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Hjerneutvikling og metabolisme etter hypoksisk-iskemisk hjerneskade og
varierende oksygennivé i nyfadte rotter studert via >C-MR spektroskopi
og multimodal MR-avbildning

Barn som er fgdt for tidlig er spesielt utsatt for redusert blod- og oksygentilfgrsel til
hjernen som kan fgre til hypoksisk-iskemisk hjerneskade (HI). Slike skader kan ha
livslange konsekvenser for barnet og representerer derfor et betydelig
folkehelseproblem. Nar blodstrgmmen til hjernen gjenopprettes etter HI vil det dannes
oksygenradikaler, som fgrer til oksidativt stress. Barnets hjerne er pa dette stadiet
spesielt utsatt for slikt stress, og det er mulig at ekstra oksygentilfgrsel i denne
reperfusjonsfasen vil gke skadeomfanget etter HI. Gjeldende internasjonale
retningslinjer anbefaler derfor a starte gjenoppliving av barn som er fgdt til termin
med romluft i stedet for rent oksygen, men det har ikke veert mulig med en klar
anbefaling for for tidlig fgdte barn pa grunn av lite bevisgrunnlag.

Antioksidanter er stoffer som kan begrense oksidativt stress, og nar glukose
metaboliseres via pentose-fosfat-shunten opprettholdes nivaet av glutation, en viktig
antioksidant i hjernen. Hos voksne er det vist at andelen glukose som kanaliseres via
denne shunten gker som respons pa skade, kanskje som en mate a beskytte hjernen
pa. Nivaet av pentose-fosfat-shunten og dens respons pa HI i nyfgdt hjerne er
imidlertid ukjent.

Etter HI er hjernens nerveceller, neuronene, avhengig av beskyttelse mot eksitotoksisk
skade som fglge av overdreven stimulering fra neurotransmitteren glutamat. Det er
astrocytter som gir denne beskyttelsen, via opptak og resirkulering av glutamat i det
som kalles glutamat-glutamin-syklusen. Astrocyttene sgrger ogsa i normal tilstand for 3
opprettholde neuronenes glutamatlagre via sin evne til nydanning av glutamat. Den
nyfgdte hjernen er spesielt utsatt for eksitotoksisitet fra glutamat, og det er mulig at
arsaken til slik overfglsomhet ligger i at samspillet mellom neuroner og astrocytter i
glutamat-glutamin-syklusen fungerer annerledes enn i den voksne hjerne.

I denne avhandlingen ble det undersgkt hvordan rent oksygen etter HI pavirker
skadeomfanget over tid i en nyfgdt dyremodell. Syv dager gamle rotter ble eksponert
for to timer rent oksygen etter at de pa forhand var blitt pafgrt HI. | tillegg ble det
undersgkt hvordan langtidseksponering for varierende grad av hgye og lave
oksygenniva i nyfgdtperioden pavirker hjerneutviklingen over tid. Skadeomfanget ble
undersgkt med multimodal MR-avbildning fra skadetidspunkt og fram til naer voksen
alder. I metabolismestudier via *C-MR spektroskopi ble glutamat-glutamin-syklusen,
nivaet av glukose som nedbrytes via pentose-fosfat-shunten og nydanning av glutamat
studert fgr og etter HI.

Studiene viste at eksponering for rent oksygen sammenlignet med romluft ga et gkt
skadeomfang etter Hl, og at forskjellen i skadeomfang i hjernen gkte over tid mellom



disse to gruppene. Hjernens utviklingsstadium hos syv dager gamle rotter kan
sammenlignes med moderat for tidlig fgdte barn, det vil si barn som er fgdt i
svangerskapsuke 32-34. Studien stgtter derfor opp under at man bgr vaere forsiktig
med 3 gi hgye nivder av oksygen ogsa til for tidlig fgdte barn etter en
hypoksisk-iskemisk hjerneskade.

Videre ble det funnet at andelen glukose som metaboliseres via
pentose-fosfat-shunten er relativt hgy hos nyfgdte, men at andelen nedreguleres etter
HI. Siden perioden etter HI sannsynligvis karakteriseres av et gkt behov for
antioksidanter pa grunn av oksidativt stress er det mulig at denne nedreguleringen kan
veere med pa a forklare den nyfgdte hjernens sarbarhet for slikt stress. Det ble ogsa
funnet at i den nyfgdte hjernen har astrocytter en relativt hgy nydannelse og
overfgring av glutamat til neuroner i glutamat-glutamin-syklusen. Videre ble det
funnet at etter Hl er denne nydanningen relativt bevart. Det er mulig at slik nydanning
av glutamat kan bidra til eksitotoksisitet i akuttfasen etter nyfgdt hypoksisk-iskemisk
hjerneskade.
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Abstract

Background:

Pathological grey and white matter changes of the brain are abundant following preterm birth.
Several characteristics may render the brain vulnerable to injury at this stage of development:
immature cells are differentiating and migrating; a prolonged inflammatory process may be
activated; there is a heightened susceptibility to oxidative stress and excitotoxicity and
availability and preference of substrates for energy production is different from that in adult
age. Infants born preterm are also often exposed to unphysiological and fluctuating oxygen
levels as part of intensive care, and it is probable that such exposure may influence outcome.
Specific for injury to an immature brain is that it may cause not only a static injured area, but
also a change in the long-term trajectory of normal brain development.

In the brain, neurons and astrocytes are intimately connected. Neurons depend upon
astrocytes for metabolic support as well as for their clearance of glutamate from the synaptic
cleft to enable specific neurotransmission and to limit excitotoxicity. The role of neuron-
astrocyte metabolic interactions in the developing brain is largely unexplored and may be of
particular importance at this stage, e.g. because of the large increase in glutamatergic
neurotransmission from neonatal to adult age. Furthermore, the metabolism of glucose via the
pentose phosphate pathway (PPP) may be of specific significance during this period since it is
essential in the synthesis of nucleotides and lipids as well as in the generation of antioxidants.
Thus it has been proposed that the PPP may act as a protecting measure against oxidative
stress, but its activity following neonatal brain injury has not earlier been investigated.

Aims:

The overall aim of this thesis was to study the structural changes in grey and white matter
following hypoxia-ischemia (HI) and exposure to 100% oxygen as well as following prolonged
exposure to fluctuating oxygen levels in neonatal rat brain. Furthermore, the aim was to
elucidate metabolic pathways that might potentially affect the vulnerability of the neonatal
brain to injury. This overall aim was investigated via the following specific aims: (I) Study
longitudinal grey and white matter development in the neonatal rat brain after HI, hyperoxia
and intermittent hyperoxia-hypoxia. (ll) Study the neuronal-astrocytic interactions in the
neonatal vs. the adult rat brain under physiological conditions. (Ill) Study the pentose
phosphate pathway and the de novo synthesis of amino acid neurotransmitters via pyruvate
carboxylation in the neonatal rat brain under physiological conditions and in the immediate
recovery phase following HI.

Methods:

Longitudinal in vivo multimodal MR imaging was combined with immunohistochemistry to
monitor grey and white matter development after Hl and two hours of hyperoxia on postnatal
day 7 (P7) and intermittent hyperoxia-hypoxia from birth until P14. Furthermore, to study
neuron-astrocyte-interactions, ex vivo >C-MR spectroscopy was applied to quantify
downstream metabolites following the simultaneous injection of [1,2-*Clacetate and [1-
BClglucose in P7 rats. The activity of the pentose phosphate and pyruvate carboxylation
pathways was studied in the same manner via injection of [1,2-*C]glucose.



Results and conclusions:

(I) Hyperoxia following HI in the neonatal brain led to a progressively increasing brain injury
long-term in grey and white matter compared to exposure to room-air. Furthermore,
fluctuating levels of oxygen led to reversible alterations in grey and white matter, although
changes in the permeability of the blood brain barrier indicated long-term effects. (Il) The
neonatal rat brain prioritized available glucose for neuronal glutamate production, and the
glutamate-glutamine cycle worked in favour of transfer of substrate from the astrocyte to the
neuron. (Ill) The activity of the PPP was high in the neonatal brain. However, following a
challenge like HI, the activity of the PPP was reduced. Also, pyruvate carboxylation was
relatively preserved in the early recovery phase following HI.

Results from this thesis indicate that unphysiological levels of oxygen, even without a
preceding insult, may induce alterations in brain development. This thesis also indicates that
central metabolic pathways are very different in the neonatal vs. the adult brain. Whether
these differences may influence the vulnerability of the neonatal brain to excitotoxicity and
oxidative stress should be investigated in future studies.
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1 Introduction

1.1 Brain cells during development

The brain consists of neurons, glial cells and extracellular matrix which on gross morphological
inspection appear as grey and white matter. Grey matter contains predominantly astrocytes,
neuronal soma and unmyelinated axons, while white matter is dominated by oligodendrocytes
which ensheath neuronal axons with myelin.

The term “neuron” describes a type of cell which has the ability to create electrochemical
gradients as an action potential across their membrane and thereby transmit information from
one cell to another. Neurons are mainly either glutamatergic or GABAergic depending on
which neurotransmitter they synthesize. Axons from which the presynaptic boutons extend
can either be very long, such as those extending from the motor cortex to the spinal cord, or
short such as intracortical interneurons. During human brain development, immature neurons
— neuroblasts — migrate outwards from the neurogenic niche of the germinal matrix, a highly
cellular and vascularized region in the wall of the lateral ventricles that exists from gestational
week (GW) 8 until GW 36 (reviewed in (Ballabh et al., 2004)). On their way to their final
appropriate positions in the cortical layers |-VI, neuroblasts form the transient neuronal
population of the subplate. This initial proliferation, migration and initial differentiation of
neurons is around mid-gestation followed by a period in which neurogenesis is influenced by
other cells, most importantly glial cells (Stolp et al., 2012).

The term “glial cell” encompasses astrocytes, oligodendrocytes and microglia.

Astrocytes, the most abundant of the glial cells, are controllers of the extracellular
environment and providers of neuronal metabolic support in the form of the glutamate-
precursor glutamine (Danbolt, 2001). Furthermore, astrocytes take up glutamate from the
synapse following presynaptic release, thereby ensuring rapid and precise neurotransmission.
Astroglia are formed when the pluripotent stem cells creating neurons — radial glia — switch
and start to form astrocyte precursors which will later differentiate into astrocytes and
oligodendroglial progenitor cells (Malatesta et al., 2000) around mid-gestation (Vaccarino et
al., 2007). This switch may be regulated by neurons by way of cytokine secretion, ensuring that
gliogenesis does not occur until neurogenesis is complete (Barnabe-Heider et al., 2005).
Furthermore, this switch initiates the brain growth spurt around GW 20 that is largely due to
gliogenesis (Bandeira et al., 2009) and that continues until term (GW 40 weeks) in a period
where the total brain surface area is also dramatically increased because of the formation of
gyri and sulci.

Oligodendrocytes form the myelin sheath around axons that enables rapid propagation of
action potentials. The myelin ensheathes axons in several-layers, and since one
oligodendrocyte enwraps up to 40 axons, the oligodendroglial cell surface is very large (Brady
& Tai, 2011). Myelin itself is a membrane consisting of lipids and proteins, creating the
macroscopic bright appearance of the cerebral white matter. Axonal myelination begins
around mid-gestation and continues into adulthood. The pre-oligodendrocytes (preOL) are in
abundance from GW 23-30. Thereafter myelinating immature oligodendrocytes (OL+)
dominate in relative numbers before finally the mature oligodendrocytes (OL) form the major
part of oligodendroglial cells at term (reviewed by Volpe (2009)).



Microglial cells are widely distributed resident macrophages that invade the brain from the
blood as early as GW 4 (Monier et al., 2006; Monier et al., 2007). During this early migration
phase they have an amoeboid appearance and show features of reactivity. Microglia
phagocyte cellular debris (Graeber, 2010), a process that is enhanced following injury
(Neumann et al., 2009). Furthermore, microglia may participate in plasticity in the adult brain
(Tremblay et al., 2010) and in the pruning of redundant neuronal synapses that allow for the
maintenance and strengthening of others during brain development (Schafer et al., 2012).

1.2 Brain Energy Metabolism

The brain is the organ of the body that needs the most energy per weight, and the energy
need of grey matter far exceeds that of white matter (Clarke & Sokoloff, 1999). The large
consumption is partly explained by the neuronal need to maintain their cell membrane
potential and the ability to propagate action potentials (neurotransmission via electrochemical
gradients). The major part of the energy production in the form of adenosine triphosphate
(ATP) stems from oxidative phosphorylation in the mitochondria. This process require supply
of the substrate glucose, the main energy substrate for the brain (32 ATP from one molecule of
glucose), in the presence of the electron acceptor, oxygen (0,) (McKenna et al., 2012). Glucose
in blood is taken up over the blood-brain barrier (BBB) via facilitating specialized glucose
transporters (GLUTs). In the cytosol of the cell, glucose is trapped in the form of glucose-6-
phosphate via the enzyme hexokinase. Glucose-6-phosphate may then enter glycogen
synthesis for storage, glycolysis for generation of ATP or the pentose phosphate pathway (PPP;
Figure 1a). The PPP generates pentoses for nucleotide synthesis and NADPH, a reducing agent
that is essential in lipid synthesis and the regeneration of reduced glutathione (GSH). The PPP
communicates with glycolysis via fructose-6-phosphate and glyceraldehyde. Via glycolysis,
three molecules of glucose yield six pyruvate molecules, six ATP and six NADH molecules that
may enter oxidative phosphorylation in the mitochondria.

Pyruvate, the end product of aerobic glycolysis, may have several fates. In the absence of O,,
pyruvate may be converted to lactate via lactate dehydrogenase (LDH), thereby reoxidizing
NADH to NAD+. NAD+ is an essential oxidizing agent for the continuation of glycolysis during
anaerobic conditions (by donating a proton to regenerate NADH). Therefore there is no net
production of NADH under anaerobic conditions, and the ATP yield is two molecules from one
glucose molecule versus 38 molecules produced under aerobic conditions when glycolysis is
followed by oxidative phosphorylation and the tricarboxylic acid (TCA) cycle. In the presence of
0, pyruvate will enter the TCA cycle as acetyl CoA via pyruvate dehydrogenase (PDH) in the
mitochondria of both astrocytes and neurons or via conversion to oxaloacetate by pyruvate
carboxylase (PC). Neurons depend heavily upon astrocytes for metabolic support because PC,
the major anaplerotic enzyme of the brain (Patel, 1974), is localized in astrocytes only (Yu et
al., 1983). An anaplerotic reaction replenishes the constant drain of intermediates of the TCA
cycle by the addition of carbon dioxide (CO,, carboxylation) to pyruvate, forming “new”
oxaloacetate. This is opposed to cataplerotic reactions that extract TCA cycle intermediates.

Even though glucose is an essential energy substrate for both the mature and immature brain,
lactate and ketone bodies constitute a large source of energy and carbon atoms during brain
development (Cremer, 1982; Nehlig, 2004). Ketone bodies are converted to acetyl CoA via
B-oxidation while lactate may enter the TCA cycle via conversion to pyruvate by LDH and is
subsequently converted to acetyl CoA. Furthermore is the developing brain characterized by a
low number of glucose transporters (Vannucci et al., 1994; Vannucci & Simpson, 2003) and a



lower energy demand than in adults, which is thought to account for the ability of the
immature brain to survive prolonged periods of hypoxia as compared to adult age (Duffy et al.,
1975; Rice et al., 1981; McKenna et al., 2012).

1.3 Amino acid neurotransmitters

The TCA cycle is intimately involved in the synthesis of amino acid neurotransmitters
glutamate, glutamine and y-amino-butyric acid (GABA), and it has been proposed that these
transmitters are key regulators of neurodevelopment (Danbolt, 2001; Wang & Kriegstein,
2009).

1.3.1 Glutamate and glutamine

Glutamate is the main excitatory amino acid in the brain. When stimulated, glutamate
reseptors depolarize the cell by an inward flux of Na** and Ca®*. The inward current of Na** is
created by the Na®'/K'/ATPase-transporter that creates a negative membrane potential.
Glutamate is stored in synaptic vesicles in glutamatergic neurons (Storm-Mathisen et al.,
1983). After release in neurotransmission, glutamate is taken up via specialized transporters
mainly on astrocytes (Danbolt et al., 1992; Danbolt, 2001). In astrocytes, glutamate is either
rapidly converted to glutamine via the enzyme glutamine synthetase (GS), exclusively localized
in astrocytes (Norenberg & Martinez-Hernandez, 1979), or converted to oa-ketoglutarate,
thereby entering the TCA cycle (McKenna et al., 1996). The ability of astrocytes to take up
glutamate from the synapse and convert it into glutamine is vital for normal metabolic
homeostasis and as a defence mechanism against excitotoxicity (Danbolt, 2001). When
glutamine is released into the synapse it is taken up by high affinity transporters on neurons
(Varoqui et al., 2000) where it is converted to glutamate by phosphate activated glutaminase
(Hogstad et al., 1988). This closes what is termed the glutamate-glutamine cycle (McKenna et
al., 2012). The main functions of this cycle are to ensure precise neural signalling, preserve
carbon atoms for neuronal glutamate synthesis and limit excitotoxicity by way of excessive
glutamate receptor stimulation (Danbolt, 2001).

In rat the number of glutamine transporters on astrocytes on postnatal day seven (P7) is
similar to adult levels but increases over the next seven days and peaks on P14 with twice the
number found on adult astrocytes (Boulland et al., 2003). Neuronal glutamine transporters are
also present from late-gestation (Weiss et al., 2003), setting the stage for transport of
glutamine from astrocytes to neurons and the subsequent utilization of glutamine for
glutamate synthesis. However, there is low expression of astrocytic glutamate transporters
(GLT-1 and GLAST) early in brain development (Danbolt, 2001) suggesting that the ability of
astrocytes to take up glutamate from the synapse is limited in the neonatal brain. In humans
the density of N-methyl-D-aspartate (NMDA) binding sites, a glutamate receptor, peaks at GW
24 at levels higher than in the adult brain (Represa et al., 1989) and in the rat a similar peak at
150 - 200% of adult levels occurs at P7 (Tremblay et al., 1988), coinciding with the peak in
synapse formation (Semple et al., 2013). Furthermore, glutamate levels are two-fold lower
than at term at GW 32, increase during the first year of life (Kreis et al., 2002) and then remain
stable after the first year until adult age (Pouwels et al., 1999). Thus in humans the major
increase in glutamate levels appears to happen in late pregnancy and in the early neonatal
period, while in the rat this increase happen in the postnatal period and adult levels of
glutamate are attained at P14 (Tkac et al., 2003).



