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Abbreviation

IVH intraventricular hemorrhage

GW gestational week

NICU neonatal intensive care unit

CSF cerebrospinal fluid

Hb hemoglobin

RBCs red blood cells

ROS reactive oxygen species

TNFa tumor necrosis factor alpha

AIM alpha-1-microglobulin

GMH germinal matrix hemorrhage

HIE hypoxic ischemic encephalopathy
PWMI periventricular white matter injury
HI Hypoxia inschemia

MRI magnetic resonance imaging
EGL external granular layer

GABA gamma aminobutyric acid

ML molecular layer

IGL internal granular layer

GCP’S granular cell precursors

IL interleukin

TLR4 toll-like receptor 4

MCP-1 monocyte chemoattractant protein-1
MMP 9 matrix metalloproteinase 9

INOS inducible nitric oxide synthase
TEM transmission electron microscopy

CCL2 chemokine (c-c motif) ligand 2
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Preface

The survival of smaller and extremely preterm infants has increased over the years
due to improvement in clinical practice at the neonatal intensive care unit. The
increased survival however is associated with major complications.

These very preterm infants are poorly adapted to the extrauterine environment. This
results in nutritional deficits, insufficient levels of growth factors and changes in
neurovascular factors. Intraventricular hemorrhage, a complication of very preterm
birth is associated with major motor and cognitive deficits. Today, no therapy exists
to prevent these preterm infants with [IVH from developing serious neurological
disability. Hence, an investigation into the pathophysiological events leading to
brain damage is needed to support the development of novel neuroprotective
interventions.

The cytotoxicity of blood products in the immature brain following the hemorrhage
has been suggested to be central to the irreversible brain injury. This thesis focuses
on delineating the important role of cell-free hemoglobin ie hemoglobin outside the
red blood cell compartment, in the pathophysiological events participating in
development of brain damage.
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Abstract

Cerebral intraventricular hemorrhage in preterm infants continues to be a major clinical
problem associated with neurodevelopmental abnormalities manifested by cognitive,
behavioral, attentional, social and motor deficits.

Hypothesis and aims: The central thesis is that the cytotoxicity of extravasated blood
and of consequently released cell-free hemoglobin (Hb) is pivotal for the
pathophysiological events causally involved in brain injury. The general aim focuses on
the development and implementation of novel neuroprotective strategies with the aim
of promoting brain development in preterm infants with high risk for
neurodevelopmental impairment.

Methods: Paper I. The presence and distribution of cell-free Hb in the periventricular
white matter was evaluated in preterm rabbit pups with intraventricular hemorrhage
(IVH). Paper II. The distribution, deposition and effect of cell-free Hb on cerebellar
development were investigated following IVH in preterm rabbit pups. The protective
effect of the cell-free Hb scavenger haptoglobin (Hp) was evaluated. Paper III. The
relative cytotoxicity of the different cell-free Hb metabolites was evaluated in mixed
glial cell culture. Paper IV. The biodistribution and functional protection of
intraventricularly administered recombinant alpha-1-microglobulin (rA1M), a heme and
radical scavenger was investigated following IVH in preterm rabbit pups.

Results: Paper I. IVH was associated with extensive amounts of cell-free Hbin ~ the
periventricular white matter, with a wide distribution throughout the brain. Paper II.
IVH was followed by a decreased proliferation in the external granular layer (EGL),
delayed Purkinje cell maturation and activated microglia in the cerebellum. Cell-free
Hb was present in all cerebellar layers, with a gradient towards the molecular and white
matter layers. Intraventricular administration of Hp resulted in a partial reversion of the
damaging effects following IVH. Paper I1I. Met/oxidized Hb and not oxyHb was found
to initiate a proinflammatory and oxidative response with cytoskeletal disintegration in
mixed glial cell cultures. Paper IV. Administered rA1M following IVH was widely
distributed in periventricular white matter tissue and present throughout the fore- and
mid brain extending to the cerebellum, with a high coexistence of cell-free Hb.
Administration of rA1M resulted in an attenuation of proinflammatory and oxidative
damage.

Conclusions: IVH is characterized by the penetration of cell-free Hb into
periventricular brain tissue and cerebellum resulting in a proinflammatory and oxidative
damage to the brain. Hp and A1M, scavengers of cell-free Hb and Hb metabolites
respectively, attenuate the damage sustained by the periventricular white matter and
cerebellum, affirming cell-free Hb to be causally involved in the brain damage resulting
from IVH. Hp and A1M hence appear potential candidates for neuroprotective strategies
against brain damage following IVH
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Introduction

Preterm intraventricular hemorrhage

Preterm birth

Preterm intraventricular hemorrhage (IVH), characterized by bleeding into the
ventricular cavities of the brain continues to be a major clinical problem associated
with very preterm birth.

Every year, about 15 million babies are born preterm worldwide. Preterm birth is
defined as birth before 37 gestational weeks (GW). These preterm infants can be
further classified into three groups based on gestational week at birth; moderate to
late preterm (32 to 37 weeks), very preterm (28 to 32 weeks) and extremely preterm
(<28weeks). For the purpose of this thesis, preterm infants refer to very and
extremely preterm birth.

Survival following preterm birth

The survival rate of preterm infants has increased over the past decades due to
modernization and improvement in clinical practices at the NICU as well as in care
before birth. Although this is very positive, surviving preterm infants are prone to
brain damage and, as a consequence, compromised neurodevelopment. This is quite
alarming considering relevant statistics.

Every year in the United States alone, 63000 infants are born very preterm with 12
000 infants developing IVH[1]. In Sweden, very preterm birth equals 1600 infants
every year with the number for Ghana hovering around 50000 a year.

Major morbidites

The pathophysiological events leading to brain abnormalities in surviving premature
infants ensue from both the white and grey matter. Indeed, periventricular
leucomalacia, a non-hemorrhagic brain injury associated with cerebral white matter
lesions occurs in about 50% of very low birthweight infants [2-6]. Of particular
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importance to this thesis, is the major hemorrhagic lesion, the preterm
intraventricular hemorrhage with an incidence rate of 20%.

In these very immature infants, other non-cerebral related lesions with great impact
on the future health may develop. These major morbidities include necrotizing
enterocolitis, bronchopulmonary dysplasia and retinopathy of prematurity [7-9].

IVH and long-term morbidity

IVH is a significant and independent contributor to long-term impairment in preterm
infants. IVH in surviving preterm infants is associated with post-hemorrhagic
ventricular dilatation and major neuro-developmental impairment including
cerebral palsy and severe cognitive disability [10-15].

Pathophysiology of IVH

IVH may occur in adults from a decompression or extension of the hematoma
resulting from an intraparenchymal hemorrhage into the ventricles. Thus termed
secondary IVH or as a primary IVH ascribed to an intraventricular source or lesion
contigious to the ventricles, inclusively; vascular malformations and tumors of the
choroid plexus, aneurysm, intraventricular trauma etc [16].

Unlike IVH in adults, preterm IVH that occurs following preterm delivery is mainly
a progression of a germinal matrix hemorrhage. The germinal matrix is a germinal
region located between the caudate nucleus and the ependymal lining of the lateral
ventricles. The germinal matrix is a highly vascularized region made up of actively
dividing neuronal and glial progenitor cells which give rise to cells making up the
grey matter in the developing baby. The germinal matrix reaches maximal thickness
at gestational week 24 and thereafter gradually reduces and disappears by week 35,
this being the reason why germinal matrix IVH occurs predominantly in the preterm
newborn [12, 13, 17, 18]. Preterm IVH mostly occurs in the first postnatal week,
90% of the hemorrhages usually occurring within the first three postnatal days [19].
The incidence of IVH increases with decreasing gestational age at birth.

The etiology of preterm IVH is multifactorial and complex. Predisposition to IVH
can be ascribed to intravascular, vascular and extravascular factors. The factors
include fragility of the germinal matrix vasculature inherent to the preterm newborn,
fluctuations in cerebral blood flow, increase in cerebral venous pressure, hypoxia,
hypercarbia and coagulation abnormalities leading to hemostasis impairment [4, 12,
13, 20].

