! 
Luise, ik ben dankbaar voor je hulp in het afronden en opschrijven van 
het Annexine project. Super goed gedaan! Ik ben heel benieuwd wat de 
toekomst van Annexine ons gaat brengen. Charlie, bedankt voor onze 
nachtdienst samen met het eerste lammetje. Dat was wel heel bijzonder! 
Bedankt voor je Brabantse gezelligheid en je lieve woorden. Jij bent toch 
echt de volgende in de rij en ik weet zeker dat je dat fantastisch zult gaan 
doen! 

Een groot aantal aan studenten hebben mijn onderzoek ondersteund in de 
afgelopen jaren. Ik wil jullie graag bedanken voor jullie inzet, enthousiasme 
en motivatie. Met name Ilse, Bas, Denise, Rob, Pieter, Michelle, Elise, 
Tamara, Dianne & Miro. In het bijzonder, Denise, als lid van team Xtreme 
is het jou toch maar even mooi gelukt om het Annexine project van de 
grond te krijgen. Je mentaliteit, positieve instelling en ambitie zijn een groot 
aandeel geweest in het slagen van dit project, je bent een topper! Dat je je 
voor je eigen PhD opnieuw in een onbekend en ingewikkeld onderwerp 
hebt gestort vind ik alleen maar erg knap. Jij gaat geen uitdaging uit de weg! 
Ook ben ik fan van de sportieve, reislustige uitdagingen die jij zoekt naast je 
werk. Mocht je nog eens een te gek idee hebben, laat het me dan vooral weten. 

11
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Rob, bedankt voor je hulp in het LPS-kinetics project. Jouw onuitputtelijke 
energie, positiviteit en gedrevenheid zijn bewonderenswaardig en jaloers-
makend. Het lijkt wel alsof jouw dag meer dan 24 uur bevat. Knap hoe jij 
een opleiding tot kinderarts weet te combineren met het opzetten van een 
nieuw project voor je eigen onderzoek. Ik kijk heel erg uit naar je eerste 
resultaten, ontzettend veel succes! 

Alle coauteurs wil ik bedanken voor hun gewaardeerde input en feedback 
die ik heb mogen ontvangen voor mijn studies. Chris Reutelingsperger 
en Leon Schurgers van de afdeling Biochemie wil ik graag bedanken voor 
de ontzettend fijne samenwerking en het samenbrengen van Annexines 
en de kindergeneeskunde. Ik ben ontzettend enthousiast over de eerste 
resultaten en ben heel benieuwd wat de samenwerking in de toekomst gaat 
brengen. Chris, ook wil ik je bedanken voor het deelnemen in mijn corona.  
Jeroen Dudink en Kay Pietermans wil ik speciaal bedanken voor de hulp 
in het analyseerbaar maken van de MRI-data, jullie inhoudelijke bijdrage 
voor de papers en de gezelligheid tijdens onze ontmoetingen. Jeroen nog 
bedankt voor je gastvrijheid en het lenen van je kamer in het WKZ om 
mij zo een weekje af te zonderen en de analyses te verrichten. Kay heel 
veel succes met je verdere opleiding tot radioloog. Bart Rutten, bedankt 
voor je input met betrekking tot de epigenetica. Heel veel dank aan de 
pathologen, Benno Kusters en Martin Lammens, voor jullie expertise in 
het beoordelen van onze studies. Jullie bijdrage is zeer waardevol geweest 
voor de publicaties. Bobbi Fleiss & Pierre Gressens, thank you very much 
for the contributions to my work. You are a great example for me as a 
researcher and I admire your work.

Daarnaast zijn er nog collega’s van verschillende andere afdelingen geweest 
die ieder op zijn manier enorm geholpen hebben om dit boekje tot stand te 
brengen. Hieronder vallen onder andere Jack Cleutjens en Benoit Frere 
van de afdeling Pathologie. Jack, mijn idee”en voor histologische analyses 
waren voor jou nooit te vreemd, en het lukte je dan ook altijd om hier een 
‘quip’ voor te ontwerpen. Dit heeft mijn PhD-leven een stuk makkelijker 
gemaakt. Ontzettend bedankt. Benoit, als unitleider van het histologie-lab 
van het ziekenhuis wisten we je altijd te vinden voor een protocol of een snelle 
reeks aan automatische kleuringen. Ook dit maakte ons leven makkelijker. 
Heel veel dank hiervoor. Van de Mental Health and Neuroscience groep 
wil ik Harry Steinbusch bedanken voor de kans om mijn onderzoek te 
mogen doen onder de paraplu van MHeNs en Hellen Steinbusch voor de 
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technische ondersteuning op het lab. Ook Nico en Lisette van 
Biochemie bedank ik voor de technische ondersteuning en hulp 
met betrekking tot de experimenten. From the M4I department I 
would like to thank Berta and Karolina for explaining me repeatedly and 
patiently the basics of mass spectroscopy. Without you, I would have felt 
lost in translation with respect to the mass spectroscopy. 