1.3.2 GABA

GABA is synthesized from glutamate via glutamate decarboxylase in the subset of neurons
with relatively short processes called interneurons that constitute 20-30% of the total neuronal
population (Markram et al., 2004). After release, GABA is taken up via specialized GABA
transporters mainly on neurons (reviewed by Schousboe (2000)). GABA is catabolized via GABA
aminotransferase eventually forming succinate, and thus re-enters the TCA cycle in what is
known as the GABA-shunt. Glutamine also plays an essential role in GABA homeostasis in what
is referred to as the GABA-glutamate-glutamine cycle (McKenna et al., 2012).

GABA is the main inhibitory amino acid neurotransmitter in the brain, but exerts excitatory
neurotransmission during development (reviewed by Ben-Ari et al. (2012)). This is probably
due to high intracellular CI" content during development created by the Na'-K™-2CI
cotransporter-1 NKCC1 (Dzhala et al., 2005). As a consequence of the high intracellular CI
content, opening of CI" channels via GABA stimulation will create an outward flux of ClI" ions
and depolarization of the cell. During brain development, it has been proposed that GABA play
a significant role in modulating cortical complexity, differentiation and migration (Wang &
Kriegstein, 2009). GABAergic neurons are present in human brain as early as GW 17 (Yan et al.,
1992) and GABA appears to be the first neurotransmitter to establish signalling in the
developing brain (Tyzio et al., 1999). On P7 in the rat the density of GABAergic neurons is
similar to that of the adult brain (Micheva & Beaulieu, 1995) and the concentration of GABA at
birth is similar to levels in the adult (Tkac et al., 2003; Chowdhury et al., 2007). Furthermore,
GABAergic neurons have the ability to take up GABA from the synapse early in brain
development (Vitellaro-Zuccarello et al., 2003; Sipila et al., 2004) and may thus be less
dependent upon delivery of substrate from astrocytes. In humans in vivo data on GABA levels
in the preterm brain are scarce, but suggest a less steep increase during development than for
glutamate (Kreis et al., 2002).
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Figure 1 Simplified presentation of Bc labelling patterns of metabolites following injection of [1—13C]glucose and
[1,2—13C]acetate, or [1,2»1SC]qucose. a) An overview over the principal metabolic pathways discussed. b) The
labelling patterns in lactate, alanine, aspartate, glutamate, glutamine and GABA following metabolism of
[1—13C]glucose and [1,2—13C]acetate. c) The labelling patterns in the same metabolites following metabolism of
[1,2—13C]glucose. The circles symbolize the carbon backbone of the molecules. Dark grey filled circles mark the
position of the label resulting from glycolysis, followed by conversion to acetyl CoA by PDH where applicable. A
middle line crossing the dark grey circle indicates that the pyruvate has instead undergone pyruvate carboxylation
before being converted to the metabolite depicted. The direction of the middle line indicates if the pattern is
derived from backflux or not. Two lines crossing indicate that the labelling pattern from backflux cannot be
distinguished from the labelling pattern from forwardflux. An “A” in the middle of the circle indicates that the
labelling pattern is derived from [1,2—13C]acetate metabolism. Light grey diamonds mark the position of the label
resulting from the PPP. The middle lines crossing symbolize the same as mentioned above. For simplicity, only

condensation of oxaloacetate with unlabeled acetyl CoA is shown for the 2"

turn. Abbreviations: a-KG, o-

ketoglutarate; BF, backflux; gln, glutamine; glu, glutamate; GS, glutamine synthetase P, phosphate; PAG, phosphate
activated glutaminase; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PPP, pentose phosphate pathway.
The figure was made by Eva Brekke and utilized in paper IIl.



1.4 Preterm brain injury

The brain has a large ability to change permanently upon physiological and pathological stimuli
in what is called plasticity. This ability is thought to be age-related (Kolb et al., 2012) and
forms hypothesis of fetal and/or perinatal origins for such diverse neurological and mental
disorders as autism, epilepsy, cerebral palsy and schizophrenia (Stolp et al., 2012). The injury
mechanism may among others be early inflammation or exposure to environmental toxins in
utero and a secondary hit such as hypoxia-ischemia (HI) that in combination cause
neurodevelopmental disorders. Being born preterm (birth < GW 37) is evidently a pathological
stimuli that may permanently change the normal trajectory of brain development. Indeed,
preterm birth is a risk factor for long-term structural brain changes (Martinussen et al., 2005)
and the degree of prematurity closely correlates with IQ (Bhutta et al., 2002; Johnson, 2007).
The term “encephalopathy of prematurity” has been proposed to describe the complex of
white matter injury combined with grey matter axonopathy that may ensue following preterm
birth (Volpe, 2009).

1.4.1 White matter

The spectrum of brain injury in preterm born children has changed over the years. Earlier, focal
periventricular leukomalacia (PVL) and germinal matrix haemorrhages with cysts in the white
matter areas around the ventricles were abundant. Presently, a more diffuse developmental
disorder seen as widespread gliosis of white matter is the most common pathological finding in
this population (Volpe, 2009) and cognitive impairment is now a larger problem than cerebral
palsy among survivors of extremely preterm birth (Platt et al., 2007; Larroque et al., 2008). On
magnetic resonance imaging (MRI) ventricular dilatation (Skranes et al., 1998; Dyet et al.,
2006) and DEHSI (Diffuse Excessive High Signal Intensity) (Maalouf et al.,, 1999; Dyet et al.,
2006) in white matter are abundant as well as long-term white matter diffusion abnormalities
that may persist into young adulthood (Eikenes et al., 2010).

1.4.2 Grey matter

Neuronal injury and gliosis is often found in cases of PVL (Pierson et al., 2007), and
encephalopathy of prematurity is now acknowledged to be accompanied by neuronal loss
(Volpe, 2005; Leviton & Gressens, 2007; Volpe, 2009). Furthermore, grey matter volumes are
lower in preterm born infants with white matter injuries (Inder et al., 1999), and cortical
thinning and reduced surface area correlate with lower 1Q, suggesting that such grey matter
abnormalities affect neurodevelopmental outcome (Martinussen et al., 2005).

1.4.3 Hypoxia-ischemia

In HI there is a combined stop in delivery of glucose and O, to brain cells and compromised
drainage of metabolites into the blood from the brain due to the compromised cerebral blood
flow (CBF). Preterm born infants are at higher risk of such hypoxic-ischemic events before and
during birth as well as in the postnatal period, and HI may be caused by intraventricular or
germinal matrix haemorrhage, embolism or birth asphyxia with systemic circulatory failure.

Lack of O, the major electron acceptor in the electron transport chain, reduces oxidative
phosphorylation and the activity of the TCA cycle in the mitochondria. Then anaerobic
glycolysis becomes the principal source of ATP, generating 2 ATP molecules for every glucose
molecule, which is 19-times less than during aerobic conditions (38 ATP per glucose molecule).
The abrupt need for energy is met by the breakdown of glycogen to glucose, increased glucose



uptake from the blood (Vannucci et al., 1996) and upregulation of glycolysis in the brain
(Vannucci et al., 2005). The utilization of glucose for anaerobic glycolysis is highly inefficient,
and together with limited glycogen storage in the brain it causes a rapid depletion of brain
glucose while plasma glucose levels remain normal (Yager et al., 1992).

Eventually, in spite of adaptive measures, ATP falls after minutes of HI in neonatal rats (Welsh
et al., 1982). This primary energy failure initiates a cascade of events of which the initial is a
failure of the ATP-dependent Na®*/K* pump. The consequential Na** influx leads to influx of CI
and H,0, cell swelling, cytotoxic edema and early necrosis. Furthermore, glutamate is released
into the synapse in large amounts because the cell membrane is depolarized, causing
overstimulation of glutamate receptors. Overstimulation of the NMDA-receptor leads to an
influx of Ca®* into the cytosol that starts off a series of events resulting in late apoptotic cell
death. During and after HI, free oxygen radicals or reactive oxygen species (ROS) arise from
several sources: (I) processes initiated by increased intracellular Ca** (I1) microglial activation
(1) initiation of oxidative phosphorylation upon reperfusion and delivery of oxygen to the
tissue. ROS are highly reactive oxidative agents that may directly damage cellular structures
(Maltepe & Saugstad, 2009).

1.5 Which factors make the preterm brain susceptible to injury?

1.5.1 Oligodendrocytes

The diffuse component of PVL is thought to be caused by injury to the immature forms of
oligodendrocytes, namely preOL and OL+ (Haynes et al., 2003; Back et al., 2005) which are
abundant in the preterm brain (Back et al., 2001). Failure in their capacity to mature properly
into myelin-producing oligodendrocytes (OLs) is now thought to be important for the ensuing
delayed myelination and hypomyelination (Billiards et al., 2008; Buser et al., 2012). In neonatal
rats it has been shown that immature white matter has an increased susceptibility to HlI
(Segovia et al., 2008), inflammation (Favrais et al., 2011), oxidative stress (Back et al., 1998;
Gerstner et al., 2008) and excitotoxicity (Follett et al., 2000).

1.5.2 Neurons

There is a paucity of subplate neurons in preterm infants with PVL (Kinney et al., 2012) and it
has been proposed that this transient population of neurons during brain development may be
targets for injury (Leviton & Gressens, 2007; Volpe, 2009). These neurons are susceptible to Hl
in neonatal rats (McQuillen et al., 2003) and it has also been proposed that they may be
injured when wandering out from the germinal matrix to the cortex when passing through an
abundance of activated microglia in white matter (Leviton & Gressens, 2007). Furthermore,
the term “dying back” of neurons has been introduced since secondary necrosis after axonal
damage due to PVL is frequent (Andiman et al., 2010). Also, coinciding with the peak
vulnerability period for PVL (Xu et al., 2011), GABAergic interneurons migrate around mid-
gestation, possibly making them susceptible as targets for injury.

1.5.3 Increased susceptibility to excitotoxicity

As mentioned earlier, there are indications that the ability of astrocytes to limit excitotoxicity
is lower in the neonatal than the adult brain since the expression of the predominantly
astrocytic glutamate transporters GLT-1 on astrocytes is low ((Danbolt, 2001) and references



therein). This may limit the ability of astrocytes to rapidly reduce the glutamate concentration
in the synaptic cleft and thereby increase the danger of excitotoxic events. Furthermore, the
mentioned abundance of NMDA receptors early in brain development coincide with a
hypersensitivity of these receptors because of subunits that create a prolonged influx of Ca*
into the cell upon stimulation (reviewed in (Sanchez & Jensen, 2001)). This may explain the
heightened susceptibility of the immature brain to excitotoxicity in case of excessive glutamate
release such as after HI (Johnston, 2005).

1.5.4 Vulnerability to oxidative stress

The preterm brain is susceptible to oxidative stress because of low-levels of anti-oxidant
enzymes and a pro-oxidant environment during development because of high concentrations
of fatty acids and iron (McQuillen & Ferriero, 2004; Volpe, 2008). Haemorrhage, a common
feature in preterm brain injury, may also contribute iron that together with hydrogen peroxide
will generate hydroxyl radicals in what is called the Fenton reaction. The PaO, ex utero is
considerably higher than the Pa0, in fetal circulation of 25-30 mmHg. Furthermore, the sick
premature child will often be in need of oxygen therapy. Both these factors, a relative
hyperoxic environment together with additional oxygen as part of treatment may increase
oxidative stress following a preceding insult such as HI. Indeed, resuscitation with 100% O,
after birth asphyxia increase oxidative stress (Vento et al., 2001), neonatal mortality and
possibly also the risk of hypoxic-ischemic encephalopathy (Saugstad et al, 2008).
Consequently the current recommendation from the International Liaison Committee on
Resuscitation (ILCOR) is to start resuscitation in term infants with room-air (21% O,) (Perlman
et al., 2010). However guidelines are not conclusive in preterm born infants since experimental
evidence in this group is scarce. Apnoeic episodes (temporary absence or cessation of
breathing) are also frequent in preterm infants, creating large fluctuations in oxygen levels that
are non-physiological. Such non-physiological fluctuations are implicated in the pathogenesis
of retinopathy of prematurity (ROP), a potentially blinding disorder with perturbed
neurovascular development in the retina (Hartnett & Penn, 2012), and it has been proposed
that such an exposure may also affect normal brain development (Martin et al., 2011).

1.5.5 Activation of microglial cells

Inflammation is a risk factor for preterm delivery (Andrews et al., 1995; Vrachnis et al., 2010),
potentiates preterm brain injury (Schlapbach et al., 2011) and create white matter alterations
in neonatal animals (Favrais et al., 2011). Furthermore is the injury cascade following neonatal
HI characterized by a continuum of necrosis, apoptosis and delayed inflammation that may
continue for weeks (Northington et al., 2001; Nelson & Lynch, 2004) and possibly even years
(Fleiss & Gressens, 2012). The pathogenesis of both inflammation and HI converge upon one
cell: the microglia, and these innate immune cells of the brain has therefore recently become
subject to massive investigations. During their invasion of the developing brain they migrate
into foci that correspond to susceptible areas in white matter injury (Monier et al., 2007;
Verney et al., 2010) and there attain an activated amoeboid morphology (Billiards et al., 2006).
It has therefore been proposed that such activated microglia may be key effectors in injury to
the developing white matter since “they are in the right place at the right time” (Volpe, 2009).
Persistent alteration in the immune response following neonatal brain injury has been named
one of many tertiary mechanism of prolonged brain damage (Fleiss & Gressens, 2012), and
may represent a window of opportunity for treatment.



1.5.6 Immature vascularization

During brain development the vasculature grows with close proximity to the neurogenic tissue
(Stubbs et al., 2009), and important regulators of vasculogenesis like vascular endothelial
growth factor (VEGF) (Carmeliet et al., 1996) may also regulate neurogenesis (Darland et al.,
2011). Early in fetal life vascular supply to the basal parts of the brain dominates via Heubner’s
artery that perforates to the germinal matrix and basal ganglia from around GW 23-24.
However, during the brain growth spurt the pattern of vascular supply is progressively more
dominated by the branches of the carotid internal artery. By GW 32-34, when the organization
of the cortical and white matter is still ongoing, the main arterial supply to the brain comes
from penetrating arteries into the cortex, and the relative size of Heubner’s artery is
successively getting smaller (Wigglesworth & Pape, 1978; Pape & Wigglesworth, 1979). The
localization of the most severe forms of preterm brain injury in water-shed areas with poor
circulation around the ventricles and in the germinal matrices strongly suggests that vascular
patterns are implicated in the pathogenesis. These water-shed areas may be particularly
susceptible to ischemia because the preterm brain has a narrow autoregulatory plateau of CBF
causing a pressure-passive perfusion (Wigglesworth & Pape, 1978). Furthermore, the rich
vasculature of the germinal matrices appears to be fragile, possibly making them susceptible to
haemorrhage upon variations in CBF (El-Khoury et al., 2006; Braun et al., 2007). Immature
neurovasculature is also implicated in another disorder of the premature, namely ROP. Like in
the brain, neural and vascular tissue grow in close proximity in the retina during the last part of
gestation, and perturbations of this growth is followed by hypersecretion of VEGF and ensuing
retinal neovascularization in the most severe forms of ROP (Hartnett & Penn, 2012). Albeit this
knowledge, research into the cerebrovascular contribution to preterm brain injury has been
limited (Baburamani et al., 2012).

1.6 Magnetic Resonance (MR)

Magnetic resonance imaging (MRI) and spectroscopy (MRS) represent powerful tools to
describe long-term brain development since they may be utilized in vivo and have no described
toxic effects. MRl and MRS are both based on the manipulation of the nuclear spin of atoms
with uneven nuclear mass numbers like *H, *C and *'P when placed within a magnetic field (B,)
(Friebolin, 1993). In MRI only *H (also referred to as “proton”) is studied due to its abundance
in biological tissue, whereas in MRS all of the above mentioned nuclei may be studied. Only
proton- and **C-MRS will be considered in this thesis.

1.6.1 Principles of magnetic resonance

The nuclear spin will in its resting state be randomly oriented. However when placed in a
magnetic field (By), the nuclear spin will precess around an axis parallel to the direction of the
B, at a frequency called the Larmor frequency (wg). The Larmor frequency is determined by the
specific nuclei’s gyromagnetic ratio (y) and the applied magnetic field:

Eq.1 w, =B,y

For proton spins two allowed energy states exist; a low-energy state (a) aligning parallel to the
magnetic field (spin-up) and a high-energy state (B) aligning anti-parallel (spin-down), to the
magnetic field. Normally the energy difference between these two states (AE) is small, but
nevertheless a small majority of the spins will be in the low energy state, creating a net



magnetization vector (My) that aligns with B,. The ratio between the two populations at
thermal equilibrium can be described by Boltzmann statistics:

Ne e
Eq. 2 N, = eXs"
where N, is the number of spins in the low energy state (spin-up), Ng is the number of spins in
the high-energy state (spin-down), AE is the energy difference between the N, spin-up and Ng
spin-down, Kz is the Boltzmann’s constant and T is the absolute temperature. AE is determined
by the specific individual gyromagnetic ratio (y), Plank’s constant (h) and the B:

Eq. 3 AE = yhB,

It follows from Eqg. 2 and 3 that as the magnitude of the magnetic field increases so does the
surplus of atoms in the low-energy state.

Magnetic resonance techniques exploit that the spins can be manipulated by adding energy to
the system via the application of a radio frequency pulse (the RF-pulse). For such a transfer of
energy to occur, the RF-pulse must be applied at the Larmor frequency of the spins, thereby
the use of the term resonance. When applied perpendicular to the B, (usually defined along
the z-axis) the RF pulse will force the net magnetization vector (My) from the z-axis down into
the x-y plane. This causes more spins to be in the high-energy state. The resulting M, will
precess around the B, with the Larmor frequency and induce an alternating current in the
receiving RF coil. After the RF-pulse is turned off, the spin system will return to the thermal
equilibrium state, and the energy is emitted to the surroundings at the Larmor frequency and
induces an alternating decaying signal in a receiving RF-coil. This is known as the Free-
induction decay (FID) and forms the basis for the MR signal.

The MR signal is usually averaged over several scans to increase the signal-to-noise ratio (SNR).
To double the SNR one must increase the number of scans four times since the ratio is
proportional to the root of the number of scans needed to obtain the signal:

s
Eq. 4 iagYl (n scans)

1.6.2 T, relaxation and T, relaxation

The mechanism which brings the z-axis magnetization vector (M,) back to the thermal
equilibrium value (M) is termed longitudinal relaxation or T;-relaxation, and follows the
equation:

t
Eq.5 M, =M,(1—e )

where T, is the time constant for the T;-relaxation process.
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Pari passu with T, relaxation, transverse or T, relaxation occurs in the x-y plane. Nuclear spins
act upon each other to dephase and loose coherence, gradually nulling each other out. This is
called spin-spin or T, relaxation and follows the equation:

o)
Eq.6 M,, =M, "™

where echo time (TE) is the time delay between RF-excitation and signal acquisition. It is
common to distinguish between native T, and T,*, where the latter is always shorter than T,
and includes so-called static dephasing effects.