16



Clinical presentation

Depending on the severity of IVH, it may be clinically manifested as catastrophical
characterized by a bulging fontanel, split sutures and change in level of
consciousness or saltatory, marked by gradual deterioration in neurological status
or asymptomatic discovered by bedside cranial ultrasound [21, 22].

Classification

Preterm IVH is classified based on the anatomical distribution of the bleeding.
Grade 1: The bleeding is limited to the subependymal germinal matrix. Grade 2:
The bleeding extends to the brain ventricles, occupying less than 50% of the
ventricular volume. Grade 3: Bleeding is marked by an extensive coverage of
greater than 50% of the ventricular volume leading to ventricular distension. Grade
4: also known as parenchymal hemorrhagic infarction is an [IVH with parenchymal
involvement. Grade 1 and 2 are frequently categorized as mild IVH while grades 3
and 4 as severe [23].

Mechanism of brain injury

Despite substantial research over the years, the complex molecular mechanisms
involved in development of brain injury following IVH are incompletely
understood. Primarily, brain injury can ensue from IVH due to the mechanical or
mass effect of the hematoma. This causes an increase in intracranial pressure leading
to a decrease in cerebral perfusion. Also blockade of cerebrospinal fluid (CSF)
conduits by the hemorrhagic blood is considered to obstruct the reabsorption of CSF
leading to post-hemorrhagic ventricular dilatation and hydrocephalus. Depending
on the dynamics of the hematoma expansion, the primary damage may occur
minutes or hours from the onset of bleeding. The secondary damage however is
attributable to pathophysiological events linked to the presence of blood and blood
products [24-26].

Cell-free hemoglobin (Hb)

The damaging role of cell-free hemoglobin

Hemoglobin (Hb), a heme conjugated protein confined to red blood cells (RBC’S)
plays an important role in maintaining cellular bioenergetic homeostasis. Not only
that but has vital functions in fertilization, molecular signaling and modulation of
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the innate and adaptive immunity. Structurally, Hb contains the prosthetic group
heme, a tetrapyrole ring with Fe’" coordinated to globin proteins. Oxygen has a
higher reduction potential than iron (Fe**), which renders the heme prosthetic group
susceptible to spontaneous autoxidation (Fe*" to Fe*"), especially when the oxygen
tension is very low. Notwithstanding, this is curtailed intracellularly by the presence
in the RBCs of enzymatic reductases, maintaining the iron in an Fe*" oxidation state.
Thus at normal physiology, only 1-3% of the hemoglobin mass is found in the Fe**
oxidation state [27-29].

Contrary to the enormous importance of Hb to aerobic organisms, outside the
confines of the RBCs, a friend as we know it to be turns a foe. Following
intravascular or extravascular hemolysis, cell-free Hb, a redox active protein comes
in contact with the extracellular environment. Such Hb outside the confines of the
RBC’S has been reported to be cytotoxic and damaging to tissues in several disease
contexts including cerebral malaria and sickle cell anemia [28, 30-33].

In fact, the neurotoxicity of cell-free Hb and its metabolites has been reported
following subarachnoid and intraparenchymal hemorrhage [34-36]. The damage is
attributable to the oxidation of the ferrous Hb to hemoglobin moieties and
metabolites of higher oxidation states, which induce the production of electrophilic
free radicals and reactive oxygen species (ROS). These metabolites, radicals and
ROS are very reactive, causing tissue and cellular injury via induction of
proinflammatory and apoptotic pathways, intercalation into cell membranes,
fragmentation, covalent modification and oxidation of macromolecules [37-44]. It
is on the premise of this that this thesis attempts to elucidate the pathophysiological
events involved in IVH and thereby address the role of cell-free hemoglobin in the
causal pathway of damage leading to functional brain impairment.

Following IVH, there is deposition of extravasated blood into the CSF of the
ventricles. This leads to the accumulation of RBCs followed by a hemolytic episode
forcing hemoglobin out of the intra-erythrocyte compartment. Outside it’s homing
in the RBC, cell-free Hb is oxidized to methemoglobin (MetHb, Fe**), induced
spontaneously or via a reaction with nitric oxide. Indeed, Gram ef a/ in their
studies reported the accumulation of metHb (Fe’") in intraventricular CSF 72 h
following preterm IVH. The concentration of the metHb correlated with that of the
proinflammatory cytokine tumor necrosis factor alpha (TNFa) in the CSF [45, 46].
Indeed celecoxib, a cyclooxygenase 2(COX 2) inhibitor and TNFa inhibition
reduced inflammation, gliosis and neuronal degeneration following IVH in preterm
rabbit pups [47]. Further downstream reactions may lead to the production of
ferrylHb ( Fe*"), free heme, globin radicals, heme polymer and free iron, species
injurious and damaging to tissues.

Further, previous work from our group has shown that cell-free Hb and its
metabolites induce cytotoxic, oxidative and proinflammatory pathways in CSF and
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the choroid plexus tissue leading to damage and cell death following preterm rabbit
pup IVH. Exposure to cell-free Hb and metabolites in choroidal plexus epithelial
cell cultures was found to induce structural disintegration, cellular activation,
apoptosis and inflammatory response similar to that observed in choroid plexus
tissue from preterm rabbit pups with IVH hemorrhage [46].

Though a case can be made for the involvement of cell-free Hb in the development
of brain damage, its penetration and accessibility to the periventricular parenchymal
regions and important remote areas following preterm IVH had not been
investigated prior to this thesis. Of further relevance, is the relative importance of
the different Hb metabolites in the resulting brain injury especially when oxyHb
(Fe*") in minute amounts has been reported to be neuroprotective in an other context

[48, 49].
INTRAVENTRICULA&
SPACE

\Hemolysis

@3

Astrocyte activation

PERIVENTRICULAR
TISSUE

Fig 1. Intraventricular degradation of hemoglobin.

Following IVH, a hemolytic episode leads to the rapid release of hemoglobin, which subsequently undergoes a
spontaneous auto-oxidation to form toxic methemoglobin (MetHb). A further degradation leads to the release of heme,
free iron (Fe®*) and free radicals, all of which are potentially toxic to the immature brain. Figure used with permission
from Gram M
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Treatment of IVH

Although the resulting deficits in neurodevelopment associated with preterm IVH
are very well described, no therapy yet exists hence the importance for the
development of strategies for the prevention or minimization of brain damage.

Detoxification of cell-free Hb and metabolites- the scavenger systems

Endogeneous haptoglobin (Hp) remains the main scavenger of cell-free Hb. Hp
binds to cell-free Hb in the extracellular environs to form an inert complex followed
by a CD163 receptor mediated endocytosis clearance by macrophages. Of note, Hp
also decreases the rate of the spontaneous autoxidation of the Hb dimer. Thus, it
decreases the rate of metHb formation [50-52].

The importance of the haptoglobin scavenger system in the human brain has been
sparcely studied, especially in the immature brain. The adult intrathecal Hp-Hb
clearance system capacity is reported to be 50000 fold lower than that of the
systemic circulation. Alarmingly, the haptoglobin level in the systemic circulation
of preterm infants is very low. Since the systemic circulation contributes to the
intrathecal Hp, the Hp levels in this population is expected to be extremely low.
Thus, following preterm IVH, the intrathecal Hp scavenger system will be quickly
saturated hence with a residual inability to detoxify the cell-free Hb [50, 53].
Preterm IVH infants will therefore be vulnerable to cell-free Hb. Exogenous Hp
would therefore present as a putative neuroprotective strategy in preterm [VH.