Naast het werken was er ook tijd voor ontspanning, ben ik nieuwe sportieve 
uitdagingen aangegaan en heb ik dit gecombineerd met verschillende 
bezoekjes aan Afrika en het steunen van de Flying Doctors. Een aantal 
mensen in het bijzonder zijn dit met mij aangegaan en hebben dit mede 
mogelijk gemaakt. Team the Big-6, Eva, Linda, Arjen, Kyra en Bart, 
ontzettend bedankt voor zowel het plezier in de voorbereidingen als 
ook de tijd in Tanzania. Het fietsen van de Africa Classic is voor mij een 
onvergetelijk mooie ervaring geweest en ik vond het heel gezellig dat ik 
dit samen met jullie mocht meemaken. Adhiambo Witlox en Stijn Bolink 
van de Orthopedie, bedankt voor de ontzettend leuke en leerzame tijd die 
ik met jullie mocht doorbrengen in Ghana in het St. John of God hospital. 
Dit stukje kliniek gaf mij midden in mijn promotieonderzoek weer de juiste 
drive om door te gaan. Hier werd ik weer herinnerd aan hoe mooi het 
werk is dat we als dokter mogen doen. Iets wat je toch met momenten uit 
het oog verliest wanneer je ondergedompeld zit in het laboratoriumwerk. 
Ontzettend mooi dat jullie deze samenwerking vanuit Maastricht blijven 
faciliteren. Daarnaast wil ik Adhiambo ook bedanken voor het te gekke 
idee wat in Africa is ontstaan om samen met Mark deel te nemen aan 
de IronMan Maastricht! Mijn oude zwem carrière heb ik weer een boost 
gegeven en al deze zwemtrainingen hebben mij echt de nodige ontspanning 
gegeven tijdens dit traject. Als toppunt heb ik 3,8 kilometer door de Maas 
afgelegd en uiteindelijk samen met jullie over de finish gerend, wat een 
adrenaline! Ik zou het zo weer doen!

Dan nu mijn nieuwe collega’s uit het Maxima Medisch Centrum. Ik had  
me geen leukere start van mijn nieuwe baan kunnen bedenken dan 
MMSchnee!! Nog zonder een dag gewerkt te hebben mocht ik al mee 
op ski-uitje. Dit maakt een kennismaking wel erg leuk! Ik wil alle 
kinderartsen en neonatologen uit het MMC Veldhoven heel erg bedanken 
voor de mogelijkheid die jullie mij gegeven hebben om dokter te worden.  
Na 3,5 jaar fulltime onderzoek te hebben gedaan, was het voor mij zeker 
geen makkelijke start. Maar ieder van jullie gaf mij het vertrouwen en het 
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veilige gevoel dat als beginnende dokter nodig hebt en helpt om je hoofd 
boven water te houden. Maar ook als ik even kopje onder ging hielpen 
jullie mij er weer bovenop. Jullie vertrouwen in mij als dokter hebben mij 
helpen groeien en uiteindelijk ook zelf het vertrouwen gegeven dat ik 
een goede dokter ga worden. Het is moeilijk in woorden te omschrijven 
hoeveel dat voor mij betekent heeft! Een kort extra bedankje voor onze 
begeleiders/opleiders Titia en Feico voor jullie begeleiding die mij heeft 
helpen groeien maar ook het geduld en de ruimte die jullie mij gegeven 
hebben om naast de kliniek mijn onderzoek af te kunnen ronden. En ook 
zeker een extra dankjewel aan mijn twee mentoren Koen en Bas voor jullie 
oprechte interesse, motiverende peptalks en adviezen die jullie mij gegeven 
hebben om mij te helpen mijn keuzes te maken en drempels te overwinnen.  
Koen voor jou ook veel succes met je onderzoek! Bas, niemand minder dan 
jij had begrip over hoe zwaar het met momenten was om mijn promotie af 
te ronden, bedankt voor de peptalks. Ook voor Ellen en Albertine heel veel 
succes met de laatste loodjes in het afronden van jullie proefschrift! En zoals 
beloofd, Inge, bedankt voor de chocoladereep wanneer ik er even doorheen 
zat, de gouden tip van de koffietjes bij B&D en onze hardloopavonturen! 
Leuk dat ik een dagje mee mocht lopen op het revalidatiecentrum, jammer 
dat de patienten juist die dag niet kwamen opdagen ;).  