1.6.3 Spatial Encoding

In order to get an image from the acquired MR signal, one needs a method for spatial
encoding. This is achieved by letting the applied magnetic field B, vary linearly with physical
position in different ways during the MR sequence. This linear variation in the applied field is
obtained using so-called gradient coils, which can be switched on and off very quickly. By the
application of such gradients, the location of the spin along this gradient field will determine its
specific Larmor frequency. The mathematical method called Fourier transformation identifies
the different frequencies and amplitudes that make the MR signal. This transformation
converts the signal from amplitude against time into amplitude against frequency. Spatial
encoding enables the correct location of where to plot signal intensities so that an MR image
can be created.

1.6.4 Spin-echo

In a standard FID-experiment, the MR signal will decay by a rate given by T,*. However, by
using a technique called the spin-echo, the MR signal amplitude can be partly regained to an
amplitude defined by T, instead of T,*, meaning that only the static dephasing contributions is
refocused. By the application of a second RF-pulse that is at 180° at a specific time after the
90° pulse, spins will be flipped 180° and start to rephase again at the same rate as they were
dephasing. At double the time of the 180° pulse the spins will be in phase again and form one
large magnetization vector in the xy-plane in what is known as an echo. The TE is given by
twice the delay between the 90° pulse and the 180° pulse.

1.6.5 MR contrast formation

The acquired MR signal is a function of the proton density and T, and T, relaxation properties
of the tissue. The relative contribution to the acquired signal from these three properties is
controlled through the TE and the repetition time (TR) of the MR-sequence where TR is the
time delay between each excitation RF-pulse.

When the image contrast between tissue types is mainly determined by differences in
T,-relaxation time, we have what we call a T;-weighted image. To obtain such an image, one
must choose the shortest possible TE in order to minimize the sensitivity to T,-differences,
while TR should be in between the T;-values of the tissue types one wants to distinguish. In a
T,-weighted image, tissue with short T like fat will be brighter than tissue with longer T, like
fluids.

Similarly, in order to obtain a T,-weighted image the sensitivity to T;-differences must be
minimized while maximizing the T,-sensitivity. T,-relaxation time is always shorter than T,.
Maximizing the T,-sensitivity is achieved by choosing a long TR and TE, thereby avoiding that

11



differences in T, relaxation will affect the contrast since all protons will have had time to regain
its net magnetization vector along the B,. In tissue with long T, such as water the transfer of
energy in the spin-spin relaxation is slow, leading to a high signal in a T,-weighted MR image.

The MR signal can be manipulated via the application of contrast agents that have magnetic
properties like manganese (Mn”'). Such agents will facilitate energy transfer from excited
protons and thereby facilitate both T, and T, relaxation, but mainly T;-relaxation. Thereby T;-
relaxation time will be shortened and there will be increased signal contrast between
manganese-enhanced tissue and tissue with less manganese-enhancement.

1.6.6 Diffusion weighted imaging

Diffusion is the free and random movement of small particles in a medium, as can be observed
when putting a drop of ink in a glass of water. In tissue the diffusion of water molecules is
restricted due to the architecture of the tissue like cell membranes. Magnetic resonance
techniques can be applied to quantify the degree of diffusion in a specific tissue via the
application of a linear magnetic field gradient along the y-axis just before and after the
180°pulse in a spin-echo sequence. The water molecules that diffuse will have moved between
the first and the second signal and the rephasing induced by the 180° pulse will be incomplete
compared to molecules that have not shifted position, thereby reducing the magnitude of the
subsequent echo. This reduction in signal magnitude between the signal before diffusion
weighing (So) and the weakened signal (S) is given by the following equation:

Eq.7 S=S,e PP

where b is a number quantifying the amount of diffusion weighting that is determined by the
applied gradients, and D is the diffusion coefficient of the tissue under study. It follows that
the weakening of the signal increases with increasing b-values. In tissue the diffusion
coefficient is named the apparent diffusion coefficient (ADC). When applying systematically
increasing b-values and measuring the subsequent decrease in signal, the slope of the resulting
curve is determined by the ADC, and ADC maps of the tissue may be created. ADC is high if the
free movement of water molecules (diffusion) is unrestricted.

1.6.7 Diffusion Tensor Imaging

In free water, as well as in most tissue types, the diffusion coefficient is the same in every
direction and we have what we call isotropic diffusion. However, in some tissue types the
water diffusion is highly directional which is termed anisotropic diffusion. An example of such
tissue is cerebral white matter axons where myelin sheets highly restrict diffusion of water
molecules.

By varying the directions of the linear magnetic gradients in diffusion-weighted sequences, the
overall directionality of the diffusion in a tissue can be determined. This is exploited in
diffusion tensor imaging (DTI). Water diffusion is described by three vector directions (A; , A,
and A;3) that in the case of anisotropic diffusion are either parallel to the main direction of
diffusion (A;) or perpendicular to it (A, and A3). A; is the longest vector of the vectors that
describe the ellipsoid of the so-called diffusion tensor.
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Radial diffusivity (A1) is the diffusion perpendicular to the main direction of diffusion and is
given by:

_ Oty

Eq.8 /’{J_ 2

Axial diffusivity (A|) is the average diffusivity along the primary diffusion direction and is given
by:

Eq.9 A =(41)

Mean diffusivity (MD) is the average directional diffusivity within a voxel of the tissue and is
equivalent to the ADC. It is given by:

 (AatAatas

Eq. 10 MD 3

The overall directionality of the diffusion in a voxel, the fractional anisotropy (FA), describes
the sum of the distance of all the directional vectors from the mean diffusivity, standardized
divided by the sum of all the vectors. When it is close to 1 water movement is totally
anisotropic, and when it is O there is no anisotropy.

FA= \E V(=224 02— D2+ 5= 1)?

Eqg. 11
g Tt 22+ 22)

1.6.8 Magnetic resonance spectroscopy

In MR spectroscopy the magnetic field strength is held constant and the amplitude of the
Larmor frequencies of individual nuclei like 'H, 3C and *'P are recorded. The same nucleus in
different molecules will experience unique chemical environments that will slightly change
their gyromagnetic ratios and thus their Larmor frequencies in a phenomenon called chemical
shift. Therefore individual peaks reflecting the same nuclei but within different molecules will
occur at varying distances from a reference compound in a unitless scale of parts per million
(ppm). This scale is independent of the magnetic field and forms the x-axis of the spectrum
(Figure 2). The ppm of each metabolite is usually known from the literature (Fan & Lane, 2008),
and the peak intensity is a function of the T, of the nuclei in that specific molecule.

In C-MR spectroscopy the *C nuclei are excited. The low natural abundance of *C (1.1%) may
be exploited for metabolic studies in MR spectroscopy by the addition of “*C-labelled
substrates like [1-"*C]glucose or [1,2-"*C]acetate to a biological system like a research animal.
The BC-label and its position in downstream metabolites (Figure 1b & c) may be seen as
characteristic peaks in a spectrum and may be quantified relative to a standard (Figure 2).
Unique Larmor frequencies for each position of *3C in isotopes of a molecule allows for
identification and quantification of downstream metabolites.

Combined with the knowledge of metabolic compartments in the brain, i.e. the pools of
neurotransmitters and the localization of key enzymes, this technique enables mapping of
distinct metabolic pathways and neurotransmitter synthesis and cycling between cellular
compartments.
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1.7 The glutamate-glutamine cycle

It is known that the neonatal brain is susceptible to excitotoxic injury and that a heightened
sensitivity to glutamate may be involved (Johnston, 2005). The glutamate-glutamine cycle is
central in glutamate homeostasis (McKenna et al., 2012). However, the actual transfer of
glutamate and glutamine between the neuronal and glial compartment has not earlier been
characterized in the immature brain. The utilization of a precursor that will be taken up in the
glial compartment, incorporated into glutamine and then transported to the neuronal
compartment for conversion to glutamate may answer whether this transfer is different in the
neonatal compared to the adult brain. [1,2-*C]acetate is such a precursor since it is exclusively
metabolized in astrocytes (Sonnewald et al, 1993; Waniewski & Martin, 1998). Via
simultaneous injection together with [1-**Clglucose, which is mainly metabolized in neurons
(Qu et al., 2000), 3C MRS makes it possible to study astrocytic and neuronal metabolism in
the same animal and the transfer of substrates between these two cellular compartments.

1.7.1 Labelling patterns from [1-*C]glucose

Via glycolysis, [1-**C]glucose will yield one unlabelled pyruvate and one [3-*C]pyruvate
molecule which can enter the TCA cycle as [2-*Clacetyl CoA via PDH after condensation with
oxaloacetate. After several steps a-[4-*Clketoglutarate will be formed, and can give rise to
[4-Clglutamate, [4-"C]glutamine and [2-*C]GABA (from [4-C]glutamate; Figure 1b). If o-
[4-C]ketoglutarate stays in the cycle, the 3C label will be scrambled in the symmetrical
molecule succinate to vyield equal parts of [2-3C] or [3-"C]succinate, fumarate, malate,
oxaloacetate and aspartate. [2-"*C] or [3-*C]oxaloacetate can condense with acetyl CoA and
yield [2-3C] or [3-**C]glutamate/glutamine and [3-*C] or [4-*C]GABA from the 2™ turn of the
TCA cycle if the acetyl-CoA is unlabelled. If [2-3C] or [3-*CJoxaloacetate condense with
[2-Clacetyl CoA, the molecules will in addition be labelled in the positions mentioned above
from the 1* turn of the TCA cycle.

1.7.2 Labelling patterns from [1,2-"*Clacetate

[1,2-"*C]acetate will enter the TCA cycle via acetyl CoA and vyield [4,5-"C]glutamate/glutamine
and [1,2-"*C]GABA (Figure 1b). If the label remains in the TCA cycle for a 2" turn, it will lead to
glutamate and glutamine equally labelled in either [1,2-3C] or [3-**C]glutamate/glutamine and
[3-°C] or [4-*C]GABA.

1.8 The pentose phosphate pathway and pyruvate carboxylation

The utilization of alternate energy sources like ketone bodies is higher in the neonatal than the
adult brain, as mentioned earlier (Cremer, 1982; Nehlig, 2004). Nevertheless, glucose is still an
essential substrate, and one proposed explanation is the activity of the PPP, which can only be
fuelled by glucose. The PPP is essential in nucleotide and lipid synthesis as well as in the
regeneration of GSH. GSH acts together with glutathione peroxidase in the reduction of ROS.
These are all processes that are important during brain development, and it has been
proposed that levels of the PPP are higher in the neonatal brain than in the adult brain (Ben-
Yoseph et al., 1996; McKenna et al., 2012). Furthermore, it has been reported in animal and
human studies that the PPP in the adult brain can be upregulated several-fold in response to
injury that cause oxidative stress (Bartnik et al., 2005; Dusick et al., 2007). However, neither
the significance of this pathway nor its activity following similar insults has earlier been studied
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in the neonatal brain. To quantify the PPP with 3C - MR spectroscopy, a **C - labelled precursor
which will create specific labelling patterns via the PPP vs. glycolysis would be required.
[1,2-**C]Glucose is such a precursor.

Furthermore, to increase glutamate reserves in neurons during brain development, de novo
synthesis of glutamate must take place. This requires anaplerosis, and as mentioned it is
pyruvate carboxylase (PC), which is exclusively localised in astrocytes (Yu et al., 1983), that is
the main anaplerotic enzyme of the brain (Patel, 1974). The level of PC is low during brain
development in the rat and its activity has a steep increase towards adulthood in the period of
glutamatergic increase (Wilbur & Patel, 1974). However, the actual extent of carboxylation of
pyruvate from glucose in the neonatal brain has not earlier been quantified. To do this a
BC-labelled precursor that would lead to distinct labelling patterns following PC derived
metabolites would be needed in combination with **C -MR spectroscopy. [1,2-*C]Glucose can
also be utilized for this purpose.

1.8.1 Labelling patterns from [1,2-*C]glucose

It is possible to distinguish the labelling patterns in metabolites derived from the PPP from
those resulting from glycolysis via [1,2-"*C]glucose. If [1,2-**C]glucose is metabolized via the
PPP, one of the labelled *C atoms will be discarded as **CO,, thus forming one molecule of
[1-3C]ribulose. Three molecules of [1-*C]ribulose are involved when one [1,3-*C]- and one
[1-Clfructose-6-P as well as one unlabelled glyceraldehyde-3-P are formed. The labelled
[1,3-C]- and [1-Cfructose-6-P will generate [1,3-*C]- and [3-"*Clglyceraldehyde and
subsequently pyruvate labelled in the same positions (Brekke et al., 2012). Three molecules of
[1,2-Clglucose will generate one [1,3-*C]pyruvate, one [3-*C]pyruvate and three unlabelled
molecules of pyruvate which can either enter the TCA cycle and lead to labelling in
glutamate/glutamine/GABA, or be reduced to lactate or transaminated to alanine maintaining
the same labelling patterns as pyruvate. The sum of [1,3-**C]- and [3-"*C]lactate/alanine can be
quantified in the C3-positions in the spectra (Figure 2b). Via PDH both [3-**C]pyruvate and
[1,3-"*C]pyruvate will be converted to [2-**CJacetyl CoA, which can enter the TCA cycle forming
[2-3C]citrate. ~ Metabolism  of  [2-°C]citrate  in the TCA cycle leads to
[4-C]glutamate/glutamine, [2-*C]GABA and equal amounts of [2-**C]- and [3-**C]aspartate in
the 1% turn. In the 2™ turn, it will lead to [2-*C]glutamate/glutamine,
[3-*Clglutamate/glutamine, [3-"*C]GABA, [4-C]GABA, and aspartate labelled equally in all
four positions. PPP followed by PC will generate label in [2-*C]glutamate/glutamine and
[4-C]GABA. The part of the labelled oxaloacetate which backfluxes to the symmetrical
molecule fumarate before it is again reverted to oxaloacetate, can be detected due to the
formation of [3-*C]glutamate/glutamine and [3-*C]GABA which appears in addition to
[2-C]glutamate/glutamine and [4-*C]GABA.

Via glycolysis, three molecules of [1,2-*Clglucose will generate three molecules of
[2,3-Clpyruvate and three unlabelled molecules of pyruvate, with corresponding labelling
patterns in lactate and alanine. If this pyruvate is metabolized via PDH, the 1*' turn of the TCA
cycle will lead to formation of a-[4,5-*C]ketoglutarate and thus [4,5-*C]glutamate/glutamine
and [1,2-°C]GABA. If [2,3-"*C]pyruvate is instead subjected to PC, this will lead to the
formation of [2,3-*Cloxaloacetate. [2,3-'3C]Oxaloacetate can be transaminated to form
[2,3-Claspartate, or it can condense with acetyl CoA forming [3,4-3C]citrate. After several
steps, a-[2,3-"Clketoglutarate is formed, which can exit the TCA cycle and give rise to
[2,3-"Clglutamate, [2,3-**Clglutamine and [3,4-*C]GABA. If the label remains in the TCA cycle
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for a 2nd turn, it will give rise to equal amounts of [3-*Clglutamate and [1,2-*C]glutamate,
[3-*C]glutamine and [1,2-**C]glutamine, and [3-**C]GABA and [4-"*C]GABA.
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2 Aims

The overall aim of this thesis was to study the structural longitudinal changes in grey and white
matter following HI and/or unphysiological oxygen exposure and to elucidate central
metabolic pathways in the neonatal brain that might potentially explain the vulnerability of the
neonatal brain to injury. This overall aim was investigated via the following specific aims:

e Investigate whether hyperoxic exposure after Hl in the P7 rat will impact long-term
injury in grey and white matter measured by multimodal in vivo MRI and
immunohistochemical methods (Paper I).

e Investigate whether long-term exposure to intermittent hyperoxia-hypoxia from birth
until P14 in the rat will impact grey and white matter brain development measured by
multimodal in vivo MRl and immunohistochemical methods (Paper Il).

e Study the temporal incorporation of label in downstream metabolites from
[1-"C]glucose and [1,2-"Clacetate in the P7 rat brain via ex vivo *C-MR spectroscopy
(Paper 1l1).

e Study neuron-astrocytic interactions in the P7 vs. the adult rat brain under
physiological conditions via injection of [1-**C]glucose and [1,2-"*C]acetate and ex vivo
3C-MR spectroscopy (Paper I1).

e Study the pyruvate carboxylation and pentose phosphate pathways in the P7 rat brain
under physiological conditions and in the immediate recovery phase following HI via
injection of [1,2-**C]glucose and ex vivo *C-MR spectroscopy (Paper Il & IV).
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3 Methods and materials

3.1 Animal models

3.1.1 Animals

All experiments were approved by the Animal Care and Use Committee at the Norwegian
University of Science and Technology (NTNU; Forsgksdyrutvalget) and conducted in
accordance with the European Communities Council Directive of 1986 (86/609/EEC). All
animals were from Scanbur AS (Nittedal, Norway). Pups were weaned at the age of 4 weeks
and animals were kept on a 12:12 hours light: dark cycle with food and water ad libitum
throughout the experiments.

Paper I: Six Wistar rats mated at the Comparative Medicine Core Facility, NTNU gave birth to
six litters of 9 - 14 pups, total n = 60.

Paper II: Time-mated Sprague-Dawley rats gave birth to three litters of 8 - 13 pups, total n =
30.

Paper IlI: 10 adult Sprague-Dawley rats (~3 months old) and 22 Sprague-Dawley pups were
utilized in the experiments.