Of importance also is the heme and free radical scavenger, alpha-1-microglobulin
(A1IM). AIM has a multifaceted palette of mechanisms, involved in the protection
against tissue damage relating to conditions associated with pathological oxidative
stress. This it does as a scavenger of free radicals, ROS, capturing free heme,
protecting the mitochondria and inducing tissue repair mechanisms. A1M therefore
may constitute a potential therapeutic drug candidate in the protection against the
neurological impairment following preterm IVH [54, 55].
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ENDOGENOUS PROTECTION MECHANISMS

In humans, there are several Hb-, heme- and ROS-detoxification systems described

) Hemolysis ag ROS < Antioxidants
S =

Red blood cells Hemoglobin Heme § §
—
A1M

Haptoglobin Hemopexin Heme oxygenase

Fig 2. Detoxification systems of cell-free hemoglobin and metabolites.
A figure showing the endogenous systems for the detoxification of cell-free hemoglobin, metabolites and free radicals.
Figure used with permission from Gram M.

Preterm IVH rabbit pup model

IVH remains a major complication of preterm birth. No preventive or treatment
strategy yet exists for IVH. Hence, the importance of a standardized animal model
of IVH to test new therapeutic modalities.

Unlike other animal species, the preterm rabbit pup model has provided for the
simulation of the neurologic consequence of IVH in preterm infants. The rabbit pup
closely resembles the preterm infant in many aspects, with respect to etiology,
pathology and clinical consequence [16]. First, the rabbit pup delivered preterm is
at a risk of spontaneous germinal matrix hemorrhage (GMH) as in the case of the
preterm infant, the propensity of which increases after intraperitoneal injection of
glycerol. Second, the rabbit pup has a gyrencephalic brain, an abundant germinal
matrix and perinatal brain growth. Third, hypertonic cerebral palsy, a consequence
of severe preterm IVH has been successfully reproduced in preterm rabbit pups
unlike in other species. Motor development occurs in rabbits during the perinatal
period as in humans. Fourth, periventricular inflammatory changes common to that
observed in preterm IVH infants is replicated in the rabbit pup model [56].
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Studies on brain development post [IVH in other models like mice and rats have been
performed in pups delivered at term age with an immature brain. Thus all
investigations focus on postnatal development devoid of the systemic physiological
alterations related to preterm birth.

The rabbit pup has an early lung development and, in comparison, a late cerebral
development. This enables the [IVH model to be performed in rabbit pups delivered
preterm at gestational day 29 (full term is 32 days). The cerebral brain maturation
in the rabbit pup at day 29 corresponds to that of the human infant at GW of 28, a
period marked by cortical neurogenesis, transition to myelinating immature
oligodendrocytes, ongoing regional dependant synaptogenesis and astrogenesis [57,
58]. Even more immature is the cerebellum, with the rabbit’s cerebellar brain
development at gestational day 29 corresponding to the cerebellar maturation of the
human infant at 22 GW [58, 59].

Preterm Term Human
rabbit pup rabbit pup infant, GW
E29 22
PO \ ‘ | Vaginal delivery | 25

30

» I

Fig 3.

The timelines for the development of the cerebellum of the preterm rabbit pup as compared to humansThe numbers
on the left represent the age of the preterm rabbit pup where E29 is the day of caesarian delivery. Postnatal day 0(PO)
corresponding to vaginal delivery of term born pups and to term corrected age for the preterm pups. The numbers on
the right denotes corresponding maturational age in the human fetus according to translatingtime.org model

Several aspects of our preterm rabbit pup IVH model have been changed and
optimized subsequent to the studies in this thesis. Following preterm delivery, the
rabbit pups were cared for in an incubator where they were hand fed by a feeding
tube twice daily. We currently implement the wet nurse model where a wet nurse
refers to a rabbit doe that has given birth to its own pups the previous day. The term
pups, with the exception of two, are taken away and replaced by preterm pups. The
preterm pups are then housed, fed and cared for by the wet nurse. This has led to an
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improved nutritional status and an increase in survival and improved weight
development.

The application of high frequency intracranial ultrasound has permitted the non —
invasive monitoring and evaluation of ventricular hemorrhage in the preterm rabbit
brain. This includes evaluation with high spatial resolution of the size, grade and
development of the induced IVH [16].

large IVH

IVH with parenchymal PHVD
haemorrhage

Fig 4. Classification of cerebral intraventricualr hemorrhage in rabbit pups as determined by high frequency
ultrasound.
a. No IVH b. Small IVH indicated with arrows c. Large IVH indicated with arrows d. IVH with parenchymal penetration,
indicated with arrows e. Post-hemorrhagic ventricular dilatation indicated with arrows. Figure used with permission from
Sveindottir S

IVH and the brain

Periventricular brain damage

Fetal brain development is a dynamic process, with the changes in anatomical
constitution and physiological maturation as gestation progresses accounting for the
differences in brain injury patterns between term and preterm newborns [60].
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Hypoxic ischemic encephalopathy in term neonates is predominantly manifested as
a diffuse cerebral-deep nuclear disease with involvement of the cerebral neocortex,
hippocampus and basal ganglia-thalamus. Lesions suspected to be related to
hypoxia-ischemia in preterm neonates have mainly been described in cerebral white
matter. Periventricular white matter injury is a leading neurological morbidity
consequent to prematurity and may also occur as a consequence of IVH. Immature
populations of oligodendrocytes populate the cerebral white matter in the GW of
23-32 weeks, a period corresponding to preterm birth. These oligodendrocyte
progenitor cells and preoligodendrocytes are extremely vulnerable to injury induced
by oxidative stress and free radicals since they lack antioxidant enzymes [2, 61].

Regarding the etiology of white matter injury due to prematurity, a large body of
evidence indicates the involvement of two major pathways namely; the hypoxic
ischemic and inflammation pathways. The hypoxic ischemic pathway is related to
excitotoxicity and oxidative stress [62, 63]. Severe IVH leads to the deposition of
cell-free Hb and its metabolites into the periventricular parenchyma. Cell-free Hb
and its metabolites as ROS and free radical producing species are known to induce
oxidative stress and proinflammatory pathways and hence are of causal importance
in periventricular white matter injury. We therefore sought in paper 1 to investigate
the penetration of cell-free Hb and metabolites into the periventricular white matter
following preterm IVH in rabbit pups.

The cerebellum

Brain abnormality of prematurity manifested as neurodevelopmental disability was
initially thought to involve solely the cerebrum. However, a considerable body of
evidence has suggested the involvement also of the cerebellum. The infratentorially
located cerebellum plays an important role in the regulation of coordination, and
movement and also plays a role in cognitive function [1, 64-66]. It undergoes rapid
growth during the latter half of gestation unparalled elsewhere in the brain. Three-
dimensional volumetric ultrasound shows that between GW of 24-40, the cerebellar
volume increases five-fold. This is coupled by an exponential growth in foliation
during the same period leading to a 30-fold increase in cerebellar cortical surface
area. This rapidity in growth renders the cerebellum extremely vulnerable to
multiple insults following preterm birth [65, 67-72].

Cerebellar abnormality of prematurity may present itself as an overt destructive
parenchymal disease. This relates to primary cerebellar hemorrhage and infarction.
Cerebellar hypoplasia unrelated to overt destructive parenchymal disease may
represent the most common type of cerebellar abnormality in premature infants and
can be consequential to altered trophic transynaptic connection between the
cerebellum and remote parts of the brain. Cerebellar hypoplasia may also originate
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from direct effects including undernutrition, glucorticoid exposure,
hypoxia/ischemia and hemosiderin/blood products [1, 10, 65, 73, 74].

Prevalence of cerebellar injury is recorded to be as high as 58% in premature infants
with cerebral palsy following IVH. Magnetic resonance imaging (MRI) shows a
strong association between cerebellar underdevelopment and the supratentorial
lesion, IVH with evidence for the presence of hemosiderin on the cerebellar cortical
surface [74]. This finding is suggestive of the causal mechanisms involved in
cerebellar underdevelopment following I[VH.

Physiologically, CSF produced by the choroid plexus passes via the fourth ventricle
to the subarachnoid space, which has an interface with the external granular layer
(EGL) of the cerebellar cortex during the prenatal period [75, 76]. Hence a case for
cerebellar underdevelopment resulting from cerebellar deposition of blood products
consequent to supratentorial IVH is not far fetched.