Daarnaast een speciaal bedankje voor de verpleegkundig specialisten 
van het MMC. Van de NICU, Christ-jan, Petra, Heidi & Danielle, wat 
heb ik ontzettend veel van jullie geleerd! Bedankt dat jullie iedere keer 
opnieuw het geduld opbrengen om ons beginnende stuntelende assistenten 
wegwijs te maken op deze bijzondere afdeling, het blijft een wonderlijk 
mooie wereld. Deze patiënten kunnen enorm blij zijn dat jullie met jullie 
jarenlange ervaring en deskundigheid iedere dag weer voor ze klaar staan 
en zulke goede zorg leveren. En dan Frank natuurlijk niet te vergeten. 
Duizendmaal dank dat jij mij tijdens mijn sollicitatie het voordeel van de 
twijfel hebt gegeven. En daarna bedankt dat je me bijna arbeidsongeschikt 
hebt gemaakt tijdens een mountainbike ritje door Best ;). Maar even serieus, 
opboksen tegen ouders en patiënten die telkens vragen of dokter Frank er 
is, is natuurlijk een onmogelijke taak. Dat bewijst maar hoe goed jij bent in 
wat je doet en dat je voor mij een groot voorbeeld bent in het vak. Ga daar 
vooral mee door!

Alle (ex) collega-assistenten uit het MMC – Giel, Etienne, Angel, Fia, 
Najla, Eveline, Richelle, Jonna, Anouk, Laurien, Lisan, Mireille, Ingrid, 
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Joelle, Bianca, Mark, Kimberley, Myrthe, Noortje, Femke, 
Hilde – bedankt voor de hulp tijdens mijn (in)werkperiode, 
de gezelligheid, de TGIF-lunches, het fijne teamwork, koffie-
momentjes, de etentjes en natuurlijk de ski-tripjes niet te vergeten. Jullie 
hebben mijn tijd in het MMC mede zo fijn gemaakt. Ik wens ieder van jullie 
heel veel succes met waar jullie pad ook heen mag gaan. 

Ook een speciaal bedankje aan de fantastische teams van verpleegkundigen 
van de kinderafdeling, medium care en NICU! Zonder jullie jarenlange 
ervaring en vertrouwen in mij had ik nooit mijn eerste (en ook niet mijn 
laatste) diensten overleefd. Bedankt dat jullie mij het vertrouwen als dokter 
hebben gegeven. Jullie zijn ge-wel-dig! Daarnaast waren mijn vele diensten 
(want overdag zagen jullie mij nooit) nooit zo leuk geweest zonder vele van 
jullie, bedankt voor het vele lachen, de goede gesprekken en de traktaties 
als ‘Smoskes’ waar we de nacht weer mee door kwamen.

Vrienden en familie. Ondanks dat ik jullie erg heb verwaarloosd de 
afgelopen jaren zijn jullie wel zeker de belangrijkste mensen in mijn leven. Ik 
denk dat mijn dankbaarheid in woorden uit drukken hier bijna onmogelijk 
is en slechts een aaneenschakeling van understatements gaat zijn. Daarom 
hoop ik ook dat ieder van jullie wel weet wat je voor mij betekent. Ik ga het 
hier dan ook niet te lang maken aangezien dat misschien teniet zal doen 
aan hoe ik echt over jullie denk en hoe blij ik met jullie ben in mijn leven. 

My old time favorites, Bo, Chanou, Karlijn, Manon, Pascalle en Sanne, al 
bijna meer dan de helft van ons leven zijn wij vriendinnen. Ondanks dat 
ik de afgelopen jaren vaker gestrest, moe en niet altijd even gezellig ben 
geweest zijn jullie er geweest om mij door deze periode heen te helpen. Ook 
al zien we elkaar wat minder vaak, heb ik het idee dat de kwaliteit er juist 
op vooruit gaat. Tijdens onze uitjes, jaarlijkse weekendjes weg en ski-tripjes 
blinken wij nog steeds uit in doen alsof we nooit ouder zullen worden! Alle 
zorgen worden vergeten en we weten als geen ander alles te relativeren, 
geen zinnig woord uit te brengen en buikpijn te hebben van de slappe lach. 
Bedankt dat wij er altijd voor elkaar zijn, ik hou van jullie! 

Liefste Sharon, Ginger,, Sanne, Brenna, Linda, Mahnaz, Suus, Sharon, 
Romy – Van wijn & spelletjes avonden, weekendjes weg, festivals tot 
heerlijk afblazen tijdens voetbaltoernooitjes welke gevierd werden tijdens 
de derde helft. Ontelbaar mooie herinneringen heb ik met jullie, en nog 
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veel meer gaan er zeker weten komen. Ik ben super blij met jullie in mijn 
leven!