Paper IV: Sprague-Dawley rats mated at the Comparative Medicine Core Facility, NTNU gave
birth to two litters of 8 and 11 pups, total n = 19.
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3.1.2 Hypoxia-ischemia

The Vannucci model for HI was
utilized in papers | & IV (Rice et al.,
1981). P7 rats were placed on a
water-heated thermal pad (Gaymar
Industries Ltd., Orchard Park, NY)
and anaesthetized with isoflurane
(4% induction, 2% maintenance in
O,; Baxter, Allergd, Denmark). The
right common carotid artery was
identified, thermo-cauterized and
severed. In sham-operated
littermates the carotid artery was
identified under anaesthesia, but
not severed. The pups were
returned to their dam for recovery
and feeding for minimum two hours

Figure 3 Hypoxia fibreglass box with rat pups inside a neonatal ~ and ~ maximum  four  hours.
incubator with heated and humidified environment. Animals are Thereafter pups were put in a
atop of a water-heated bed, and the air of the box holds a  fibreglass box inside an incubator
temperature of 36 + 0.5 °C. The box is flushed with humidified where temperature and oxygen
and heated gas. )
concentrations were  constantly
monitored and temperature was kept at 36 + 0.5 °C for the whole period that the pups were in
the box (Figure 3). The box was flushed with pre-heated humidified 8% O, in 92% N, and the
oxygen concentration was kept constant for 75 minutes (paper |) or 90 minutes (paper IV). This
model creates ischemia of the ipsilateral hemisphere with reduced CBF during hypoxia
(Vannucci et al., 1988) that returns to normal levels immediately upon end of hypoxia (Mujsce
et al., 1990). Like in the adult rat, severing only the common carotid artery does not produce
brain injury (Levine, 1960) which is most likely due to the rich cerebral collateral circulation of
the rat (Coyle & Jokelainen, 1982). Immediately after hypoxia ended the box was flushed with
either 100% O, or room-air (20.9% O,; paper |). After saturating the box with the desired gas
concentration, flow was kept at a minimum during exposure. Four litters (n = 28) were
exposed to 100% O, and two litters (n = 19) were exposed to room-air for 2 hours. Manganese
chloride (MnCl,; # 7773-01-5, Sigma-Aldrich Inc., St. Louis, USA) was given as a single dose
(40mg/kg bodyweight) by intraperitoneal (i.p.) injection six hours after hypoxia ended (one
litter from each experiment group with sham-operated littermates; n = 20). Animals that did
not receive MnCl, were injected with 0.15 ml of 0.9% NaCl (B. Braun, Melsungen, Germany).
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3.1.3 Intermittent hyperoxia-hypoxia

50 -

Figure 4 Every sixth hour of hyperoxia (50% O,) was
interrupted by a cluster of three consecutive episodes
of hypoxia (12% 0O,) 10 minutes apart, each of 2

minutes. This profile was applied continuously from
<four hours after birth until postnatal day 14.

hours

An A84 Oxycycler (Biospherix Ltd., Lacona,
NY) was used to create a profile of
intermittent hyperoxia-hypoxia (IHH) that
creates neovascularization, immature
vascular bed and retinal haemorrhage in the
neonatal rat reminiscent of changes seen in
ROP (Coleman et al., 2008). Within four
hours after delivery of the last pup, litter
and dam were placed in specialized
controlled oxygen chambers (A-30524,
Biospherix Ltd., New York, USA) in their
cages. In the IHH profile, continuous
hyperoxia (50% O,) for 14 days was
interrupted every six hours by a cluster of
three  consecutive two-minute long
episodes of hypoxia (12% 0,), each ten
minutes apart (Figure 4). The ramp time
between hyperoxia and hypoxia was
approximately two minutes. Bedding was
changed during a 50% cycle on day seven.
The chamber was then opened for < three

minutes. Inside the chamber, oxygen was controlled via a sensor and a computerized
feed-back system where nitrogen was used to lower and oxygen was used to raise the oxygen
concentration inside the chamber. CO,, temperature and relative humidity were continuously
monitored and kept within physiological levels via the use of Soda lime (Anmedic AB,
Stockholm, Sweden), ventilation and a built-in fan. One group (n = 22) was exposed to IHH
while controls (n = 8) were exposed to room-air (20.9% O,) from PO to P14. Controls were
reared in the same room in an identical controlled oxygen chamber.

Figure 5 Experimental
set-up of the
intermittent
hyperoxia-hypoxia
model with oxygen,
nitrogen and
calibration gas flasks
(left) connected to the
computerized
Oxycycler (middle)
that  controls gas
delivery into  the
animal chambers that
contain cages with
litter and dam (right).



3.2 Histology and Immunohistochemistry

3.2.1 Perfusion-fixation and tissue processing

In papers | & Il animals were euthanized by an overdose of pentobarbital (300 mg/kg;
Vétoquinol, Lure Cedex, France) and were then perfused via an intracardial injection of 4%
paraformaldehyde (PAH; Fluka Chemie AG, Buchs, Switzerland) in phosphate-buffered saline
(PBS; Oxoid Limited, Hampshire, UK). Before fixation in formalin, brains were removed while in
paper Il also eyes were enucleated and the orbita were inspected for gross abnormalities.
Thereafter brains and the right eye (paper Il) were embedded in paraffin and coronal brain
sections, corresponding to —3.25 mm from the bregma (Paxinos & Watson, 2008), and retinal
cross-sections were cut at 8 (paper 1) or 4 um (paper Il) and mounted onto Super Frost glass
(Thermo Fisher Scientific Inc., Waltham, MA) for further processing. The retina of the left eye
(paper Il) was dissected and then whole-mounted onto Super Frost object glass.

3.2.2 Immunohistochemistry

Coronal brain and retinal cross-sections were stained with Haematoxylin & Eosin (H&E; Cell
Path Ltd., Newtown, UK and Sigma-Aldrich Inc., St. Louis, MO) and examined for morphological
changes. Thereafter corresponding sections were incubated with: Paper I: anti-ED1-fitc (1:400;
Serotec, Raleigh, NC) for CD68-positive microglia, anti-glial fibrillary acidic protein (GFAP;
1:200; Cymbus Biotechnology, Southampton, UK) for reactive astrocytes or anti-cleaved-
caspase-3 (1:100; Cell Signaling, Danvers, MA) for apoptosis. Sections were then incubated
with rat-anti-FITC-biotin (Roche, Basel, Switzerland), horse-anti-mouse-biotin (Vector
Laboratories, Burlingame, CA) or goat-anti-rabbit-biotin (Vector Laboratories Inc.). Paper 2:
anti-rat-albumin (1:16000) (Nordic Immunology, Eindhoven, the Netherlands) for albumin
leakage, Biotinylated Griffonia (Bandeiraea) Simplicifolia lectin | Isolectin B4 (1ug/ml) (Vector
Laboratories Inc.) for vascular density, anti-glial fibrillary acid protein for astrogliosis and
anti-ED1-fitc for activated microglia. Sections were then incubated with labelled polymer HRP
anti-rabbit (Dako A/S, Glostrup, Denmark), streptavidin-conjugated FITC (Vector Laboratories
Inc.), horse-anti-mouse-biotin (Vector Laboratories Inc.) and rat-anti-FITC-biotin. Visualization
was performed using a Vectastain ABC kit (Vector Laboratories Inc.) and a Diaminobenzidine
(DAB) kit (Vector Laboratories Inc.). Full section images were captured with a MIRAX MIDI
system (Carl Zeiss Microlmaging GmbH, Jena, Germany) and examined. Sections in which the
primary immunobody was omitted were blank, and they were used as negative controls.
Retinal whole-mounts were incubated with Isolectin B4 (12.5 pg/ml) and thereafter with
streptavidin-conjugated FITC, embedded in DEPEX and visualized using a fluorescence-
microscope in the FITC channel.

3.2.3 Evaluation of brain sections

In paper |, sections were evaluated semi-quantitatively for the presence of CD-68 or GFAP
positive cells in 13 defined regions; parietal cortex divided into six subregions, CA1, CA2, CA3,
CA4, dentate gyrus, thalamus and caudate putamen (Grafe et al., 2008). The following scale
was used for scoring; 0: no positive cells; 1: <33% of cells in area stained; 2: 33-67% stained to
3: >67% stained. In paper Il the presence (score = 1) or not (score = 0) of increased albumin
immunoreactivity in the neuropil in the hippocampus, cortex, thalamus and hypothalamus was
scored.

Quantitative methods were applied in paper | for caspase-3 immunoreactive cells that were
counted in ipsi- and contralateral hemisphere. In paper Il vessel density was quantified in three

24



areas of the cortex (parietal and temporal), thalamus, hippocampus (CA2, CA3 and dentate
gyrus) and periventricular white matter at x400 magnification using ImageJ (v1.42q, National
Institute of Health, Bethesda, MD) and normalized relative to control.
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3.3 MR

3.3.1 MR Imaging

In vivo MR imaging was performed on a 7
Tesla magnet (Biospec 70/20 AS, Bruker
Biospin MRI, Ettlingen, Germany; Figure 6)
with water-cooled (BGA-12, 400 mT/m)
gradients. All animals were imaged
longitudinally until euthanization. During
scanning the anaesthetized (2% isoflurane
in 30% 0,/70% N,) pups lay prone in a
dedicated water-heated bed (Bruker
Biospin MRI) and the head of every animal
was fixated in the same position with
tooth-bar, nose-mask and polystyrene.
Temperature and respiration  were
monitored during the scanning procedure.
A volume resonator (Bruker Biospin MRI)
was used for RF transmission and actively
Figure 6 The 7 Tesla magnet (Biospec 70/20) utilized for ~ decoupled head surface coils (Rapid
longitudinal in vivo MR imaging of rats with designated ~ Biomedical Gmbh, Rimpar, Germany) were
animal bed. used for RF reception.

Diffusion weighted images (DWI) were obtained using an Echo Planar Imaging (EPI) sequence
with six b-values (100/200/400/600/800/1000 ms) in three orthogonal directions; echo time
(TE) = 37.50 ms; repetition time (TR) = 3000 ms; four averages; field-of-view (FOV) = 25 x 30
mm?; acquisition matrix (MTX) = 160 x 192; 15 coronal slices 4 1mm.

Manganese-enhanced T;-weighted 3D data sets were obtained using a gradient echo fast low
angle shot (FLASH) sequence with flip-angle = 30°; TR = 12ms; TE = 3.0ms; FOV = 25 x 25 x
17.5mm?, and MTX = 160 x 160 x 112.

T,-maps were obtained with a turbo spin-echo (RARE) sequence with slightly different
parameters in papers | & II: Paper I: Effective TE = 25, 75, 125 ms; TR = 4000 ms; RARE-factor =
4; FOV = 25 x 20 mm? (day one and seven) 30x20 mm? (day 21 and day 42); MTX = 160 x 96
(day one and day seven after HI) and 192 x 96 (day 21 and day 42 after HI) reconstructed to
160 x 128 and 192 x 128 respectively; 15 slices @ 1 mm. Paper II: Effective TE = 16, 48, 80, 120
ms and TR = 3750 ms; RARE-factor = 4; FOV = 25 x 20 mm?% MTX = 160 x 96 reconstructed to
164 x 128; 15 slices 4 0.75 mm.

DTl was performed with an echo planar imaging (EPI) sequence using 30 directions with the
following parametres: Paper I: b = 1000 ms; 5 b0 images; TE = 40 ms; TR = 3750 ms; FOV = 40 x
49.5 mm? ; MTX = 172 x 212; 25 axial slices 4 0.5 mm. Paper II: b = 1000 ms; 5 b0 images and
TE = 32; TR = 3750 ms; FOV = 25 x 25 mm?%; MTX = 128 x 128 and 15 coronal slices 4 0.75 mm.
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3.3.2 MR image data analyses

From the DWI, ADC maps were calculated by fitting a mono-exponential model to the signal
intensity of the images with different b-values. Regions-of-interest (ROI) were drawn in
parasagittal cortex, thalamus, hippocampus and basal ganglia in one slice corresponding
to -3.25 mm from the bregma (Paxinos & Watson, 2008) and the mean ADC in each ROl was
calculated (for placement of ROI, see Figure 7). ADC maps were also utilized for qualitative
scoring of injury severity on day I.

On the T, weighted 3D image stacks, manganese-enhanced areas in the ipsilateral hemisphere
were defined as those having higher signal intensity than the corresponding contralateral area.
Areas of manganese-enhancement were manually drawn in each relevant image slice and the
manganese-enhanced volumes were calculated.

T,-maps were calculated by fitting a mono-exponential model to the images with different TE
in all the voxels creating a parametric map giving the actual T, in the voxels in msec using
in-house developed software (MATLAB ver. R2010a, Math Works Inc, Natick, MA). Thereafter
T, -maps were imported to Imagel, and the area of the remaining brain tissue in each
hemisphere and porencephalic cysts (paper 1) and of the whole brain (paper Il) were drawn
manually in each slice using a Wacom®© pen-tablet LCD-screen. Volumes were then calculated
by adding the areas in the stack and multiplying with the slice thickness (paper | & ll).
Furthermore, the actual T,-relaxation time was measured in ROl that were drawn in the
parasagittal cortex, thalamus, hippocampus and putamen in two slices corresponding to —3.25
and —1.5 mm from the bregma (Figure
7a & b).

DTI analyses were performed with the
tools of the FMRIB software library
(FSL ver 4.1.4, Oxford Centre for
Functional MRI of the Brain, UK;
Hwww.fmrib.ox.ac.uk/fsIH).

Images were pre-processed to reduce
image artifacts due to motion and
eddy current distortions by affine
transformation and co-registration of
the diffusion-encoded images to the
b0 images. Brains were segmented out
using the Brain Extraction Tool before
FDT ver 2.0 (FMRIB’s Diffusion
Toolbox; both part of FSL) was used to
fit a voxelwise diffusion tensor model

Figure 7 (a) T,-map corresponding to —1.5 mm from the
bregma with regions of interest (ROI) marked in putamen
(blue). (b) T, -map corresponding to —-3.25 mm from the
to the diffusion image data. Maps for  bregma with ROI in parasagittal cortex (green), hippocampus
the fractional anisotropy (FA)I radial (red) and thalamus (pink). (c) Colour-encoded directional
(}\J—), mean (MD) and axial ()\”) FA-maps from postnatal day 14 (c) and 28 (d) with ROI in

diffusivity were created. ROl were corpus callosum (blue), hippocampal fi.mbriae (green)', internal

. : capsule (red) and external capsule (pink). The ROI in corpus
manually drawn in the centre of white  c5j105um encompassed three slices anterior and three
matter structures at all relevant image  posterior to the one shown. The ROI in hippocampal fimbriae,
slices on the FA-maps (Figure 7 ¢ & d). external and internal capsule encompassed two posterior to
In paper | these were combined to  theoneshown.

three volumes of interest (VOI) that
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were used in the analyses: corpus callosum (comprising the genu, body and splenium),
contralateral major white matter structures (external capsule, internal capsule, hippocampal
fimbriae and cingulum). Due to severe tissue loss ROIs were not drawn in ipsilateral white
matter. ROl were also placed in the contralateral caudate putamen. In paper Il ROIs were
combined to five VOI at P14: corpus callosum (body), external capsule, internal capsule,
hippocampal fimbriae and total white matter (comprising all of the aforementioned areas).
Due to low signal-to-noise (SNR) in the deeper brain structures in the DWI on P28, masks were
only drawn in the body of the corpus callosum where SNR was adequate for robust
calculations of DTI metrics at this time-point. Mean FA, radial, axial and mean diffusivity were
calculated in each of these volumes of interest in each animal.

3.3.3 Administration of [**C]glucose and [*C]acetate

In paper lll, metabolism under physiological conditions was studied, and pups were left
undisturbed with their dam from birth until i.p. injection with *C-labelled substrates at P7.
Pups were injected with [1-"*Clglucose (543 mg/kg, 0.3M; 99% “*C enriched; Cambridge
Isotope Laboratories, Woburn, MA) and [1,2-"*Clacetate (504 mg/kg, 0.6M; 99% “3C enriched;
Cambridge Isotope Laboratories) and decapitated 5, 10, 15, 30 and 45 minutes after injection
(n= 3 - 4 at each time-point). One group of P7 rats (n = 4) was injected with [1,2-"*C]glucose
(564 mg/kg, 0.3M; 99% **C enriched; Cambridge Isotope Laboratories) and decapitated after
30 minutes. In separate experiments, adult rats were injected i.p. with [1-**C]glucose and [1,2-
3Clacetate and decapitated after 15 minutes. Heads were snap-frozen in liquid N, and stored
at -80°C until extraction. In paper IV, following the HI (n = 10) or sham-procedure (n = 9)
described above, pups were allowed to recover for 30 minutes with their dam before i.p.
administration of [1,2-"*C]glucose (564 mg/kg, 0.3M) and decapitation after 30 minutes. After
injections all pups were kept separate from their dam in a heated environment of 36 £ 0.5 °C
until decapitation. Heads were snap-frozen in liquid nitrogen (N,) and stored at —-80°C until
extraction.

3.3.4 Dissection and extraction of brain tissue

In paper Il entire cerebri (P7) and cortex cerebri (adults) were dissected for extraction while in
paper IV the ipsilateral and contralateral hemisphere of the cerebrum was dissected
separately. Tissue was thereafter extracted using either methanol-chloroform or perchloric
acid (PCA; paper I: 5-15 minute injection time in P7 animals and in adults). 7% PCA was added
and tissue was homogenized using a Vibra Cell sonicator (Model VCX 750, Sonics & Materials,
Newtown, CT). The homogenates were centrifuged at 3000g at 4°C for 5 minutes. The
neutralized supernatants were lyophilized and re-suspended in D,0 (99.9%; CDN Isotopes,
Pointe-Claire, Canada) before being lyophilized once more in order to minimize the proton
content of water. When methanol-chloroform extraction was applied, methanol was added
and tissue was homogenized using the same sonicator. Subsequently, chloroform and water
were added, the samples were centrifuged at 3000g for 15 minutes, and the supernatants
were transferred to a new tube. Following that, the procedure was repeated once more, using
only water in order to separate the lipids from the supernatant with the cellular extracts.
Finally, the supernatants were transferred to a third tube, lyophilized, and re-suspended in
D,0. At this point, a proportion was taken out for analysis with high performance liquid
chromatography (HPLC; paper IV) before the remaining sample was lyophilized once more in
order to minimize the proton content of water before analysis with MR spectroscopy.
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3.3.5 C-and 'H-MR spectroscopy

Lyophilized samples were dissolved in 400 pl (paper Ill) or 120 pl (paper 1IV) D,O containing
0.01% ethylene glycol (Acros Organics, Geel, Belgium) and 0.018% 3-(trimethylsilyl)-1-propane-
sulfonic acid (DSS; Sigma-Aldrich, St. Louis, MA). The supernatants were transferred to
Samplelet tubes (5.0 x 103.5 mm or 3.0 x 103.5 mm, respectively) for insertion into the
Samplelet autosampler (Bruker BioSpin GmbH, Rheinstetten, Germany). All samples were
analyzed on a 14.1 Tesla Ultrashielded Plus Avance Il magnet (Bruker BioSpin GmbH)
operating at 600 MHz (for *H) using a QCI CryoProbe™. *H-MR spectra were accumulated with
a pulse angle of 90°, acquisition time was 2.7 s and relaxation delay was 10 s. The number of
scans was 32 or 128, respectively. Proton decoupled *C MR spectra were obtained on the
same spectrometer using an acquisition time of 1.7 s, a relaxation delay of 0.5 s and a flip
angle of 30°. Scans were accumulated at 30 kHz spectral width with 98 K data points. The
number of scans in paper Il and IV was typically 2400 or 11000, respectively.