Thus in paper 2, we investigated a possible CSF mediated cerebellar deposition of
blood products as a causal route of cerebellar injury following preterm IVH.

Cerebellar development

The development of the cerebellum in humans characterized by the proliferation of
granule cell precursors (GCPs), establishment of internal granular layer (IGL) and
maturation of Purkinje cells takes place from GW 20 to postnatal age of 2 years.
The establishment of two proliferative zones in the first month of gestation, namely
the ventricular and subventricular zones, initiates the developmental process of the
cerebellum [1]. The ventricular zone gives rise to y-aminobutyric acid (GABA) -
ergic neurons which include; the Purkinje and Golgi cells of the molecular layer
(ML), the interneurons of the deep nuclei and the basket and stellate cells of the
internal granular layer [77-79]. The rhombic lip of the subventricular zone on the
other hand gives rise to glutamatergic neurons, of importance the granule cell
precursors, which form the EGL of the cerebellar cortex. Active proliferation and
differentiation in the outer half of the EGL leads to the formation of mature granule
cells. These granule cells migrate inwardly guided by the Bergman glial fibers to
form the IGL [80]. The proliferation of the GCP’S is by far the dominant cellular
determinant of cerebellar growth. The importance of this proliferative phase to the
ultimate growth of the cerebellum is best appreciated when one considers the fact
that granule cells make up 95% of the neuronal population of the adult cerebellum.
On their way to form the IGL, the granule cells make important contacts with the
Purkinje cells, needed to establish the cerebellar circuitry.

The cerebellum thus is engaged in active cellular proliferation and maturation at the
period corresponding to very preterm delivery of the newborn and a hypothesized
exposure to blood products following IVH may therefore be detrimental to
cerebellar development.
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Key factors in cerebellar development

Granule cells

Following maturation, they migrate inwardly, guided by the Bergman glial fibers to
form the IGL. Granule cells contribute to the structural and functional integrity of
the cerebellum. Of importance is the transfer of excitatory signals to the Purkinje
cells by granule cells needed to establish the cerebellar circuitry.

Purkinje cells

The Purkinje cell sources the sonic hedgehog protein (Shh), a growth factor
responsible for growth and patterning of the cerebellum. By secreting Shh, essential
to the proliferation of GCP’S in the EGL, Purkinje cells regulate cerebellar
morphogenesis. The axons of the Purkinje cells represent the sole output of the
cerebellar cortex to the thalamus and brainstem. The Purkinje cells also receive all
inputs into the cerebellum via their contact with climbing fibers from inferior olivary
nuclei, indirect, via granule cells, from mossy fibers, from the nuclei of the spinal
cord, brain stem and deep cerebellar nuclei. Most importantly, Purkinje cells are
central to the establishment of the cerebellar circuitry.

Extrenal granular layer

The EGL is a transient structure and represents the outermost part of the cerebellar
cortex during development. The EGL houses the active proliferation of the GCP’S
and subsequent differentiation into mature granule cells, which is a critical event
important for the structural integrity of the cerebellum. The intense proliferation of
the GCP’s is regulated by Shh produced by Purkinje cells. The EGL reaches its full
thickness at GW 25 and disappears at 7 months postnatal age in humans.

Bergman glia fibers

These are astrocytes located around the Purkinje cell layer and are involved in
guiding the migration of mature granule cells inwardly to form the IGL. They also
ensure the critical contacts between the granule and Purkinje cells needed to
establish the cerebellar circuitry. They have a repair mechanism involving switching
from a differentiated state to a proliferative phase. The differentiation of Bergman
glial fibers is regulated by Shh produced by Purkinje cells.
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Fig 5. Major events in the perinatal histogenesis of the cerebellum.

The two proliferative zones are the external granular cell layer (EGL) and the ventricular zone. The outer half of the
EGL is marked by active cell proliferation of the granular precursor cells under the positive control of sonic hedgehog
protein secreted by the Purkinje cells. The mature granule cells migrate downwards to form the internal granular layer.
The ventricular zone give rise to Purkinje cells. Note the markedly active proliferation of the granular cell precursors
during the premature period. Not shown is equally a marked increase in the size of the molecular layer(ML) around
the same period. Adapted from Volpe, J Child Neurol. 2009 September; 24(9): 1085-1104

Glial cells in brain development

The study of brain development was previously to a large extent focused on
neurogenesis. However, more recent findings have shown that interaction between
glia cells and neuronal progenitors is very crucial to neuronal development,
especially when neuro- and gliogenesis occurs concurrently and as such any
dysfunction in the activity of astrocytes, microglia and oligodendrocytes will be
detrimental to neuronal proliferation and maturation process. Contrary to what was
traditionally thought, neuroglia plays a far more advanced role in brain physiology
and maintenance of cerebral homeostasis with invlovement in synaptic
transmission, synaptic pruning, axonal outgrowth, neuro/gliogenesis, immunity,
angiogenesis and neural activity [81-85].
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Studies experimentally quantifying glial cell numbers in the mammalian brain have
shown that, in general, neuroglia makes up at least 50 % of the cellular population
in the human brain, with considerable differences in respect to brain regions and to
age, supportive of an important role for these cells. For instance, the ratio of glia to
neurons in the cerebral cortex is 3.76 and 0.23 in the cerebellum [82, 86, 87].

Accummulated evidence suggests that glia-glia and glia-neuronal crosstalks play an
important role in both neurophysiology and neuropathology [48, 88]. Microglial
cells were found to be attracted to proliferation zones of Cxcl 12 expressing neural
progenitors [89, 90]. Results of an invitro study showed a decrease in neuronal
proliferation when cortical cultures were depleted of microglia [82]. Additionally,
subsets of microglia cells secrete active factors that switch neuro- to astrogenesis
[82, 91]. In support of this concept, few astrocytes were found when cortical
precursor cells were depleted of microglia. On the other hand, microglia maturation
and ramification occurs late in brain development when astrocytes are already
present [82]. Thus microglia, astrocytes, and neural progenitors may influence each
other’s development and behaviour in many ways.

Of note, microglia and astrocytes have been found to potentiate the cytotoxic effects
of each other in several neuropathologies. For example, the Ilevel of
proinflammatory cytokine secretion by astrocytes is increased in the presence of
microglia in manganese induced brain toxicity [48].

Taken together, it can be inferred that a possible glia dysfunction caused by the
exposure of the immature brain to cytotoxic cell-free Hb and metabolites in an
episode of IVH will be harmful to brain development with neurological
consequence. In respect to this, paper 3 centered on evaluating the response
following an exposure of mixed glia cultures to cell-free Hb metabolites.

Glia cell types

Neuroglia can be classified into different subsets based on function, morphology
and location in the central nervous system (CNS). The two main glia subsets in the
brain are macroglia and microglia. Macroglia with a neural lineage comprises
astrocytes and oligodendrocytes.

Microglia

They are the first glia cells to enter the brain and originate from a yolk sac myeloid
progenitor, a macrophagic lineage. They are refered to as the principal immune cells
of the brain and respond to pathological triggers. They are also functionally involved
in synaptic transmission, angiogenesis, neuro-/gliogenesis, secretion of neuroactive
factors and respond to neural activity. Microglia may transition between a spectrum
of different functional phenotypes depending on stimuli, with a proinflammatory or
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an anti-inflammatory response. Five to 15% of the cellular composition of the
human brain is made up of microglia [82, 92].

Astrocytes

Astrocytes are star shaped glia cells with a neural lineage. A wave of astrogenesis
starts towards the end of neurogenesis. They make up the major proportion of glial
cells in the brain. In the mouse, astrogenesis starts at the embryonic age 18 (E18)
and ends at postnatal day 7(P7). Astrocytes are functionally involved in
synaptogenesis, synaptic pruning, secretion of gliotransmitters, neuro-/gliogenesis,
formation of the brain blood barrier (BBB), neuronal survival and axonal guidance
[82, 93-95].