Vronie, wetende dat complimentjes uitdelen in Donkiesjot uitgroeien 
tot zo een goede vriendschap zouden we dit veel vaker moeten doen. 
Samen kunnen wij goed lachen, vooral met een grote mate aan zelfspot. 
In combinatie met bourgondische gezelligheid, lekker eten en goede wijn 
maakt het samenzijn met jou altijd fijn!    

Mijn mede-groepje 14 maatjes, Nadia, Nienke, Fleur & Anouk. Samen 
hebben wij onze eerste stapjes in het dokter worden gezet en dat blijft 
voor altijd speciaal! Nadia dat ik de meest bijzondere dag uit jouw leven 
aanwezig mocht zijn vond ik heel bijzonder, wat een sprookjesvoorbeeld 
van de liefde! 

Mieke, samen zij-instromen in Maastricht, onze sporadische stap-avonturen 
in Maastricht met bijzondere ontmoetingen, stiekem sigaretjes roken met de 
handdoek in ons haar, wilde fietsplannen van Maastricht naar Groningen 
vroegtijdig op de eerste hulp belanden, vervolgens alleen nog maar veilig 
met de trein en uitstappen waar we nog nooit geweest zijn, in Göteborg 
Daan opzoeken of een weekendje midden Nederland in de spa – het maakt 
niet uit wat we doen, alles is gezellig met jou! Jij wordt een echte Top-Dokter!

Lieve Elke, lief en leed hebben wij samen gedeeld gedurende onze 
onderzoeksjaren. Jij hebt een enorm sterk doorzettingsvermogen waardoor 
ik zeker weet dat jij er wel gaat komen. Hou nog heel even vol, ik gun je het 
beste in de wereld! 

Lida, ik heb je ontmoet tijdens de MMC-introductiedag en er was meteen 
een enorme klik, alsof ik je al jaren ken! Ik heb bewondering voor je enorme 
gedrevenheid en ambities, je positieve instelling en je enorme dosis humor. 
Want ja, tussen de lege ketchupflessen zou ik ook nooit gelukkig worden! 
Ik mis je in het MMC en Eindhoven, maar wens je super veel succes in 
Utrecht. 

Esther, mijn maatje bij TCM en ook in het MMC. Je laat me niet alleen 
peentjes zweten aan de andere kant van het gordijntje als die baby er weer 
eens niet gemakkelijk uit wilde komen maar je laat me ook afzien tijdens 
een fietstocht in Ibiza. Ik vond het leuk met jou! 
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Dan mijn familie, klein maar heel fijn! 
Mijn oom, tante, neefjes, nichtjes en aanhangsels. Hilde en Harry, 
bedankt dat jullie er altijd voor mij zijn geweest en ook altijd voor mij zullen 
zijn. Mijn onderzoekende vermogen en ‘buiten de box’- denken werd als 
kind al enorm gestimuleerd bij jullie op de boerderij! Wat was dit altijd 
fijn! En ook nu nog kom ik graag bij jullie over de vloer voor een gezellig 
kopje koffie, een goed gesprek of een fijne knuffel! En ook Vera, Trudy, 
Bas & Mart ik hou van jullie! Al lopen we de deur niet plat bij elkaar, het 
samenzijn is altijd fijn! 

Mijn allerliefste zussen, Anke en Lieke, wij zijn al van jongs af aan zo 
verschillend, maar toch kan ik me een leven zonder jullie niet voorstellen. 
Ik ben ontzettend gek op de twee liefste kleine neefjes die jullie in de familie 
hebben gebracht. Ik ben super trots op jullie! Sil, wat is samenwonen met 
jou fijn in Eindhoven. Ons ‘kleine’ broertje wat ben ik trots op jou, je bent 
de liefste! De schoonbroers/zusje, Niels, Wilco en Mirthe, inmiddels zijn 
jullie al zo ingeburgerd in de familie, en ik hoop ook dat jullie dat voor 
altijd zullen blijven! 

Liefste pap en mam, een hele grote dank jullie wel voor alles! Jullie 
hebben me de beste opvoeding gegeven die ik me kon wensen. Ik heb een 
fantastische jeugd gehad en de vrijheid gekregen om de wereld te ontdekken 
op mijn manier. Mijn eigen keuzes heb ik mogen maken en ook mijn fouten 
waarmee ik jullie behoorlijk heb uitgedaagd en jullie geduld op de proef 
heb gesteld. Ondanks dat heb ik mij altijd onvoorwaardelijk gesteund en 
geliefd gevoeld door jullie! Pap, bedankt voor het helpen ontwerpen van dit 
boekje! Raad eens hoeveel ik van jullie hou?
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