3.3.6 Post processing of MR spectroscopy data

Relevant peaks in the spectra were identified and integrated using TopSpin™ 3.0 software
(Bruker BioSpin GmbH). Concentrations of metabolites were calculated from the integrals of
the peaks using DSS (*H-MR spectra) or ethylene glycol (**C-MR spectra) as internal standards.
Concentrations from the 'H-MR spectra were corrected for the numbers of protons that
constituted the peak.

The singlets in the *C MR data were corrected for naturally abundant **C by subtracting 1.1 %
of the total cellular contents obtained from *H spectra. % “3C excess enrichment was calculated
after subtracting natural abundance of 3C, and was referred to as % enrichment. All peaks
were corrected for tissue weight. If a **C nucleus is coupled to another **C nucleus, i.e. when
there are two *C in a molecule, homonuclear spin-spin coupling, also known as J-J coupling,
will cause splitting of peaks in the carbon spectra. The probability of this to occur naturally is
very low (0.01%). Therefore these peaks represent enrichment with 3C in the compound in
question in the studies presented here.

Depending on the pulse sequence used to obtain the *C-MR spectrum there can also be
splitting of peaks due to heteronuclear spin-spin coupling between neighbouring *H and **C
nuclei which is caused by the two energy states of the 'H population. To avoid this, one may
eliminate the AE between these two populations by irradiating the 'H frequency with a weak
RF-pulse during acquisition in what is called a proton decoupling. The *C peaks will then
appear as singlets since the protons are impaired from interacting with the **C nuclei or from
releasing energy into its surroundings. This only happens between nuclei that are in close
proximity, e.g. in protons that are covalently bound to a *C nucleus. However, if the proton
decoupling is carried out constantly, the addition of energy to the *C atoms will cause
enhancement of the *3C signal in what is termed the Nuclear Overhauser Effect (NOE), and this
signal enhancement needs to be corrected for. Furthermore, to obtain full T;-relaxation one
must wait 5* T, of the longest T, in the sample or tissue. Since the signal in 3C is small one
needs to scan many times, and such a long relaxation delay (TR) is not possible for all nuclei,
especially not for the carboxylic acid groups with long T;. This relative loss of amplitude in the
T, signal must be corrected for to be able to measure absolute quantities. Since we used a
short relaxation delay of 0.5 sec in a **C sequence, full relaxation of all the spins was not
achieved at the time of the new RF-pulse. Combined correction factors for T, and NOE can be
obtained via the comparison of spectra with constant proton decoupling and short relaxation
delay (our normal experiment) to a spectrum in which proton decoupling was just done shortly
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before sampling of the signal and the relaxation delay was long enough to allow for full
relaxation of the nuclei used in the study. After calibration of the reference compound
ethylene glycole, integrals from the fully relaxed spectra were divided by the respective
integrals from the proton-decoupled spectra with short relaxation delay. The resulting
correction factors for incomplete T;-relaxation and Nuclear Overhauser Effects (NOE) in the **C
spectra were later applied to the integration values of all metabolites in the *C MR spectra of
all samples.

3.4 High-Performance Liquid Chromatography

Amino acids in brain extracts were quantified by HPLC on a 1200 system (Agilent Technologies,
Palo Alto, CA). The amino acids were pre-column derivatized with o-phthaldialdehyde (Geddes
& Wood, 1984) and components were subsequently separated on a ZORBAX SB-C18
(4.6 x 150 mm, 3.5 um) column from Agilent using a phosphate buffer (50 mM, pH = 5.9) and a
solution of methanol (98.75 %) and tetrahydrofurane (1.25 %) as eluents. a-Amino butyric acid
(a-ABA) was used as internal standard. The separated amino acids were detected with
fluorescence and quantified by comparison to a standard curve derived from standard
solutions of amino acids. All amounts were corrected for tissue weight.

3.5 Statistics

Statistical analyses were performed in SPSS 16 (SPSS Inc., Chicago, IL) and STATA 10 (Stata
Corp, College Station, TX) and a two-sided p-value of < 0.05 was considered significant.
Depending on the number of the groups, Student’s t-test or ANOVA followed by post hoc tests
with Bonferroni correction were applied to test for differences between experiment groups,
while paired t-tests were applied to test for differences between time-points. When data were
not considered to have a normal distribution, non-parametric tests were applied. In paper |
data were analyzed at each time-point with linear mixed models with experiment group as
fixed effect and litter as random effect, measuring the effect of the fixed effects (experiment
groups) taking into account random effects (litters).
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4 Synopsis of papers

Paper |

Longitudinal diffusion tensor and manganese—enhanced MRI detect delayed cerebral
grey and white matter injury after hypoxia-ischemia and hyperoxia

Tora Sund Morken, Marius Widerge, Christina Vogt, Stian Lydersen, Marianne Havnes, Jon
Skranes, Pal Erik Goa, Ann-Mari Brubakk. Pediatric Research (2013) 73: 171-179.

The aim of this study was to evaluate the possible difference in long-term development of
injury after hypoxia-ischemia (HI) and exposure to hyperoxia (100% O,) or room-air (20.9% O,)
via multimodal MRI and immunohistochemistry.

HI was induced in seven days old rats and was followed by two hours of either hyperoxia or
room-air exposure. Six hours after Hl animals were injected i.p. with MnCl, for later
manganese-enhanced MRI. Thereafter an in vivo multimodal MRI study of injury development
until near-adult age at 42 days after HI was performed at 7 Tesla. Apparent Diffusion
Coefficient (ADC)-maps were acquired at day one, T;-weighted manganese-enhanced images
at day seven, Diffusion tensor images (DTI) at day 21 and 42 and T,-maps at all time-points.

The long-term brain tissue destruction on T,-maps was more severe in Hl+hyperoxia than
Hl+room-air. ADC was lower in Hl+hyperoxia versus Hl+room-air and sham, and was positively
correlated with long-term tissue destruction. Manganese-enhancement indicating
inflammation was seen in both groups along with more microglial activation in Hl+hyperoxia
on day seven. Fractional anisotropy (FA) in corpus callosum was lower and radial diffusivity
higher in Hl+hyperoxia than Hl+room-air and sham on day 21. From day 21 to day 42 FA and
radial diffusivity in HI+hyperoxia was unchanged, while in HI+room-air FA increased and radial
diffusivity decreased to values similar to sham.

In this study we found that HI+hyperoxia induced irreversible white matter injury and caused a
progressively increasing long-term tissue destruction compared to exposure to room-air after
HI.

Paper i

Brain development after neonatal intermittent hyperoxia-hypoxia in the rat studied
by longitudinal MRI and immunohistochemistry

Tora Sund Morken, Axel Nyman, loanna Sandvig, Sverre Torp, Jon Skranes, Pal Erik Goa,
Ann-Mari Brubakk, Marius Widerge. Accepted for publication in PLoS One

The aim of this study was to evaluate whether an exposure of fluctuating oxygen levels that
create retinopathy in the neonatal rat would also induce pathological changes in brain
development long-term.

To this end rat pups with their dam were reared continuously in intermittent

hyperoxia-hypoxia (IHH) from birth until postnatal day 14. IHH was induced by exposure to
hyperoxia (50% O,) that was interrupted by three consecutive two-minute episodes of hypoxia
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(12% 0,) every sixth hour. Controls were reared in room-air. Thereafter longitudinal in vivo
MRI (Diffusion Tensor Imaging and T,-mapping) was performed on postnatal days 14 and 28,
and retinal and brain tissue were examined for histopathological changes.

Mean, radial and axial diffusivity were higher in white matter of IHH versus controls at
postnatal day 14, while fractional anisotropy (FA) was lower in the hippocampal fimbria and
tended to be lower in corpus callosum and external capsule. White matter diffusivity in IHH
was similar to controls at postnatal day 28. Higher cortical vessel density was observed at
postnatal day 14. Cortical and thalamic T,-relaxation time was higher in the IHH group at
postnatal day 14, and albumin leakage was present at postnatal day 28. Rats in the IHH group
ran for a longer time on a Rotarod than the control group. Pups with lower bodyweight had
more severe MRI alterations and albumin leakage.

In this study we found that IHH had reversible effects on brain white matter diffusivity, grey
matter water content and vascular density while alterations in BBB permeability were long-
term. Furthermore the study may indicate that lower bodyweight may interact with effects of
IHH.

Paper lll

Neuron-astrocyte interactions, pyruvate carboxylation and the pentose phosphate
pathway in the neonatal rat brain

Tora Sund Morken, Eva Brekke, Asta Haberg, Marius Widerge, Ann-Mari Brubakk, Ursula
Sonnewald. Neurochemical Research (2013) Mar 16 [Epub ahead of print |

The aim of this study was to investigate glucose and acetate metabolism and the synthesis of
amino acid neurotransmitters in neonatal vs. adult rat brain. Furthermore we wanted to study
pyruvate carboxylation and the pentose phosphate pathway (PPP) in the neonatal brain.

To this end postnatal day 7 rats were injected i.p. with [1-**C]glucose and [1,2-"*C]acetate and
euthanized 5, 10, 15, 30 and 45 minutes later. Adult rats were injected with the same
substrates and euthanized after 15 minutes. To analyze pyruvate carboxylation and PPP
activity during development, postnatal day 7 rats received [1,2-*C]glucose and were
euthanized 30 minutes later. Thereafter brain extracts were analyzed via ‘H- and *C-MR
spectroscopy.

Numerous differences were found between the neonatal and adult brain. The neonatal brain
contained lower levels of glutamate, aspartate and N-acetylaspartate, but similar levels of
GABA and glutamine. Metabolism of [1-**C]glucose at the acetyl CoA stage was reduced much
more than that of [1,2-**Clacetate. The transfer of glutamate from neurons to astrocytes was
much lower, while transfer of glutamine from astrocytes to glutamatergic neurons was
relatively higher. However, transfer of glutamine from astrocytes to GABAergic neurons was
lower. Using [1,2-*Clglucose it could be shown that despite much lower pyruvate
carboxylation, relatively more pyruvate from glycolysis was directed towards anaplerosis than
pyruvate dehydrogenation in astrocytes in the neonatal brain compared to in adults.
Moreover, the ratio of PPP/glucose metabolism was higher than in adult reports.
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This study indicated that the glutamate-glutamine cycle works in favour of transfer of
substrate from astrocyte to neuron early in brain development and that, compared to in
adults, the activity of the PPP and pyruvate carboxylation pathways are relatively high.

Paper IV

The pentose phosphate pathway and pyruvate carboxylation after neonatal hypoxic-
ischemic brain injury

Eva Brekke, Tora Sund Morken, Marius Widerge, Asta Haberg, Ann-Mari Brubakk, Ursula
Sonnewald. Submitted to Journal of Cerebral Blood Flow & Metabolism

The aim of this study was to evaluate pyruvate carboxylation and the pentose phosphate
pathway (PPP) in the immediate recovery phase following hypoxia-ischemia (HI) in the
neonatal rat brain.

To this end postnatal day 7 rats were subjected to HI or sham-operated and injected with
[1,2-13C]g|ucose. Rats were euthanized 60 minutes after HI ended, and extracts of ipsi- and
contralateral cerebral hemispheres were analyzed separately via *H- and *C-MR spectroscopy
and HPLC.

After HI, glucose levels were increased and there was evidence of mitochondrial
hypometabolism in both hemispheres. The labelling via PPP as well as labelling following PDH
and PC was reduced in both hemispheres. However, the ratio of PC vs. PDH was preserved and
even increased in glutamate.

In this study we demonstrated that following an insult like HI, the activity of the PPP was
reduced, and that in the early recovery phase following Hl, a period of ongoing excitotoxicity,
pyruvate carboxylation and thereby de novo synthesis of glutamate was relatively preserved.
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5 Discussion

5.1 Methodological considerations

5.1.1 How well is preterm brain injury reproduced in neonatal rat models?

A central assumption in this thesis is that the neonatal rat brain is relevant for studies of early
human brain development and injury. In this context it is of importance to consider the
similarities and differences in normal development between these species. Although the
human newborn infant is highly dependent on its mother for an extended period of time
compared to other species, most neural events occur in utero, and the human brain at birth is
complex and advanced. This is illustrated by how the human newborn can interact with and
learn from its surroundings in sophisticated ways; for instance, at birth the human newborn
can recognize its mother’s voice (Beauchemin et al., 2011) and syllables from her mother
tongue (Moon et al., 2013) as well as the mother’s face (Field et al., 1984). The advanced stage
of the human brain at birth is in contrast to the rat that is born immature with many major
neural events occurring in the postnatal period. Furthermore, the rat brain remains
lissencephalic throughout life, while the newborn human brain has a complex gyrencephalic
structure causing a large cortical surface area (White et al., 2010), and events that span weeks
and months in humans happen over a few days in rat. Nevertheless, animal models remain
highly valuable despite such inter-species differences since they create the opportunity to
study aspects of brain development and injury in vivo as opposed to in vitro or in patients.

The Vannucci model of HI in the P7 rat (Rice et al, 1981) is well-described, reproducible,
cost-efficient and relatively simple to prepare. However, regarding the relevance of the model
to preterm brain injury in humans, one must consider whether the P7 rat may be likened to a
specific time-point in human brain development, whether the injury pattern that arise after Hl
reproduce features of the modelled condition in humans (face validity) and whether the factor
that induce injury in the model is similar to the theoretical cause in the modelled condition
(causative validity).

Regarding the comparison of the P7 rat to a specific time-point in human brain development, it
has been common in the literature to liken the P7 rat brain to a late-preterm newborn of GW
32-34, while P10 has been compared to the term infant and P3 to GW 22-25. This is because of
histological similarities (Vannucci & Vannucci, 2005), the stage of oligodendroglial
differentiation (Back et al., 2001; Craig et al., 2003) and the timing of the brain growth spurt
(Dobbing & Sands, 1979). Pre-OLs dominate at P2 - P5 (Dean et al., 2011) while by P7 OL"
dominate and myelination begins, making the P7 rat comparable to GW 32-34 in humans with
regards to oligodendroglial maturation. By P10 mature oligodendrocytes (OLs) are in
abundance such as in the term human infant (reviewed by Volpe (2009)). However, this is an
oversimplification that can be debated, not the least because of the reasons listed above. Also,
glutamatergic receptors peak later in the rat than in humans; making a P7 rat comparable to
GW 24 in humans in that sense (Tremblay et al., 1988; Represa et al., 1989). Furthermore, the
switch from neurogenesis to gliogenesis occurs at mid-gestation in humans vs. at birth in the
rat (Vaccarino et al., 2007) and synaptogenesis occurs from birth and during the first 2-3
postnatal weeks in rat vs. from GW 20 and through the first years of life in humans (Semple et
al., 2013).
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The injury pattern following Hl in the P7 rat in this thesis was a mixture of both long-term grey
and white matter tissue destruction, susceptibility of the hippocampal and basal ganglia areas,
hypotrophic longitudinal growth of the ipsi- and contralateral brain hemispheres and
alterations in white matter diffusivity. Preterm encephalopathy is dominated by white matter
injury while brain injury following term-born asphyxia mainly affects grey matter. However,
also in the preterm brain is white matter injury accompanied by grey matter neuronal loss
(Volpe, 2005; Leviton & Gressens, 2007; Volpe, 2009), as mentioned earlier, and areas of
increased susceptibility in the term brain like the basal ganglia and thalamus (Sie et al., 2000)
are also involved in preterm brain injury (Volpe, 2009). When white matter injury is seen in
term infants it is thought to be the result of a more subacute injury of repeated hypoxia in
utero that thus has happened at an earlier time-point (Sie et al., 2000). Furthermore, cyst
formation in the most severe forms of preterm brain injury is rare nowadays, but does still
occur. In this thesis there was disintegration of ipsilateral brain tissue and development of a
porencephalic cyst following HI reminiscent of such cyst formation. The presence and
distribution of such porencephalic cysts were markers of the most severe response to Hl, in
line with earlier reports (Towfighi et al., 1991; Ten et al., 2004). As a conclusion, the injury
pattern in the Vannucci model at P7 share characteristics with both term (increased
susceptibility of hippocampal, basal ganglia and thalamic areas) and preterm brain injury
(white matter areas accompanied by grey matter loss and cyst formation) (Volpe, 2009) and
may have relevance (face validity) for injury at both these developmental time-points in the
human brain.

Regarding the causative validity of the model, both hypoxia and also ischemia, or
compromised cerebral blood supply, are thought to be important in the development of
preterm encephalopathy. It has been proposed that insufficient oxygen supply in the water-
shed areas or variation in blood pressure outside of the short autoregulatory plateau of the
circulation in the preterm brain may lead to ischemia of the periventricular zone. In the
Vannucci model, carotid artery severing and subsequent hypoxia compromise ipsilateral CBF
resulting in ischemia (Vannucci et al., 1988) and thereby mimick the potential ischemic
component in the pathogenesis of preterm brain injury.

5.1.2 Did mode of euthanization affect the metabolite levels and labelling?

MR ex vivo spectroscopy should ideally be a “snap-shot” of the brain metabolites at the time of
death and should not reflect post mortem metabolism. Micro-wave fixation is superior for fast
euthanization (Beaver et al., 2001) and in the preservation of metabolites due to fast
degradation of enzymes and thus rapid arrest of all cerebral metabolic processes (Rabin et al.,
1997). Our laboratory did not have suitable equipment for micro-wave fixation of neonatal
animals at the time experiments were performed. However, results from this thesis indicate
that also decapitation as the mode of euthanization with subsequent snap-freezing in N, to
preserve metabolites stopped metabolism quickly in the P7 rat. The clearest indication of this
was the occasional finding of phosphocreatine in 'H-spectra (unpublished results).
Phosphocreatine is a high-energy phosphate that is rapidly depleted following death, and its
presence therefore indicate rapid arrest of cerebral metabolic processes. It is probable that
because of the small size of the P7 rat head the whole brain was nearly instantly frozen,
contrasting the much larger adult brain with thicker skull bone where brain tissue most likely
does not freeze as rapidly. ATP-independent processes like anaerobic glycolysis may continue
post mortem and cause lactate to increase post mortem e.g. during thawing for tissue
extraction. However, lactate levels in papers Ill & IV were comparable to levels measured by in
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vivo MR spectroscopy (Tkac et al., 2003), indicating that thawing did not cause a major
continuation of such ATP-independent processes.