Oligodendrocytes

They are the myelin producing cells of the white matter. They originate from a
neural lineage. Oligodendrogeneisis starts in the human foetus by the establishment
of oligodendrocyte precursor cells (OPC’s) at GW 20. Myelination of neuronal
axons forms a protective and insulation layer and helps in the transmission of
electrical impulses. The oligodendrocyte lineage transitions from OPC’s,
preoligodendrocytes  (PreOL’s), immature oligodendrocyte to  mature
oligodendrocytes. The premyelinating oligodendrocytes, comprising OPC’s and
PreOL’s, are present at GW 20 to 35, a period corresponding to preterm birth [3, 61,
96, 97]. These premyelinating oligodendrocytes are considered very sensitive to
oxidative stress and free radicals [98-101].
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Hypothesis and aims

The premise for this thesis derives from the fact of the incomplete understanding
into the molecular and pathophysiological events leading to the brain injury and
neurological consequences following IVH hence making it difficult for the
development and implementation of treatment strategies.

The general hypothesis is that the cytotoxicity of blood and importantly hemolysis
of extravasated blood and subsequent release of cell-free Hb are central and initially
pivotal for the pathophysiological events that eventually leads to irreversible brain
damage in IVH.

The overall aim of the thesis involves the development and implementation of novel
neuroprotective strategies with the aim of promoting brain development in preterm
infants with high risk for neurodevelopmental impairment.

Paper I

Hypothesis

Following hemorrhage, the ventricular ependymal lining is breached and substantial
amount of RBC’s and released cell-free Hb ie not retained within the RBCs, pass
over the barrier and enter into the periventricular parenchymal brain areas.

Aim
To investigate the degree of exposure of the periventricular white matter to cytotoxic
cell-free Hb following preterm IVH in a rabbit pup.

Paper 11

Hypothesis

Cerebellar deposition of cell-free Hb and metabolites is causal to cerebellar
underdevelopment following cerebral IVH and hence scavenging of cell-free Hb
may lead to a prevention of the damage

Aim
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To evaluate the causality of cerebellar exposure to cell-free Hb in cerebellar damage
following IVH, using a preterm rabbit-pup IVH model

To evaluate the therapeutic effect of the intervention with the cell-free Hb scavenger
Hp

Paper 111
Hypothesis

The production of free radicals (reactive oxygen species) by metHb and its
downstream metabolites, but not oxyHb are central to the damaging pathway
following preterm IVH.

Aim

To deduce the cell-free Hb metabolite/metabolites responsible for the observed
brain damage, in elucidating the pathomechanism of IVH

To deduce the rate limiting/initiation step of the cell-free Hb induced brain damage
following cerebral IVH, using invitro cell cultures

Paper IV

Hypothesis

Administration of A1M, a heme and radical scavenger will confer protection of the
immature brain following preterm intraventricular hemorrhage

Aim

To evaluate the biodistribution and functional protection of AIM following
administration subsequent to cerebral IVH in a preterm rabbit pup.
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Methods and materials

Preterm IVH pup model

Paper I, Paper II and Paper IV

The animal protocols were approved by the Swedish Animal Ethics committee in
Lund. Throughout the work of this thesis, we have used the well-established preterm
rabbit pup model of glycerol-induced IVH in accordance with previous description.
The experiments were performed on rabbit pups delivered at gestational day 29
(term 32 days). A half-breed between New Zealand White and Lop was used. The
pups were delivered by caesarian section after the does were anesthetized with iv.
propofol (Smg/kg) and with local infiltration of the abdominal wall using lidocaine
with adrenaline (10mg/ml + Sul/ml, 20-30ml).

Conditions, handling and protocols

After delivery, the pups were placed and cared for in a closed infant incubator, with
humidified air. The conditions, handling and protocols were different for the
different studies and were accordingly

Temperature and humidity
Paper I and II: Temperature at 34-35°C with ambient humidity throughout the study.

Paper IV: Temperature at 32°C with ambient humidity throughout the study.
Feeding

Paper I and II: The preterm pups were hand fed with with 2ml (100ml/kg/day) of
cat milk formula with first feeding done at approx.1-2h of age using 3.5 French
feeding tube, thereafter every 12h, increasing the meal volume by 1ml every 24h.

Paper IV: The feeding was done as in paper I and II with the following changes;
The administered amount of milk was increased every 24h by 25ml/kg/day.

IVH induction
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Paper I, II and IV: To induce IVH, the preterm rabbit pups at 2-3h of age received
an intraperitoneal injection (i.p) of 50% (v/v) sterile glycerol (6.5g/kg; Teknova,
Hollister, CA, USA). This causes hyperosmolality and intracerebral hypotension,
thus causing rupture of the small veinous vessels in the germinal matrix.

Survival

Paper I: Results from 47 rabbit pups from 13 litters were presented in the study.
Overall survival 70%

Paper II: Results from 59 rabbit pups from 9 litters were presented in the study.
Overall survival 60 %.

Paper 1V: Results from rabbit pups from 18 litters were presented in the study.
Overall survival 20%.

Ultrasound imaging of the brain
Paper I

Ultrasound imaging of the brain was initially done at 6h to detect and grade IVH
and subsequently at 24, 48 and 72h of age using the Visualsonic Vevo 2100
(Visualsonics Inc, ON, Canada) with a MS-550D 40 MHz transducer. Pups with
IVH at 6h of age were included in the IVH group and those without a detectable
IVH at all timepoints were assigned to the IVH group

Paper 11

Ultrasound imaging of the brain was initially done at 6h to detect and grade IVH
band subsequently at 24, 48 and 72h of age using the Visualsonic Vevo 2100
(Visualsonics Inc, ON, Canada) with a MS-550D 40 MHz transducer. Pups with
IVH at 6h of age were included in the IVH group and those without a detectable
IVH at all timepoints were assigned to the IVH group.

Subarachnoid hemorrhage (SAH) was confirmed in all pups with IVH with the
visible presence of hemorrhagic CSF covering the cerebellar cortex following
removal of the brain from the skull. None of the control pups exihibited macroscopic
signs of SAH. No pup in both the control or IVH group exihibited signs of primary
cerebellar hemorrhage.

Paper IV

Ultrasound imaging of the brain was initially done at 6h to detect and grade IVH
and subsequently at 18, 24, 48 and 72h of age using the Visualsonic Vevo 2100
(Visualsonics Inc, ON, Canada) with a MS-550D 40 MHz transducer. Pups with
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IVH at 6h of age were included in the IVH group and those without a detectable
IVH at all timepoints were assigned to the IVH group

Intraventricular injections
Paper 11

Pups with IVH were randomized into one of three groups of IVH only, IVH + Hp
or IVH + Vehicle. At 8h of age, pups in IVH + Hp and IVH + Vehicle received an
ultrasound-guided intraventricular injection of either 20ul of human Hp (50mg/ml,
Bio Products Laboratory, London, UK) or 20ul of vehicle solution (9mg/ml NacCl,
Fresenius Kabi, Lake Zurich, IL, USA), using 27 G Hamilton syringes (Hamilton
Robotics, Reno, NV, USA).

Paper IV

In paper IV intraventricular injections were performed according to one of the
following:

Following ultrasound at 18h age, pups were randomized into one of two groups of
IVH + recombinant AI1M (rA1M) and IVH + Vehicle. At 22h of age, pups in [IVH
+ rA1M and IVH + Vehicle received an ultrasound-guided intracerebroventricular
(i.c.v) injection of either 25l of human recombinant A1M (rA1M, 9.4 mg/ml, AIM
Pharma AB, Lund, Sweden) or 25ul of vehicle solution (10mM Tris-HCI pH 8.0,
0.125M NaCl, A1M Pharma AB, Lund, Sweden) using 27 G Hamilton syringes
(Hamilton Robotics, Reno, NV, USA).