5.1.3 What is the optimal time frame for studying P7 brain metabolism?

Several kinetic studies from the adult rat brain exist (Kanamatsu & Tsukada, 1994; Hassel et al.,
1995; Kanamatsu & Tsukada, 1999), while | am unaware of similar studies in the P7 rat. In a
study by Cruz et al. (1998), [1,2-"*C]acetate was injected into P7 rats, but no details were given
about labelling other than that related to pyruvate recycling. Thus in paper Ill the time-course
of C-labelling of metabolites after i.p. injection of [1-**C]glucose and [1,2-"Clacetate in the
P7 rat was investigated to determine the ideal time-point for euthanization. In adult rats 15
minutes injection time was chosen due to information from the references cited above and
from our own kinetic studies (unpublished results), in which there was clear labelling from the
1* and 2™ turns of the TCA cycle after 15 minutes. Labelling from the 1 and 2™ turns of the
TCA cycle is necessary for detailed interpretation of results. The ideal time-interval between
injection and euthanization should be to the left of the plateau of rise in amount of **C-labelled
isotopomers downstream from glucose metabolism when there is still supply of [*Clglucose
without wash-out of label and extensive 2™ turn labelling. Excessive labelling from further
turns appearing after longer time-intervals make interpretation of labelling from [**Clglucose
and [**Clacetate impossible due to peak overlap. The equivalent time-point to 15 minutes in
adults was 30 minutes in the P7 rats, and this injection time was subsequently implemented in
paper IV.

5.1.4 The impact of sham-operation on brain metabolism

Sham-operated litter-mates are considered the gold standard for control animals in
experimental studies since they correct for factors that one do not want to measure the effect
of. In this thesis such factors were the litter-effect, isoflurane exposure, isolation of the carotid
artery and handling during the HI procedure, in vivo MR scanning and euthanization. Since
animals in paper Ill were undisturbed prior to injection of *C-labelled substrate and
decapitation, comparisons can be made between these and sham-operated animals from
paper IV to investigate possible contributions of the sham-procedure to changes in brain
metabolism. In addition to the above mentioned factors may differences between sham-
operated animals and animals under physiological conditions also arise from the separation
from the dam during the time Hl-operated littermates were subject to hypoxia (90 minutes).

In paper IV both amounts and % enrichment of 1% turn metabolites derived from
[1,2-"Clglucose in glutamate, glutamine, GABA and aspartate were higher in shams than in
animals from paper IIl, except % enrichment in [4,5-"*C]glutamate (paper IV: 4.8 + 1.2 % vs.
paper lll: 3.4 £ 0.8 % , p = 0.09). Therefore, this may indicate that brain metabolism of glucose
was increased in sham animals. Nevertheless, when comparing the PC/pyruvate metabolism
ratio (Eq. 7, paper lll) it was similar in shams in paper IV (0.16 £+ 0.02) and in animals from
paper Ill (0.15 £ 0.02, p = 0.3). Thus, the relative level of anaplerosis was not altered in sham-
animals. Furthermore PPP/glucose metabolism ratio was lower in shams than in animals in
physiological conditions (paper I: 12.8 + 1.5 % vs. paper IV: 6.3 + 1.7 %, p < 0.001).

The conclusion is that the brain metabolism in sham-animals did differ from animals under
physiological conditions in papers Il & IV. Even though the cause for this difference cannot be
determined from the present experiments, these results confirm that sham-operated litter-
mates should be the gold-standard for controls also in metabolic studies of HI.
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5.2 Major findings

5.2.1 What can be learned about the role of oxygen in perinatal brain injury
from this thesis and from earlier studies?

In this thesis, two models of hyperoxia exposure were explored: early and short exposure
following HI at P7 (paper ) and long-term fluctuating oxygen levels between hyperoxia and
hypoxia from birth until P14 (paper Il). It may be argued that the former paradigm may be
more relevant to acute treatment with O, following neonatal HI while the latter is more
relevant for the long-term treatment of an infant in need of long-term O, treatment during
intensive care and that experience apnoeic attacks.

Regarding paper |, several meta-analysis and systematic reviews have found that 100% O,
during resuscitation following birth asphyxia in term born infants increase mortality (Davis et
al., 2004; Rabi et al., 2007; Saugstad et al., 2008) and that there is a trend of reduced risk for
hypoxic-ischemic encephalopathy following resuscitation with room-air (Saugstad et al., 2008).
Furthermore, healthy term-born infants breathing room-air utilize 8 minutes to achieve a
O,-saturation above 90% (Rabi et al., 2006), suggesting that it may be unphysiological for
newborns, coming from the lower oxygen tension in utero to rapidly achieve a high
0,-saturation. Reflecting the mounting evidence for an injurious effects of resuscitation with
100% O,, the most recent guidelines from the International Liaison Committee on
Resuscitation (ILCOR) state that resuscitation should start with room-air (21% O,) rather than
100% O, in term-born infants (Perlman et al., 2010). However, these guidelines do not
conclude on therapy aims for preterms, making paper | highly relevant since, as discussed
earlier, the developmental stage of the P7 rat brain may be likened to that of a late-preterm
infant. However, regarding the translational value of the paradigm in paper |, several issues
must be considered:

First, the rat pups are not newborns, but have lived for seven days after birth. Thus their
respiratory and circulatory system have been adapted to an ex utero environment, and
importantly they are adapted to the higher O, tension versus the in utero environment.
Furthermore they have also established metabolism suitable for the high fat diet of maternal
milk. Secondly, since cardiac or respiratory arrest is not part of the model, the animals are not
resuscitated as such, but only exposed to high oxygen levels inside a fibreglass box. One may
therefore argue that the paradigm in Paper | merely models HI with subsequent hyperoxia
exposure. Thirdly, the animals are spontaneously breathing and hyperventilating during
hypoxia and therefore get hypocapnic (Vannucci et al., 1995), contrasting a clinical situation of
birth asphyxia where the infant is usually hypercapnic due to respiratory problems. A
refinement of the Vannucci model to make it more similar to a clinical situation of birth
asphyxia would have been to add CO, during hypoxia. This has earlier been done by Vannucci
et al. (1997) in a study where the authors found that hypercapnia restores CBF more rapidly
than hypocapnia. Finally, animals were exposed to two hours of hyperoxia following HI. The
rationale for this was to be able to demonstrate an effect on trajectories of grey and white
matter injury development. However, this rather long exposure to a high concentration of O,
does not translate directly to a clinical setting in which exposure is typically repeated, shorter,
and fluctuating between low and high concentrations. The addition of experiment groups with
shorter and lower levels of hyperoxia would have added information of a possible
dose-dependent relationship in the development of anatomical injury after HI. Such a
relationship for markers of injury following resuscitation with increasing levels of O, has earlier
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been found e.g. in a piglet model of hypoxemia in the liver (Solberg et al., 2010) and in urinary
markers of oxidative injury to DNA (Solberg et al., 2007).

In paper |, exposure to hyperoxia after HI led to more severe longitudinal tissue destruction as
demonstrated by the more pronounced brain tissue loss and larger porencephalic cysts in
Hl+hyperoxia than Hl+room-air long-term. Furthermore, white matter alterations seemed to
be reversible in Hl+room-air while there was no normalization of DTl metrics in the
HI+hyperoxia group, indicating an irreversible effect on white matter diffusivity. There seem to
be increasing evidence for the negative effects of hyperoxia on the outcome after a preceding
insult to the brain. Nevertheless, the progressively larger injury long-term in Hl+hyperoxia vs.
Hl+room-air shown in paper | has to my knowledge not earlier been reported. Alterations in
white matter diffusivity was also found by Bockhorst et al. (2010) in a study utilizing a similar
paradigm as in paper | with long-term multimodal MRI, although with follow-up only until P28.
A frequently cited study by Shimabuku et al. (2005) found a higher frequency of cortical
damage in P7 rats exposed to 100% O, for 24 hours after HI at one week follow-up, although
24 hours exposure represents a dramatically more severe exposure than what is relevant in
the clinic. However, mice exposed to as little as 30 min of 100% O, post-HI had disrupted
myelination and deficits in motor testing after four weeks (Koch et al., 2008). It has also been
reported that a moderately hypoxic exposure after Hl in P10 mice is beneficial, via a proposed
mechanism of limiting ROS generation from the mitochondria upon reperfusion (Niatsetskaya
et al., 2011). In that study an increased CBF during reperfusion was found following post-HI
exposure to 100% O,, contrasting a study by Fabian et al. (2008) that found a decreased CBF in
P7 rats exposed to in HI. Reduced CBF following hyperoxia has also been demonstrated in
preterm born infants (Lundstrom et al., 1995). Beneficial effects or no-effects of hyperoxia
have also been reported (Presti et al., 2006; Grafe et al., 2008), although less frequently.
Calvert et al. (2007) report that oxygen exposure attenuates the energy deficit after an HI-
insult and decreases brain damage. Furthermore, Bagenholm et al. (1996) was not able to
demonstrate any difference in brain weight between animals exposed to oxygen versus room-
air one week after insult.

In paper Il a different paradigm of oxygen exposure was explored, namely long-term
fluctuations between hyperoxic and hypoxic levels during the two first postnatal weeks in rat.
As mentioned, this may be a relevant paradigm to model a sick preterm infant in need of long-
term intensive care, since they are often in need of extra oxygen that, in combination with
apnoeic episodes, creates large fluctuations in oxygen levels. In ROP immature vessel growth is
inhibited by high oxygen levels. This is followed by hypersecretion of VEGF due to tissue
hypoxia and ensuing retinal neovascularization (Hartnett & Penn, 2012). It seems that the
avoidance of large fluctuations in oxygen levels is important in preventing ROP (Penn et al.,
1993; Penn et al., 1995; Di Fiore et al., 1996; Di Fiore et al., 2012), and it has been proposed
that similar fluctuations may also adversely influence brain development (Martin et al., 2011).
However, data on the influence of such fluctuations on brain development are scarce. An
interesting model that reproduces ROP in neonatal rats has been developed from recordings of
the fluctuating oxygen saturations of a preterm boy that later developed severe ROP
(Cunningham et al., 2000), and authors report alterations in myelin expression in white matter
following exposure (Sedowofia et al., 2008). Furthermore, impaired memory and increased
cerebral apoptosis has been found in adult mice exposed to fluctuating hyperoxia and hypoxia
in the neonatal period (Ratner et al., 2007). This concurs with a potentiating effect of the
fluctuations between high and low oxygen levels not only in the retina, but also in the neonatal
brain. In paper Il exposure to IHH seemed to give subtle changes in brain white matter
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diffusivity, grey matter water content and vascular density that were reversible. However,
alterations in BBB permeability may point to more long term effects in the brain. Interestingly,
these findings point to the neurovascular unit as a target point for injury in both the brain and
the retina following IHH.

Although the control of oxygen is rigid in neonatal intensive care nowadays, ROP still occurs,
warranting a search for other factors that may contribute in the pathogenesis. There is an
emerging realization that several factors work synergistically and possibly potentiate each
other also in the development of preterm brain injury, in accordance with the hypothesis of
multiple hits in the genesis of neurodevelopmental disorders (Stolp et al., 2012). For instance,
being born small-for-gestational-age (SGA) deteriorates neurodevelopmental outcome in
preterm born infants, and inflammation potentiates this effect (Leviton et al., 2013). In paper ||
alterations in brain development were most severe in animals from the largest litter with the
lowest bodyweight. This finding could have been caused by confounding maturational
differences due to age with IHH exposure, since changes in white matter diffusivity and in
T,-relaxation time is part of normal brain development (Thornton et al., 1999; Bockhorst et al.,
2008). Furthermore, lower body weight may lead to later achievement of developmental
milestones (Chahoud & Paumgartten, 2009) and it is conceivable that it may also delay brain
development in neonatal rats, thereby leading to differences in maturity. However, because of
rigorous control of the time of birth, the age of the pups was comparable in the present study.
Also, the albumin leakage over the BBB that was most pronounced in pups with the lowest
bodyweight was a pathological finding that could not have been related to maturation. The
pups were not weighed at birth as to not disturb the dam prior to IHH exposure, and therefore
the actual growth curve during IHH exposure is unknown. Nevertheless, albeit the limited
number of litters, findings from paper Il may generate the hypothesis that a relative growth
restriction, even within the normal range may sensitize the brain to adverse events such as
IHH. This hypothesis should be investigated in future studies where growth restriction is
induced as a controlled condition and where animals subsequently are exposed to a similar
paradigm of IHH.

5.2.2 Early MRI markers for outcome following Hli

Of major interest in preterm encephalopathy is to establish biomarkers that early can identify
children more or less prone to lasting neurodevelopmental impairments following neonatal
brain injury and identify both those that are eligible for therapy but also those that are in need
of special intervention and long-term care (Ment et al.,, 2009). The applicability of
ADC -mapping as such a marker was investigated in paper I.

ADC-mapping is used in the clinic for early qualitative assessment of perinatal brain injury
because diffusion abnormalities appear more rapidly than signal abnormalities on T, and T,
imaging. Animal studies of HI have found that lesion volumes on ADC can predict later injury
volume in the Vannucci model at P7 (Widerge et al., 2012). Paper | in this thesis adds that the
actual ADC value in thalamus, if reduced, can predict ensuing long-term volume destruction,
meaning that quantitative evaluation of ADC is valuable in the early phase after injury. This is
in agreement with a human study in which low early ADC in this area predicted long-term MRI
injury patterns and neurologic outcome after HI (Rutherford et al., 2004; Boichot et al., 2006).

The ADC value is the coefficient to the negative slope of the reduced signal when increasing
the diffusion weighing (b-value) in a diffusion weighted sequence. Thus a lower ADC may
indicate a more restricted movement of extracellular water molecules (lower diffusion e.g.
because of cytotoxic edema) while high ADC may indicate more free movement (higher
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diffusion e.g. because of vasogenic or extracellular edema). Since extracellular space is smaller
compared to intracellular space (Lehmenkuhler et al.,, 1993), even a subtle change in
extracellular space could rapidly perturb water diffusion properties. ADC was most severely
reduced in Hl+hyperoxia in comparison with Hl+room-air in paper I. One may speculate that a
more severe cytotoxic edema, possibly caused by oxidative stress following hyperoxia, caused
a restriction of water movement due to cellular swelling and reduction of extracellular space.

High ADC indicates more free movement of water molecules. In paper | an increase in white
matter ADC was a hallmark for an injury affecting predominantly white matter, together with
hypotrophic and impeded brain growth (paper I). A similar observation has earlier been
reported as a sign of subtle white matter injury after HI in P7 rat (Meng et al., 2006;
Lodygensky et al., 2011) and authors speculated that the high ADC was caused by vasogenic
edema extending into white matter from adjacent injured areas or cellular reactions in
oligodendrocytes or microglia. Cellular shrinkage caused by apoptosis with a resulting increase
in extracellular space may be an alternative explanation for higher ADC. The presence of more
free extracellular water is supported by the concurrent high T, observed in white matter in the
same animals in paper I. Increased water content leads to an increase in T, relaxation time. In
some parallel to the mentioned experimental studies, high ADC in white matter has also been
reported by Counsell et al. (2003) in a study of preterm born babies with white matter Diffuse
Excessive High Signal Intensity (DEHSI) at term-equivalent age.

As a conclusion early high ADC in white matter may be a marker of a favourable outcome
following HI, while low thalamic ADC may be a sign of a less favourable outcome.

5.2.3 Grey matter maturation

The decrease in T, relaxation time in brain tissue during maturation in paper Il is known from
the literature (Thornton et al., 1999). It is presumably caused by the decrease in extracellular
space that in the rat has been measured to fall from 46% of the total brain volume at P1 to
20% at P20 (Lehmenkuhler et al., 1993) because of an increase in neuronal size and glial cell
numbers during the brain growth spurt (Bandeira et al., 2009). It follows that the number of
extracellular free water molecules is reduced and that the T, relaxation time becomes shorter.
This is responsible for the lower contrast in T,-maps from older vs. younger animals (paper |,
Figure 2) because the difference in signal decay between tissues with short T, and long T, will
be less when utilizing the same echo times, as was applied on the different developmental
time-points in papers | & Il. The ADC also decreases during the same period of brain
maturation (Meng et al., 2006; Sizonenko et al., 2007) which is in agreement with a reduction
in free water diffusion in the extracellular compartment.

When the amount of extracellular water is relatively high, such as in the neonatal compared to
the adult brain, the need for an osmolyte must also be high. Indeed, the level of the osmolyte
taurine was higher in the neonatal vs. the adult brain (paper Ill), in line with earlier reports in
humans (Pouwels et al., 1999) and rats (Tkac et al., 2003). A reduction in taurine has been
reported 24 hours after neonatal Hl in rat, and the authors suggested that post-HI protective
measures against cytotoxic edema and cellular swelling may have been the cause (van de Looij
et al., 2011). However, in the immediate recovery phase following HI (after 60 minutes) such a
decrease in taurine was not found (paper IV). It is possible that this time-point was too early
for protective measures against cytotoxic edema to become activated.
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5.2.4 What do alterations in white matter directional diffusivity mean?

Diffusion tensor imaging (DTI) is an excellent method to study directional water diffusion, and
is therefore applied in the study of white matter based on the knowledge that in white matter
tracts, axons are aligned and oriented in the same direction, and that water diffusion along
these axons must be highly directional since they are ensheathed by oligodendrocytes that
contain the water-impermeable lipid myelin. Thus, an assumption is made that changes in the
anisotropic diffusion measured in these areas reflect changes in white matter myelination or
also axonal integrity (Mori & Zhang, 2006), and this assumption is widely utilized both in
clinical and experimental work. The differentiation between myelination deficit and axonal
injury may not be distinguished from DTI, although it is often interpreted so that diffusion
parallel to the main diffusion direction (axial) is affected when there is axonal injury while
diffusivity perpendicular to the main direction (radial) is affected when there are alterations in
myelination.

During the first postnatal weeks the white matter of rats undergoes maturational changes such
as increased oligodendrocyte coverage and myelination of white matter axons. This
maturation is reflected in the directional water diffusivity with decreasing mean diffusivity,
increasing FA and decreasing radial diffusivity of the white matter (Bockhorst et al., 2008).
However, as seen in data from papers | & Il, these parameters are similar to adult levels by P14
and P21.