Pups with IVH were randomized into one of two groups of [VH + human (h)A1M
or IVH+Vehicle. At 8h of age, pups in IVH + hA1M and IVH+Vehicle received an
ultrasound-guided intraventricular injection of either 25ul of hAIM (9mg/ml)
prepared from healthy human donors or 25ul of sterile artificial CSF solution, using
27 G Hamilton syringes (Hamilton Robotics, Reno, NV, USA).

Brain tissue sampling and processing
Paper 1

For histochemistry, immunolabeling and scanning electron microscopy (SEM),
euthanization of rabbit pups was done at 72h of age by isoflurane anesthesia
followed by saline and freshly prepared 4% paraformaldehyde (PFA) perfusion.
Subsequently, brains were dissected out from the skulls and were immersed in 4%
PFA. Change to fresh PFA was done after 3-6h. Brains were then cryoprotected by
sequential immersion in 15% sucrose for 6h and in 25% sucrose for another 6h.
Brains were mounted in TissueTec (Sakura Finetek, Torrance, CA, USA) and frozen
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(at around -60°C) in cryomolds, on dry ice in isopentane. Sections (12um) were cut
on a cryotome (Microm, HM 500 OM, Microm Laborgeraete GmbH, Walldorf,
Germany). Sections were collected on superfrost plus slides, two per slide, starting
from the end of the olfactory bulb to the end of the midbrain. Sections were stored
at -20°C until used for the labeling.

Paper 11

Perfusion-fixation of the brain was performed by cardiac cannulation after
thoracotomy and infusion of 0.9% saline. Followed by perfusion with 4% PFA
(buffered with phosphate buffer saline (PBS) 0.1M, pH 7.4). Subsequently, the
cerebellum and cerebrum were carefully extracted from the skulls and immersed in
4%PFA.Change to fresh PFA was done after 3-6h.

Brains were thereafter fixated in 4% PFA for 48h. Afterwards, they were
dehydrated, cleared and infiltrated with paraffin automatically in a Tissue-TEK
V.L.P (Miles Scientific Corp., Newark, NJ, USA) and embedded in paraffin blocks.
The cerebellum was sectioned, and 4pum sections in the parasagittal plane at the level
of the dentate nucleus were made (Leica, RM2255 Microtome) and mounted on
microscope slides and dried at 37°C for 12-16h

Paper IV

Euthanization of rabbit pups was done following sedation with i.p. ketamine
administration (35mg/kg) and isoflurane anesthesia followed by saline (PBS, pH
7.4, containing 0.01% of heparin) and freshly prepared 4% PFA perfusion.
Subsequently, brains were dissected out from the skulls and were immersed in 4%
PFA. A change to fresh PFA was done after 6-8h and brains were then immeresed
in PFA, at 4°C. Brains were then cryoprotected by sequential immersion in 10%
sucrose and in 20% sucrose for a total of 16h. Brains were mounted in TissueTec
(OCT, Sakura, Japan) and frozen (at around -60°C) in cryomolds, on dry ice in
isopentane. Sections (12pum) were cut on a cryotome (Microm, HM 500 OM,
Microm Laborgeracte GmbH, Walldorf, Germany). Sections were collected on
superfrost plus slides, two per slide, starting from the end of the olfactory bulb to
the end of the midbrain. Sections were stored at -20°C until used for the labeling.
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In vitro cell culture study

Cell culture

Paper 11T

The use of animals was approved by the Swedish Animal Ethics Committee in Lund.
Primary mixed glial cell cultures comprising microglia, astrocytes and
oligodendrocytes were prepared from postnatal day 1 (P1) Sprague Dawley rats
(Janvier, Le Genest-Saint isle, France). Briefly, cerebral hemispheres were dissected
in ice-cold Hank’s balanced salt solution (HBSS, Thermo fisher, Waltham, MA,
USA) in order to carefully remove the cerebellum, eyes and meninges. The
cerebrum was then cut in two cortices to remove all seen vessels. The cerebrum was
subsequently minced, vessels removed and the cell mass transferred to a 15 mL tube
containing HBSS (8 mL) and centrifuged at 300 xg. for 5 min at room temperature
(RT). The supernatant was removed and 8 mL of pre-heated complete culture
medium (Dulbecco’s modified eagle medium, DMEM with glutamine, 4.5g L-
glucose + 10% fetal bovine serum (FBS), 1% penicillin and streptomycin, Thermo
fisher, Waltham, MA, USA) was added. Using a fire polished glass pipette, a
homogenous cell suspension was obtained by pipetting up and down repeatedly. The
cell suspension was then directly filtrated through a 40 WM mesh and resuspended
in pre-heated complete culture medium. Cells were then seeded in a poly-D-lysine
(PDL, Sigma Aldrich, Summit drive Burlington, MA, USA) coated multi-well
plates flasks or on cover slips (for immunocytochemistry, ICC).

Preparation of oxyHb, oxidized Hb and heme

Paper 111

Human oxyHb was purified as previously described from human blood of healthy
subjects. The use of human blood was approved by the ethical committee review
board for studies in human subjects at Lund University. Oxidized Hb (containing a
mixture of Hb-metabolites with mainly Fe**and some proportion of Fe*", free heme
and iron) was prepared by incubating the purified oxyHb solution at 37°C for 72 h
(as described by Gram et al. The proportion of oxyHb to metHb (Fe’'-Hb) was
determined as described previously. Heme (Ferriprotoporphyrin IX chloride) was
purchased from Porphyrin Products Inc. (Logan, UT, USA), and a 10 mM stock
solution was prepared using dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis,
MO, USA). All Hb solutions were purified from endotoxin contamination using the
endotoxin-removing product EndoTrap (Hyglos GmbH, Bernried am Starnberger
See, Germany) as described by the manufacturer.
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Experimental design

Paper 11T

Mixed glial cells were grown in culture medium containing 10% of FBS until day
5-7, at what point all experiments were performed. Complete medium were removed
and cells were incubated at 37°C with any of the following component i) CSF from
human preterm [VH patients (containing a mixture of Hb-metabolites), ii) oxyHb,
iii) oxidized Hb or iv) heme, all substituted in fresh serum-free culture medium
immediately before addition, for at most 24h. In addition, co-administration of the
previously described compounds with human Hp (a mixture of isotype 2-2/2-1, CSL
Behring, Kankakee, IL, USA) was performed.

After incubation, cell culture medium was collected (for ELISA analysis) and cells
analyzed (for ROS production) or harvest (for RNA extraction and mRNA
expression analysis) as described below.

Analysis

Periventricular brain tissue
Selection of brain anatomical regions
Paper I

To define the brain neuroanatomy, thereby enabling selection of corresponding
levels from all animals to be used for histochemical and immunolabeling analysis,
every 10-15th section was stained with Hematoxylin-Eosin (HE). The HE staining
procedure is described in details in Paper |

Paper IV

Findings of the HE staining performed in Paper I, defining the corresponding
neuroanatomical regions and levels preferable for analysis was adapted also in paper
v

Peroxidase Histochemistry
Paper I and Paper IV

To detect peroxidase (PO) activity due to Hb, thereby defining the distribution of
cell-free Hb within the brains of all animal groups (control, IVH), we performed an
adapted protocol of the enhanced peroxidase reaction of cryosections [102]. About
every 10th section was stained for PO, in parallel sections to HE and
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immunolabelled sections containing the selected regions of interest at the
corresponding levels. Details of procedure is described in paper 1.

Immunolabelling of Hb and rAIM
Paper I and IV

To specifically detect Hb for comparison with PO, we performed single
immunofluorescence (IF) labeling of Hb, of selected ROIs. Double IF labeling with
polysialic acid neural cell adhesion molecule (PSA-NCAM), a marker of developing
and migrating neurons and of synaptogenesis was performed to further elucidate the
distribution of Hb in differentiation zones and regions of plasticity following IVH.
This was performed as described in paper I and IV.

Paper IV

Immunohistochemistry labeling (IHC) of rA1M was performed to investigate
whether following i.c.v administration, rA1M could be detected and thereby be used
for comparisons between experimental groups with correlation made to the PO
activity. Cryosections from IVH+rA 1M group adjacent to those used for the

peroxidase staining were labeled for rAIM by means of IHC. IHC of rA1M was
performed as described in Paper I'V.

To determine the specificity of rA1M labeling, rA1M-IF labeling was performed,
in adjacent sections as used for AIM IHC. Thereafter, sections were double IF
labeled with PSA-NCAM. The immunofluorescence labeling was performed as
described in paper IV.

Electron microscopy (EM)
Paper 1

SEM at high magnification was adopted to investigate the presence of intact RBCs
within the tissue. This was carried out on cryosections from IVH and sham control
brains containing the selected ROIs according to procedure described in paper 1.

Transmission EM (TEM) and TEM-IHC were performed to investigate the effect of
IVH on the structural integrity of the mitochondria, concurrently elucidating the
effect of IVH on tumor necrosis factor alpha (TNFa) protein secretion. Similar
investigations were made in IVH + hA1M to evaluate the functional protective role
of AIM in IVH. All performed as described in paper 1.
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Cerebellum
Immunohistochemical staining for cerebellar development
Paper 11

Following the removal of paraffin, cerebellar sections were incubated with
antibodies towards antigens of calbindin, Ki67, Iba 1, Hb and Hp, details according
to the description in paper I and II.

Histological Analysis
Paper II

Following IVH, measurement of the proliferative width of the EGL as determined
by Ki67-positive cells, was performed in four predefined regions. These regions
were the inner and outer portions of lobule V and the inner and outer portions of
lobule IX. These regions were chosen because they are representative of regions
with possible maturational differences in EGL proliferation and subsequent width.
All measurements of the proliferative EGL were performed with a bright-field
microscope (Leica DMRX), using a 40x dry objective lens. The average width of
the four respective regions was calculated for each pup.

Using the Leica Q500 image analysis system of the microscope, the areas of Iba 1
(a marker of reactive microgliosis) and calbindin (a marker of Purkinje cell
maturation) positive stained cells were respectively determined in relation to the
cerebellar white matter area and the area of the molecular layer. Thus both positive
Iba 1 and calbindin staining were expressed as a percentage respectively, of
standardized area of cerebellar white matter and of molecular layer.

The measurements were done for all the different groups namely; control, [IVH only,
IVH + Hp, IVH + Vehicle

Immunofluorescent labeling for Hb and Hp
Paper II

Double IF labeling of Hb and Hp was done to simultaneously investigate the
presence and distribution of both encapsulated RBCs and cell-free Hb within the
cerebellum following supratentorial IVH in preterm rabbit pups and whether
subsequent to inventricular injection, Hp could reach the cerebellar brain regions.
This was performed as described in paper II
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Mixed glia
Immunocytochemistry
Paper III

Immunolabeling of mixed glia cells comprising astrocytes, microglia and
oligodendrocytes was performed to evaluate the changes in structural morphology,
reactivity and activity of the glia cell types following exposure to hemorrhagic CSF
from preterm IVH infants and pure Hb metabolites, with and without Hp. Iba-1 was
used as a marker of reactive microglia and phalloidin/F-actin, a marker of the
cytoskeletal structure of the glia cells. The ICC protocol was carried out according
to material and methods in paper III.

Measurement of intracellular ROS formation
Paper III

ROS production following exposure of mixed glia to the different experimental
conditions was investigated.

ROS were detected by measuring the fluorescence of 2,7-dichlorofluorescein (DCF,
Abcam, Cambridge, UK). At the end of the exposure period, cells were incubated
with 25 uM DCFH2-DA for 45 min at 37°C in the dark. Fluorescence was measured
with excitation at 483 nm and emission at 535 nm using a fluorescence microplate
reader (Victor multilable plate reader, Pelkin Elmer, Waltham, Massachusetts,
USA).

ELISA
Paper III

Proinflammatory cytokine secretion by mixed glia cells following exposure to the
experimental conditions was evaluated. Procedure as follows;

The concentration of chemokine ligand 2 (CCL2), chemokine ligand 5 (CCL5),
neutrophil gelatinase associated lipocalin (NGAL) and interleukin-12 (IL12),
secreted into the cell culture medium of mixed glial cells following exposure to the
respective experimental conditions was determined using the Quantikine (CCL2,
CCLS5) and DuoSet (NGAL) ELISA Development Kits (R&D Systems,
Minneapolis, Minnesota, USA) and IL12 ELISA Kit (Invitrogen, Vienna, Austria).
The analysis was performed according to the instructions from the manufacturer.

Hp-Hb binding studies
Paper III

To ascertain whether the cell-free Hb metabolites in the cell culture experiment bind
to the added Hp, a cell free Hb scavenger, binding affinity studies were carried out.
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Human plasma derived Hp was immobilized on the surface of a biosensor as a
stationary phase and tested for A. OxyHb (Fe**)-binding and B. MetHb (Fe*")-
binding by biolayer interferometry (BLI).

RNA Isolation and Real-Time PCR
Paper 11

Total RNA was extracted from the cerebellar tissue of rabbit pups in the different
experimental groups using the Nucleospin RNA /protein extraction kit. Reverse
transcription was carried out in accordance to the manufacturer’s instructions on
1ug total RNA using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) and
the RT?qPCR primer assay (primer from QIAGEN, Germantown, MD, USA) was
used to quantify mRNA expression of heme oxygenase 1(HO-1) and expression was
analysed using iTaq universal SYBR Green Supermix (Bio-Rad). Amplification
was performed inaccordance to manufacturer’s description for 40 cycles in an
iCycler Thermal Cycler (Bio-rad), data analyzed using iCycler iQ Optical System
Software (Bio-Rad). Data were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, primer from QIAGEN), with fold change values
calculated by normalizing against control animals.

Paper III

The same procedure was used as in Paper II above but with the following
exceptions.

RNA samples were extracted from mixed glia cultures using RNeasy Mini kit
supplied by QIAGEN (Alden, Germany). Primers (Primer PCR assay from Biorad)
for the following genes were analyzed; inducible nitric oxide synthase (INOS),
heme HO-1, TNFa, superoxide dismutase (SOD2), Arginase 1, catalase, insulin
growth factor 1(IGF1)

NFK-B (PARN-0252D, Qiagen, Maryland, USA) and apoptotic (PARN-0122D,
Qiagen, Maryland, USA) array were performed on all experimental conditions by
using 1 pg of pooled RNA as template for reverse transcriptase reactions using the
RT? First Strand Kit (Qiagen, Maryland, USA). cDNA was mixed with RT> SYBR
Green qPCR Master mix (Qiagen, Maryland USA). Amplification was performed
as described by the manufacturer (Bio-Rad) for 40 cycles in an iCycler Thermal
Cycler (Bio-Rad), and data were analyzed using iCycler iQ Optical System
Software (Bio-Rad). Normalization and determination of fold change expression for
the panel of genes was done on the Qiagen Data analysis center platform.
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Paper IV

The same procedure as described in paper II (above), was used with the following
exceptions.

RNA samples were extracted from periventricular tissue using the acid guanidinium
phenol chloroform method and RNeasy Mini kit supplied by QIAGEN. Reverse
transcription was carried out in accordance to the manufacturer’s instructions on
0.1-1pg total RNA using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA)
and the RT? First strand kit (QIAGEN). RT’°PCR Profiler Array real-time PCR
(custom made by QIAGEN) were used to quantify the mRNA expression of toll like
receptor (TLR) 4,monocyte chemoatractant protein (MCP)-1. Interleukin (IL)-1p,
IL6, IL8, IL1 receptor(R) 1, TNFa, matrix metalloprotease (MMP) 9, HO-1

Statistics
Paper II and 111

Results were presented as median (ranges) and displayed as box plots. Statistical
comparisons made between unrelated groups were performed with the Mann-
Whitney U test as appropriate. Comparisons between multiple groups were made
using the Kruskal-Wallis test followed by pairwise comparisons. P-values <0.05
were considered significant.