In paper | lower FA and higher radial diffusivity was reported in Hl+hyperoxia and the
Hl+room-air groups vs. shams at P14, suggesting white matter injury at this time-point. One
may speculate whether reduced myelination or axonal injury and loss of transcallosal fibres
may have contributed to the lower FA and increased radial diffusivity. However, in the
Hl+room-air group parameters were normalized by 42 days following HI, while in HI+hyperoxia
they were not, suggesting irreversible injury. Hyperoxia is thought to play an important role in
the pathogenesis of white matter injury in the preterm brain (Volpe, 2009). There is
experimental evidence for selective vulnerability of immature white matter to prolonged
hyperoxia (Felderhoff-Mueser et al., 2004). Gerstner et al. (2008) report that hyperoxia at P3
and P6, but not at P10, led to apoptosis in the oligodendroglial cell line. Schmitz et al. (2011)
observed long-term alterations in white-matter diffusivity on in vivo DTI following neonatal
hyperoxia, and proposed a role for excitotoxicity in the pathogenesis, since white matter
astrocytes in the same study had an impaired uptake of glutamate from the extracellular
milieu. It follows from these reports that the hyperoxia exposure in the present thesis (Paper I:
100% O, for two hours at P7, Paper Il: 50% O, continuously from PO to P14 in paper Il) was
applied in a period of heightened susceptibility of the white matter to injury by unphysiological
levels of O,.

A normalization of DTl parameters similar to in Hl+room-air in paper | was also seen among
IHH exposed animals from P14 to P28 in paper Il. One may speculate that this normalization
may be related to white matter maturational delay or repair rather than to permanent injury.
In paper Il such an interpretation is supported by a study by Cai et al. (2011), in which neonatal
intermittent hypoxia for six hours per day arrested the maturation of oligodendrocytes rather
than injured axons permanently. However, our DTI findings contrast reports of permanent
white matter diffusivity alterations after neonatal hypoxia (Chahboune et al., 2009) and
hyperoxia (Schmitz et al., 2012). The IHH profile had lower hyperoxia (50% versus 80%) and
shorter hypoxia (three two-minute episodes every 6™ hour versus 10 days continuous
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exposure) than the aforementioned studies. It may be speculated that this less severe
exposure may have caused transient white matter affection with a preserved ability to catch-
up maturation rather than a permanent injury.

Apart from alterations in myelination and axonal integrity, directional diffusivity may also
reflect alterations in extracellular water content in white matter. Increased extracellular water
such as in extracellular edema would decrease the overall directional diffusivity (FA) and
increase the radial and axial diffusivity while the mean diffusivity would also increase because
water molecules will be able to move more freely in all directions. In paper Il a higher mean,
axial and radial diffusivity was found among IHH animals at P14 combined with lower FA and a
similar tendency in axial and radial diffusivity was also found in Hl+hyperoxia animals vs. sham
in paper I. In addition to injury to white matter tracts, this may also indicate extracellular
increased water content.

5.2.5 [**C]glucose uptake and utilization

To be able to quantify downstream metabolites, [*Clglucose must pass the BBB and enter the
cells in which it is metabolized. Since the number of glucose transporters in the BBB, GLUT-1, is
low in the neonatal brain (Vannucci & Simpson, 2003) it is conceivable that transport of
[*Clglucose over the BBB is slower than in the adult brain. The % enrichment in [**C]glucose
was ~30% in both papers Il & IV, which is comparable to adult studies (Melg et al., 2006;
Eyjolfsson et al., 2011) and that indicates a consistent injection and uptake following i.p.
injection also in the neonatal rat. Furthermore, according to data from paper Ill (Table 1) there
was uptake of [**C]glucose already after 5 minutes. Since amounts did not change considerably
over 5 - 45 minutes past injection, a limitation in glucose transport over the BBB in the P7 rat
was not responsible for the demonstrated differences in glucose metabolism vs. adult rats.

After entry into the brain, a low glucose utilization rate in P6 rat has been reported
(Dombrowski et al., 1989). In agreement with this, lower glycolytic activity was shown by the
lower levels of **C incorporation from [1-"*C]glucose at all time-points in lactate and alanine
compared to data published for the adult brain (Melg et al., 2006; Eyjolfsson et al., 2011).

Furthermore, TCA cycle enzyme activity is low in the neonatal brain compared to in adults
(Wilour & Patel, 1974), corresponding well with the six-times lower labelling of
[4,5-*C]glutamate derived from [1-"*C]glucose via the TCA cycle. Lower TCA cycle activity is
also supported by the smaller amount of the TCA cycle intermediate succinate and the lower
cycling ratio of [**Clglucose-derived isotopomers of glutamate and glutamine compared to
those in adults (Kondziella et al., 2006). Interestingly, the smaller amount of [4-*C]glutamate
derived from [1-"*Clglucose is consistent with findings in one of very few existing *C-MRS
studies of a preterm infant, which suggested a reduced rate of glucose utilization for the TCA
cycle also in the immature human brain (Bluml et al., 2001).

Following HI there were increased amounts of glucose in both hemispheres. An increased
uptake could contribute to this, possibly explained by the reported increased expression of
GLUT-1 in the BBB following HI in the P7 rat (Vannucci et al., 1996; Vannucci et al., 1998).
Furthermore, in combination with the normal % enrichment in glucose, our findings are in
agreement with rapid reperfusion in the Vannucci model (Mujsce et al., 1990).

Glucose utilization via anaerobic glycolysis increases dramatically during HI to continue ATP

generation (Vannucci et al, 2005), resulting in an accumulation of lactate and a rapid
depletion of brain glucose in both ipsi- and contralateral hemispheres (Yager et al., 1991).
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Interestingly, an increase in glucose reserves by hyperglycaemia within the brain prior to the
insult is protective for the neonatal brain, while the opposite is the case in the adult where
hyperglycaemia exacerbates outcome after stroke (Volpe (2008) and references therein). Such
a differential effect of glucose levels prior to insults may be related to a more pronounced
lactacidosis resulting from anaerobic glycolysis in the adult (Folbergrova et al., 1995) than in
the neonatal brain, where lactate levels are rapidly normalized (Yager et al., 1991). In the
present thesis such a rapid decline in lactate was supported by normalized levels of lactate at
60 minutes recovery time (paper 1V) while we have also found an increase in lactate after 30
minutes of recovery (three-fold, unpublished results). Furthermore, this indicates that the
glycolytic flux had indeed been increased during HI, but that it was rapidly normalized during
recovery in both hemispheres. The rapid normalization of lactate levels may also be due to
that unlabelled lactate accumulated during Hl is rapidly metabolized or released into the blood
upon reperfusion, since the neonatal brain both has an increased ability to utilize lactate as an
energy substrate (Dombrowski et al., 1989) and an increased transport capacity for lactate
over the BBB (Vannucci & Simpson, 2003; Halestrap & Meredith, 2004).

5.2.6 Acetate utilization

In the adult, transport of [1,2-13C]acetate over the BBB must be slower than metabolism of
acetate since [1,2-*Clacetate is present in serum (Melg et al., 2005) but usually not in the
brain following injection. However, in the P7 brain [1,2-**Clacetate was readily detected
following injection (Figure 2a), indicating that transport over the BBB must exceed metabolism.
This may be due to the high expression of monocarboxylate transporters, which transport
acetate across the BBB (Halestrap & Meredith, 2004), in the neonatal vs. the adult brain
(Vannucci & Simpson, 2003).

GS, exclusively localized in astrocytes (Norenberg & Martinez-Hernandez, 1979) synthesize
[4,5-"Clglutamine from the small pool of glutamate in astrocytes that arise from
[1,2-Clacetate. [4,5-*C]Glutamine is then transferred to glutamatergic neurons and is there
converted to [4,5-"*C]glutamate. The amounts and % enrichment of [4,5-"*C]glutamine was
much higher than those of [4,5-**C]glutamate (paper Ill), in line with a report by Chowdhury et
al. (2007) in P10 rats. This confirms that acetate in the P7 rat brain as well as in that of adults is
utilized predominantly by astrocytes (Sonnewald et al., 1993).

The metabolism of [1,2-"*C]acetate in the neonatal brain 15 minutes past injection was 50 %
lower than in adults, seen in % enrichment in [4,5-13C]glutamine. However, 30 minutes past
injection, both metabolism as well as TCA cycling of label was similar. Acetate metabolism has
earlier been reported to be higher in P10 versus P30 rat brain (Chowdhury et al., 2007).
Furthermore, relatively more [1,2-"*Clacetate was utilized for both glutamine, glutamate and
GABA synthesis than [1-**C]glucose compared to in the adult brain (acetate/glucose utilization
ratios in paper lll), indicating that the neonatal brain utilized more acetate relative to glucose
in neurotransmitter synthesis.

5.2.7 Mitochondrial hypometabolism following HI

After Hl, there was a clear reduction in labelling from PDH in glutamate, glutamine, aspartate
and GABA in both hemispheres. At the same time there was a decrease in the total amount of
glutamate and an increase in the amounts of amino acids that can be substrates for
transamination of a-ketoglutarate for glutamate formation; alanine, valine, phenylalanine,
isoleucine, leucine and lysine. The above may indicate that glutamate formation and turnover
were reduced following HI and that this reduction was also reflected in its products glutamine
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and GABA. Summarized, this suggests that mitochondrial glucose metabolism was reduced in
the immediate recovery phase following HI. Since glutamine is only synthesized in glia
(Norenberg & Martinez-Hernandez, 1979) and most of the glutamate is localized in neurons
(Storm-Mathisen et al., 1983), the proportional decrease in labelling via PDH in glutamine and
glutamate suggests a similar inhibition of mitochondrial metabolism in both cellular
compartments. Such mitochondrial hypometabolism may also contribute to the observed
accumulation of glucose following HI. Utilization of unlabeled lactate accumulated during HI
could account for part of the bilateral reduction in labelling. However, the measured %
enrichment in lactate in the ipsilateral hemisphere was not significantly reduced, while those
of glutamate, glutamine, aspartate and GABA was reduced by more than 40%, indicating that
such a dilution from unlabeled lactate may not explain the entire difference.

5.2.8 Pyruvate carboxylation and the glutamate-glutamine cycle

The ability of astrocytes to take up glutamate from the synapse and convert it to glutamine in
the glutamate-glutamine cycle is vital for normal metabolic homeostasis and as a defence
mechanism against excitotoxicity (Danbolt, 2001). In this thesis there were indications that this
cycle is different in the neonatal versus the adult brain.

Glutamate levels were much lower in the P7 vs. the adult rat brain, in agreement with Tkac et
al. (2003) who found that adult levels of glutamate are not attained until P14 in the rat. In this
period of synaptogenesis (Semple et al., 2013) the increase in glutamate that is mainly
localized in neurons (Storm-Mathisen et al., 1983) must happen via de novo synthesis of
neurotransmitter amino acids which is only possible via PC in astrocytes (Patel, 1974; Yu et al.,
1983). Since GS is also exclusively localized in astrocytes (Norenberg & Martinez-Hernandez,
1979), [2,3-Clglutamine, labelled via PC when derived from [1,2-*Clglucose, will be
transferred from astrocytes to neurons and there be converted to [2,3-**C]glutamate. Since
the level of [2,3-3C]glutamine was higher than [2,3-*C]glutamate in both papers Il & IV, it can
be deduced that also in the neonatal brain is PC predominantly localized in astrocytes (Yu et
al., 1983). The activity of PC has been reported to increase several-fold from birth to adult age,
like other enzymes involved in pyruvate metabolism (Wilbur & Patel, 1974). However, the ratio
for the amount of pyruvate metabolized via PC relative to the sum of total pyruvate
metabolism was calculated to be 15% (paper lll) while the reported value in adult brain is
approximately 10% (Hertz, 2011). Furthermore, in astrocytes ~50% of glucose was metabolized
via PC which is higher than in the adult brain (Kunnecke et al., 1993), indicating that more of
the glucose that enter the astrocytic compartment in the neonatal brain is utilized for
anaplerosis. The conspicuously higher glutamine transfer from astrocytes to neurons in the P7
brain compared to adults, probed by the astrocyte-specific marker [1,2-"*CJacetate, bears
evidence for a significant role of astrocytes in anaplerosis in the neonatal brain. This may
indicate that the glutamate-glutamine cycle does not operate as a cycle in the neonatal brain,
but rather as a delivery system of glutamine from astrocytes to neurons.

In this context, it is of interest to note that PC, representing actual de novo synthesis of
glutamate, was relatively preserved in the immediate recovery phase following neonatal Hl,
and that the PC/PDH ratio was increased in glutamate in the ipsilateral hemisphere.
Anaplerosis may be beneficial if the neurons following HI have a reduction in TCA cycle
intermediates (such as a-ketoglutarate) following the massive release of glutamate into the
extracellular space that happen because of depolarization of the cellular membrane during and
after HI. Under these conditions, glutamine transferred from astrocytes may be necessary for
neurons to re-establish oxidative metabolism. The presence of both PC activity and synthesis
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of glutamine, two ATP demanding processes, suggests that astrocytes have at least partly
maintained or re-established their energy balance at this time-point after neonatal HI.
However, extracellular glutamate release has been shown to continue during recovery after Hl
with a secondary rise around six hours (Puka-Sundvall et al., 1997; Vannucci et al., 1999),
associated with what is known as the secondary energy failure (Kusaka et al., 2004). It is
conceivable that continued replenishment of the glutamate neurotransmitter pool via PC in
astrocytes in a period of continuous glutamate release may contribute to excitotoxicity in cells
with dysfunctional energy metabolism.

On the other hand there was negligible transport of glutamate from neurons to astrocytes.
This may be due to a number of factors: limited glutamate release by neurons which are
building up their glutamate pool during synaptogenesis (Semple et al., 2013), increased
reuptake by neurons and/or reduced uptake by astrocytes. A decreased uptake by astrocytes
could possibly be due to the low number of glutamate transporters in the neonatal brain
(Danbolt, 2001) and in case of excessive release of glutamate to the extracellular space would
a low uptake heighten the danger for excitotoxicity.

5.2.9 GABA

GABA content in the neonatal brain was only slightly lower in the neonatal compared to the
adult brain, in line with earlier reports from the rat (Tkac et al., 2003; Chowdhury et al., 2007)
and human brain (Kreis et al., 2002). Also, the PC/PDH ratio was not quantifiable in GABA, and
incorporation and turnover of **C-label was much lower in the neonatal compared to adult
brain. This may indicate that the main de novo synthesis of GABA has already happened before
P7. Furthermore, the transfer of glutamine from astrocytes to GABAergic neurons was lower
than in the adult brain. GABA transporters, mainly on GABAergic neurons (Schousboe, 2000),
are functional from early in brain development (Vitellaro-Zuccarello et al., 2003; Sipild et al.,
2004). These findings support that GABAergic neurons in the neonatal brain may be less
dependent upon anaplerosis by astrocytes and therefore more metabolic independent than
their glutamatergic counterparts.

GABA content in the ipsilateral hemisphere increased following HI, in accordance with earlier
reports from the neonatal brain (Wallin et al., 2000) and from adult brain ischemia (Haberg et
al., 2001). The decreased amounts of label and the proportionally more reduced % enrichment
in [1,2-*C]GABA compared to [4,5-C]glutamate indicate that both the production and
degradation of GABA were decreased. Consequently, the accumulation of total GABA was
mainly due to decreased degeneration.

5.2.10 The pentose phosphate pathway

In paper Il it was found that the PPP activity was higher than reports from the adult brain. This
is in agreement with a proposed essential role for the PPP during growth and development
(McKenna et al., 2012).

Since the PPP generates NADPH that reduces glutathione and thereby restores the defence
against ROS, it has been hypothesized that directing glucose via the PPP in response to injury
may be beneficial for the brain. Therefore, the pronounced bilateral down-regulation in the
neonatal brain after HI was surprising, compared to the reported up-regulation of the PPP
after insults which induce oxidative stress in adults (Bartnik et al., 2005; Dusick et al., 2007),
However, this may be in agreement with higher vulnerability to oxidative stress in the neonatal
brain (McQuillen & Ferriero, 2004).
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Via glycolysis, three molecules of glucose vyield six pyruvate molecules, six adenosine
tri-phosphate (ATP) and six NADH molecules, as mentioned earlier. However, via the PPP one
carbon atom is lost in the first oxidative step. It follows that three molecules of glucose yield
five molecules of pyruvate and five ATP, thus a ~17% reduction in ATP generation when
compared to glycolysis. In the immediate recovery phase after neonatal HI there is severe
energy deprivation and, as was found in paper IV, continued mitochondrial bilateral
hypometabolism. It therefore seems probable that ATP production via glycolysis is maximized.
From in vitro experiments with neurons there is evidence for a tight regulatory link between
the PPP and glycolysis (Herrero-Mendez et al., 2009). Moreover, there are indications that
glutamate excitotoxicity increase glycolysis and reduce PPP activity in vitro (Rodriguez-
Rodriguez et al., 2012). Since glycolysis was no longer increased, as discussed above, it may be
speculated that the depression of PPP in the immediate recovery following neonatal HI was
mediated by a mechanism that deactivates PPP without enhancing glycolysis, or that
deactivates PPP for a longer time than it stimulates glycolysis.

5.2.11 Contralateral hemisphere affection in the Vannucci model

It has been proposed that the contralateral hemisphere may be utilized as a control in the
Vannucci model (Towfighi et al., 1994). However, although reduced CBF is not present in the
contralateral hemisphere (Vannucci et al., 1988) it is rendered hypoxic. In agreement with an
affection of the contralateral hemisphere, several alterations in short- and long-term
development of the contralateral hemisphere following HI were found in papers | & IV.

24 hours following HI a decrease in ADC, i.e. restricted diffusion, was found in the contralateral
cortex of animals with the most severe pattern of injury. This is in line with a similar report of
increased signal of the contralateral hemisphere on DWI three days after injury, albeit in P10
rats (Ashwal et al., 2007). Furthermore, an increased contralateral BBB permeability up to
seven days after HI with persistent edema up to three weeks has been reported (Ferrari et al.,
2010). Such a persisting edema could explain the increased axial diffusivity at P49 concurrent
with a normal FA that was also found in paper I. In addition it should be noted that microglial
activation in contralateral white matter at P14 was observed after Hl, supporting that also the
contralateral white matter is involved in the injury response.

Restricted longitudinal contralateral hemispheric growth, such as was found following HI in
this thesis, has also been reported by others (Andiné et al., 1990; Tuor et al., 2001; Calvert et
al., 2002; Ten et al., 2004), but is in contrast with one report of normal long-term growth of
the contralateral hemisphere (Towfighi et al, 1994). However, Towfighi et al. utilized
histological sections as basis for volume measurements, which is a less accurate method than
longitudinal in vivo MRl measurements such as those provided in paper I.