Paper IV

Comparisons between multiple groups were analyzed using ANOVA with post hoc
Bonferroni. P-values <0.05 were considered significant.
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Results and comments

Paper I

Cell-free Hb is extensively distributed through the periventricular parenchyma
following IVH in the preterm rabbit pup.

Hypothetical statement

It was posed that consequent to IVH, the ventricular ependymal epithelium lining is
breached causing substantial amounts of RBCs and released cell-free Hb, ie not
retained within the RBC, to pass over the barrier, thereby entering in to the
periventricular parenchymal brain regions.

Findings and discussion

Consistent with the hypothesis, findings of the study in the paper I revealed that
following IVH in the preterm rabbit pup, there were disruptions in the ventricular
ependymal lining integrity. Staining with HE showed extended hemorrhage typified
by intact RBCs in all the evaluated neuroanatomical ROIs; in the rostral forebrain,
the caudal forebrain, rostral midbrain, and caudal midbrain. The presence of the
intact RBCs were more pronounced in the occipital parts ie the rostral midbrain and
caudal midbrain. The presence of intact RBCs was prominent in the distended
choroid plexus and the subfornical organ. It was also found in the thalamus,
hippocampus, ventricles and subventricular zones. Congrously, PO staining and
immunolabeling of Hb showed the presence of cell-free Hb in all the evaluated brain
regions containing intact RBC’S. Thus cell-free Hb was found extensively in the
periventricular white matter in regions of high plasticity.

The extended presence of cell-free Hb in the periventricular white matter supports
that cell-free Hb may contribute to pathophysiological events that cause irreversible
damage to the immature brain following IVH.
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Paper 11

Supratentorial IVH in the preterm rabbit pup leads to cerebellar deposition of cell-
free Hb

Hypothetical statement

We posed that cerebral IVH leads to a cerebellar deposition of cell-free Hb and that
this may be associated with the impaired cerebellar development observed
consequent to IVH

Findings and discussion

The findings of this study suggest that contrary to maturational diaschisis, a direct
deposition of cell-free Hb into the cerebellum subsequent to [IVH may be central in
causation of cerebellar underdevelopment.

Immunofluorescent labeling revealed the presence of cell-free Hb in the cerebellar
cortex and white matter. The cortical presence of cell-free Hb was associated with
both a decrease in the proliferative activity of the EGL and also impaired Purkinje
cell maturation. The presence of the cell-free Hb in the cerebellar white matter was
associated with reactive microgliosis

Following intraventricular injection of Hp, a cell-free Hb scavenger, Hp was
detected  widely  distributed  throughout the  cerebellum.  Double
immunofluorescence showed the coexistence of Hp and Hb in the molecular layer
and the white matter. Congruent to this, Hp administration restored the arrested
proliferative activity in the outer portion of the EGL and partially reversed the
impaired Purkinje cell development.

This confirmed the causal involvement of cell-free Hb in the cerebellar injury
consequent to IVH in the preterm rabbit pup
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Paper III

Oxidized Hb and not oxyHb (Fe*") is central to the damaging pathway following
preterm IVH

Hypothetical statement

We posed that the production of free radicals (reactive oxygen species) by metHb
and its downstream metabolites, but not oxyHb, are central to the damaging pathway
following preterm [VH.

Findings and discussion

Although paper II confirmed the causal involvement of cell-free Hb in the brain
injury following IVH, there was a limitation in delineating the cell-free Hb
metabolite/metabolites responsible for the damage. This constituted the aim of the
study in paper 111

Immunocytochemistry, RTPCR, ELISA showed that met/oxidized Hb and not
oxyHb (Fe?) induces a similar damaging response (morphological changes,
proinflammatory response) on mixed glia cells as the hemorrhagic CSF obtained
from preterm [VH infants.

Results from DCFDA assay showed free radicals (ROS) production caused by
exposure to oxidized Hb to be central to the induced damage.

Co-administration with Hp had no protective effect on the met/oxidized Hb induced
damaging response. This was found not to be due to an inability of the Hp to bind
to metHb since Hp-Hb binding studies revealed a strong binding between Hp and
metHb similar to that of Hp and oxyHb (Fe*")

Taken together, the observed protective effects of Hp against cell-free Hb induced
cerebellar injury in the preterm IVH rabbit pup in paper Il together with the findings
of paper 111, suggest that the spontaneous auto-oxidation of oxyHb (Fe*") to metHb
(Fe’") is the initiation step of the cell-free Hb-induced brain damage following
cerebral IVH

The protective mechanism of Hp against brain damage following IVH may involve
preventing the spontaneous auto-oxidation of oxyHb (Fe?") to metHb (Fe**). This is
consistent with literature since Hp is known to slow the rate of spontaneous auto-
oxidation of cell-free Hb dimers.
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Paper IV

The heme and radical scavenger rAIM confers protection of the immature brain
following preterm IVH

Hypothetical statement

We speculated that the administration of A1M, a heme and radical scavenger will
confer protection of the immature brain following preterm intraventricular
hemorrhage.

Findings and discussion

Consistent with findings in paper I, PO activity following IVH was found to be
present in all evaluated neuroanatomical regions namely; the rostral forebrain, the
caudal forebrain, rostral midbrain and the caudal midbrain. In correlation with the
results of PO activity, findings from IF labeling of Hb confirmed the presence of
cell-free Hb in the periventricular white matter and fiber tracts.

IHC staining for rA1M revealed an extensive distribution of the i.c.v administered
A1M within the brain and cerebellum in all IVH animals.

Double IF labeling for A1M and Hb showed a coexistence and even co-localization
at the cellular level within periventricular white matter, fiber tracts, thalamic region,
corpus callosum, corona radiata and hippocampus. Double labeling of AIM and
PSA-NCAM showed a prominent coexistence in areas of high plasticity.

Congrously, i.c.v administered rA1M as revealed by EM and RT-PCR analysis was
found to reduce IVH-induced structural damage, mitochondrial hypertrophy, up-
regulation of proinflammatory markers, cellular response, oxidative stress and
matrix degradation proteins.

These results indicate rA1M as a potential candidate for neuroprotective treatment
against brain damage following preterm [VH
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Conclusion and future perspectives

The main question of this thesis was if the cytotoxicity of blood and cell-free Hb are
causally involved in initiating the pathophysiological events central to the secondary
brain damage observed in IVH?

The findings of this thesis indeed confirm that the cytotoxicity of cell-free Hb is
central to the pathophysiological events that eventually lead to the irreversible brain
damage following preterm [VH.

Thus in addition to a probable mechanical damage which may result from the mass
effect of the hematoma on the brain, exposure of the brain parenchyma to cytotoxic
cell-free Hb following IVH appears to be a pivotal event in the pathophysiology
leading to irreversible brain impairment.

Of note, findings of this thesis show that Hp, a cell-free Hb scavenger and A1M, a
heme and free radical scavenger, present as candidates for neuroprotective treatment
strategies against [IVH-induced brain damage

The timeline between the conversion from oxyHb (Fe*") to metHb (Fe’"), for the
best-case scenario may provide an important therapeutic window for
implementation of neuroprotective interventions targeting cell-free Hb.

Hence a kinetic study following IVH on the rate of the spontaneous auto-oxidation
of oxyHb (Fe*") to metHb (Fe*") for deducing the timelines present in vivo presents
a good case for future investigations.

Also confirmation of some aspects of the findings of this thesis on brain tissues from
postmortem human subjects if available will be important for future investigations.

An important study will be to evaluate the possible causal involvement of cell-free
hemoglobin metabolites and free radicals in the denaturation of important
neurogenic growth factor proteins in the CSF of the ventricular lumen.

The volume of work done has provided important insight into the pathomechanisms
of IVH-induced brain damage. These findings may prove vital in the development
of novel neuroprotective treatment strategies against brain damage consequent to
preterm [VH.
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