The glucose content in contralateral hemisphere was increased in the immediate recovery
phase following HI and more so than in the ipsilateral side. This is in line with the earlier
mentioned up-regulation of the gene expression of GLUT-1 transporters in the BBB following
HI that is in fact more pronounced in the contralateral hemisphere (Vannucci et al., 1996;
Vannucci et al., 1998). There was a reduction in the synthesis of major neurotransmitters via
PDH in both ipsi- and contralateral hemispheres in the immediate reperfusion phase following
HI (paper IV), possibly caused by the global hypoxia that will hinder oxidative phosphorylation
also in the contralateral hemisphere. Furthermore, the PPP activity was reduced also in the
contralateral hemisphere in glutamate and alanine, as mentioned earlier.
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As a conclusion both early and late signs of contralateral involvement in the injury following
neonatal HI were found in this thesis. This warrants caution against utilizing the contralateral
hemisphere as an uninjured control in the Vannucci model.
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6 Concluding remarks

In this thesis, different MR imaging and spectroscopy modalities were utilized to quantify and
visualize in vivo short- and long-term structural and metabolic alterations following insults to
the neonatal brain.

Several interesting findings require further investigation. Structural studies demonstrated that
hyperoxia following neonatal HI induced a larger injury that progressively increased from
neonatal to near-adult age vs. room-air exposure. Furthermore, fluctuating levels of oxygen
led to reversible alterations in grey and white matter, although changes in the permeability of
the BBB indicated long-term effects. In the preterm born population it seems that about half of
the children fare well while the other half will have long-term functional deficits ((Volpe, 2009)
and references therein). This may suggest that in utero events preceding preterm birth, like
growth retardation or infections, may be important determinants for later brain development,
in line with the hypothesis of multiple hits (Stolp et al., 2012). The contributions of such
multiple hits to resulting brain injury may be studied in experimental models. From the present
thesis, the indication of a differential response to fluctuating levels of oxygen related to body
weight should be investigated in future studies that aim at disentangling the possible
interactions between growth restriction and unphysiological oxygen exposure to brain injury
and to the pathogenesis of ROP.

Furthermore, the glutamate-glutamine cycle seemed to function rather as a delivery system of
glutamine from astrocytes to neurons in the neonatal brain. In future studies it should be
investigated whether a lower uptake of glutamate by astrocytes in neonatal brain vs. in adults
is indeed a cause for the lower transfer of glutamate from neurons to astrocytes that was
found. Such a low uptake may potentially contribute to a heightened vulnerability to
excitotoxicity in the neonatal brain. It should also be investigated whether de novo glutamate
synthesis is accompanied by preserved transfer of substrate from astrocytes to neurons during
recovery following HI. It is conceivable that a continued replenishment of the glutamate pool
during the secondary depolarization and glutamate release following HI may contribute to
excitotoxic injury. Also, even though the PPP activity was high in the neonatal brain, it was
down-regulated in response to HIl. Whether this lowers the defense against oxidative stress
should be investigated. Finally, the PPP activity further on in the recovery phase after Hl should
be studied to assess whether this down-regulation is only short-term, possibly to maximize
ATP vyield during the primary energy failure, or if it is later followed by normalization or
upregulation of PPP activity.
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Abstract

Background: Neonatal intermittent hyperoxia-hypoxia (IHH) is involved in the pathogenesis
of retinopathy of prematurity. Whether similar oxygen fluctuations will create pathological
changes in the grey and white matter of the brain is unknown.

Methods: From birth until postnatal day 14 (P14), two litters (total n=22) were reared in IHH:
hyperoxia (50% O,) interrupted by three consecutive two-minute episodes of hypoxia
(12%0;) every sixth hour. Controls (n = 8) were reared in room-air (20.9%0,). Longitudinal
MRI (Diffusion Tensor Imaging and T,-mapping) was performed on P14 and P28 and retinal
and brain tissue were examined for histopathological changes. Long-term
neurodevelopment was assessed on P20 and P27.

Results: Mean, radial and axial diffusivity were higher in white matter of IHH versus controls
at P14 (p < 0.04), while fractional anisotropy (FA) was lower in the hippocampal fimbria and
tended to be lower in corpus callosum (p = 0.08) and external capsule (p = 0.05). White
matter diffusivity in IHH was similar to controls at P28. Higher cortical vessel density (p =
0.005) was observed at P14. Cortical and thalamic T,-relaxation time was longer in the IHH
group at P14 (p < 0.03), and albumin leakage was present at P28. Rats in the IHH group ran
for a longer time on a Rotarod than the control group (p < 0.005). Pups with lower
bodyweight had more severe MR alterations and albumin leakage.

Conclusion: IHH led to subtle reversible changes in brain white matter diffusivity, grey
matter water content and vascular density. However, alterations in blood-brain barrier
permeability may point to long-term effects. The changes seen after IHH exposure were
more severe in animals with lower bodyweight. Future studies should aim at exploring

possible interactions between IHH and growth restriction.



Introduction

Preterm born infants may be subject to pathological conditions in several organ systems like
retinopathy of prematurity in the eye (ROP) and preterm encephalopathy. The severity of
ROP is a predictor of neurodevelopmental outcome [1] and parallels postnatal head growth
deficit [2]. The retina has been called a “window to the brain” since it is an extension of brain
tissue [3], and it is conceivable that environmental insults during critical periods in
development may contribute to both ROP and preterm encephalopathy. Exposure to
unphysiological levels of oxygen may be such an environmental insult. In the retina it is the
fluctuations and range between high (hyperoxic) and low (hypoxic) levels of oxygen that
create ROP rather than either exposure alone [4,5], and even small fluctuations in oxygen
concentration around a normoxic mean induce pathological changes [6]. Hyperoxia due to
treatment combined with hypoxia due to apnoea is common in the sick premature child, and
clinicians question whether such unphysiological oxygen levels will also affect long-term
brain development [7]. In animal models this has been explored after neonatal hypoxia [8-
10] or hyperoxia [11,12]. However, brain development following neonatal fluctuating oxygen

levels, an exposure that would more closely mimic a clinical setting, is largely unexplored.

In ROP the coordinated formation of the neurovascular unit comprising neurons, endothelial
cells, pericytes and astrocytes is disrupted [13]. Obliteration of immature vessels by
hyperoxia leads to tissue hypoxia that in turn stimulates uncontrolled neovascularization,
microbleedings, and eventually injury to the rapidly growing neural tissue of the retina [14].
The neurovascular unit may also be a target in the brain of preterm born children, a
population where long-term pathological changes in grey and white matter are abundant
[15,16]. Periventricular white matter is poorly vascularized due to arterial end-zones, and
disturbances of vascular supply is likely involved in the development of periventricular
leukomalacia (PVL) [17]. Furthermore, paucity of endothelial pericyte [18] and astrocyte
coverage [19] in the germinal matrix of preterm born infants, a predilection site for
intraventricular haemorrhage, indicates fragile vasculature. Vascularization of both the
retina [20] and brain [21] occur in parallel to the brain growth spurt from gestational week
20 until term in humans and from birth until postnatal day 14 (P14) in the rat, a species that
at birth is comparable to a very preterm human infant [22]. Both intermittent and

continuous neonatal hypoxia reduce long-term myelination and induce angiogenesis in the



rat brain [10,23]. Furthermore, neonatal hyperoxia causes microvascular degeneration in
grey matter [24] and maturation-dependent cell death in white matter [25,26]. It is
conceivable that, both in the retina and brain, fluctuations between high and low oxygen
levels disturb the coordinated formation of the neurovascular unit in a period of major
growth and differentiation in both organs. Therefore, exposure of neonatal rats to a profile
of intermittent hyperoxia-hypoxia (IHH) that cause ROP may induce a parallel disruption of

neural and vascular tissue in the brain with ensuing white and grey matter injury.

To investigate this hypothesis we conducted a study of long-term brain development in rats
exposed to IHH from birth until postnatal day 14. Outcome was evaluated with multimodal
in vivo MRI combined with neurodevelopmental testing and detailed immunohistochemical

studies of blood-brain barrier (BBB) permeability and vascular density.



Methods

Ethics Statement

Experiments were conducted in accordance with Guidelines set by the Norwegian Ethics
Committee for Animal Research and approved by the responsible governmental authority

(Forsgksdyrutvalget, permit no: 3748).

Oxygen Profiling

An A84 Oxycycler (Biospherix Ltd., Lacona, NY) was used to program a profile of intermittent
hyperoxia-hypoxia (IHH) that create ROP in neonatal rats [27]. Continuous hyperoxia (50%
0,) was interrupted every sixth hour by three consecutive two — minute long episodes of
hypoxia (12% 0O,), each ten minutes apart (Figure 1). The ramp time between hyperoxia and
hypoxia was approximately two minutes. Bedding was changed during a 50% cycle on day
seven. The chamber was then opened for less than three minutes. Inside the chamber,
oxygen was controlled via a sensor and a computerized feed-back system where nitrogen
was used to lower and oxygen was used to raise the oxygen concentration. CO,,
temperature and relative humidity was continuously monitored and kept within
physiological levels via the use of Soda lime (Anmedic AB, Sweden), ventilation and a built-in

fan.

Experiment groups

Time-mated Sprague-Dawley rats were purchased from Scanbur AS (Nittedal, Norway).
Within four hours after delivery of the last pup, litters with dam were placed in specialized
controlled oxygen chambers in their cages (A-30524, Biospherix Ltd, Lacona, NY). To ensure a
uniform age at start of exposure whole litters were exposed from birth. Two litters (A: n =13
and B: n = 9) were exposed to intermittent hyperoxia-hypoxia (IHH) while one litter
(controls: n = 8) was exposed to room-air (20.9 % O,) from postnatal day 0 (PO) to postnatal
day 14 (P14). Animals were kept on a 12:12 hours light: dark cycle and had food and water
ad libitum. Half the animals were euthanized on P14 and the other half on P28 after MRI and

neurodevelopmental testing.



MRI

MRI was performed on P14 (IHH: n = 22; control: n = 8) and P28 (IHH: n = 12; control: n = 4)
using a 7T magnet (Biospec 70/20 AS, Bruker Biospin MRI, Ettlingen, Germany) with water-
cooled (BGA-12, 400 mT/m) gradients. All animals were imaged longitudinally until
euthanization. A volume resonator was used for RF transmission and actively decoupled
head surface coils were used for RF reception. During scanning the anaesthetized (2%
isoflurane in 30% 0,/70% N,) pups lay prone in a dedicated water-heated bed (Bruker
Biospin MRI) and the head of every animal was fixated in the same position with tooth-bar,
nose-mask and polystyrene. Temperature and respiration were monitored during the
scanning procedure. On P14 and P28 coronal T,-maps were obtained with a turbo spin-echo
(RARE) sequence: Effective TE = 16, 48, 80, 120 ms; TR = 3750 ms; RARE - factor = 4; FOV =
25 x 20 mmz; MTX = 160 x 96 reconstructed to 164 x 128; 15 slices @ 0.75 mm. DTI was
performed with an EPI sequence using 30 directions and b = 1000ms; 5 b0 images and TE =

32; TR=3750ms; FOV = 25.6 x 25.6 mmz; MTX =128 x 128 and 15 coronal slices 4 0.75 mm.

Magnetic Resonance Image Analysis

In-house developed software was used for calculating T,-maps (MATLAB ver. R2010a, Math
Works Inc., Natick, MA), and Image)J (v1.42q, National Institute of Health, Bethesda, MD) was
used for image analysis. T,-maps were calculated by fitting a mono-exponential model to the
signal intensity of the images with different TE-values. Regions of interest (ROI) were drawn
in the parasagittal cortex, thalamus, hippocampus and putamen in two slices corresponding
to —3.25 mm and —-1.5 mm from the bregma [28] (Supplementary Figure 1). For brain
volume measurements the areas of both hemispheres were drawn manually on the T,-maps
in each image slice and the total brain volumes were calculated and compared between
groups. DTl-analyses were performed with the tools of the FMRIB software library (FSL ver.

4.1.4, Oxford Centre for Functional MRI of the Brain, Oxford, UK; www.fmrib.ox.ac.uk/fsl).

Images were pre-processed to reduce artefacts due to motion and eddy current distortions
by affine transformation and co-registration of the diffusion encoded images to the b0
images. Brains were segmented out using the Brain Extraction Tool before FDT ver2.0
(FMRIB’s Diffusion Toolbox; both part of FSL) was used to fit a voxelwise diffusion tensor
model to the diffusion image data. Maps for the fractional anisotropy (FA), mean, radial and

axial diffusivity were created. To limit partial volume effects, ROl were manually drawn in



the centre of white matter structures at all relevant image slices on the FA maps and
combined to five volumes of interest: corpus callosum (body), external capsule, internal
capsule, hippocampal fimbriae and white matter (comprising all of the aforementioned
areas, see Supplementary Figure 1). Mean FA, radial, axial and mean diffusivity were
calculated in each of these volumes of interest in each animal. Due to low signal-to-noise
(SNR) in the deeper brain structures in the diffusion weighted images on P28, masks were
only drawn in the body of the corpus callosum where SNR was adequate for robust

calculations of DTI metrics at this time-point (IHH: n = 6, control: n = 4).

Rotarod
On P20 and P27 rats were tested on a Rotarod (Bioseb, Vitrolles, France) in four consecutive
trials with increasing rotation from 0 to 40 rpm within 2 minutes. The time the animals ran

on the rotating rod was recorded.

Histology

Rats were euthanized by an overdose of pentobarbital (300 mg/kg; Vétoquinol, Lure Cedex,
France). For fixation an intracardial perfusion of 4% paraformaldehyde (Fluka Chemie AG,
Buchs, Switzerland) in phosphate-buffered saline (Oxoid Limited, Hampshire, UK) was given.
Eyes were enucleated and the orbita were inspected for gross abnormalities. Thereafter the
retina of the left eye was dissected and whole-mounted onto Super Frost object glass
(Thermo Fisher Scientific Inc., Waltham, MA) while the right eye and the brain were paraffin-
embedded. Only a few retinas were successfully whole-mounted in each group (IHH: n = 2;
control: n = 1). Coronal brain sections corresponding to —3.25 mm from the bregma [28] and
retinal cross-sections (4 um) were cut and stained with Haematoxylin & Eosin (H&E; Cell
Path Ltd., Newtown, UK and Sigma-Aldrich Inc., St. Louis, MO) and examined for

morphological changes.

Immunohistochemistry

Brain sections were incubated with anti-rat-albumin (1:16000) (Nordic Immunology,
Eindhoven, the Netherlands) for albumin leakage, Biotinylated Griffonia (Bandeiraea)
Simplicifolia Lectin | Isolectin B4 (1 pg/ml) (Vector Laboratories Inc., Burlingame, CA) for

vascular density, anti-glial fibrillary acid protein (GFAP; 1:200) (Cymbus Biotechnology,



Southampton, UK) for astrogliosis and anti-ED1-FITC (1:400) (Serotec, Raleigh, NC) for cluster
of differentiation 68 (CD68) positive activated microglia. Sections were then incubated with
labelled polymer HRP anti-rabbit (Dako A/S, Glostrup, Denmark), streptavidin-conjugated
FITC (Vector Laboratories Inc.), horse-anti-mouse-biotin (Vector Laboratories Inc.) and rat-
anti-FITC-biotin (Roche, Basel, Switzerland). Visualization was performed using a Vectastain
ABC kit (Vector Laboratories Inc.) and a Diaminobenzidine (DAB) kit (Vector Laboratories
Inc.). Images of brain sections were captured with a MIRAX MIDI system (Carl Zeiss
Microlmaging GmbH, Jena, Germany) and examined. The presence (score = 1) or not (score =
0) of increased albumin immunoreactivity in the neuropil in the hippocampus, cortex,
thalamus and hypothalamus was scored. Vessel density was quantified in three areas of the
cortex (parietal and temporal), thalamus, hippocampus (CA2, CA3 and dentate gyrus) and
periventricular white matter at x 400 magnification using ImageJ and normalized relative to
control. The result was averaged for each animal and the mean was compared between
groups. GFAP and CD68-stained sections were evaluated qualitatively for changes between
groups. Following incubation with Isolectin B4 (12.5 pg/ml) overnight and thereafter with
streptavidin-conjugated FITC, retinal wholemounts were analyzed qualitatively for

neovascularization and maturation of the retinal vascular bed.

Statistical Analysis

To test for differences in mean between experiment groups and between time-points in the
same individual, paired and unpaired two-tailed Student’s t-tests were applied, respectively.
Between-litter differences were analyzed with one-way ANOVA followed by post-hoc tests
with Bonferroni correction for multiple comparisons. A p < 0.05 was chosen as level of
significance. Data are presented as mean * 95 % confidence interval. Analyses were

performed in SPSS version 16.0 (SPSS Inc., Chicago, IL).



Results

Retinal changes

At P14 orbital macroscopic bleedings were observed in four out of ten IHH animals and in
none of the controls. Furthermore, haemorrhage in the ganglion cell layer and/or inner and
outer nuclear layer were seen in five out of nine animals in the IHH group, often in all three
layers and on several locations (Figure 2 a-d). Similar bleedings were observed in one control
animal in one location. At P28 areas of neovascularization were observed in retinal
wholemounts of both IHH animals (Figure 2 g-h) but not in the control (Figure 2 e-f), and the

control retinal vasculature appeared more remodelled compared to IHH.

Bodyweight

On P14 litter A weighed less (n = 13, mean = 21.2 + 0.6 g) than litter B (n =9, mean =27.4
0.5g) and controls (n = 8, mean = 25.8 + 1.1g; p < 0.01) while B was heavier than controls (p =
0.01). At P28 mean weight of B (79.6 + 2.6g) was higher than that of A (73.8 £ 2.7g, p = 0.01)

but none were different from mean weight of controls (76.3 + 3.4g).

Brain volume

At P14, litter A (809.8 *+ 20.7ul) had lower brain volume than litters B (871.8 + 33.0ul) and C
(875.4 + 21.5ul; p = 0.01) while litter B and C did not differ. At P28 mean volume of A (1002.0
+ 31.0ul, p = 0.01) was lower than that of B (1081.2 + 11.2ul) but none were different from
controls (1049.4 + 48.1pl).

Histopathology
No pathological changes were seen in the H & E brain sections with regards to neuropil,
neurons, glial cells, vessels or leptomeninges. There were especially no extravasations of

erythrocytes, inflammation or eosinophilic degeneration in neurons observed.

Immunohistochemistry



A generalized positive immunoreaction for albumin was seen in both IHH and controls in the
neuropil at P14 and in the hypothalamus, a circumventricular organ void of BBB [29], at P28
(Figure 3 a & c). However, only in the IHH group was focal perivascular albumin leakage
above control levels observed in the neuropil at P28 (Figure 3 e & f). Although albumin
leakage was present in most animals in both litters in the IHH group (A: 6/7 animals versus B:
3/5 animals), litter A had multiple larger areas (Figure 3e), while those of litter B were
singular smaller areas similar to those observed in control animals. Cortical vascular density
of the IHH animals was higher than controls at P14 (p = 0.005, see Figure 4) and tended to be
higher in the thalamus (p = 0.07). At P28 vascular density was similar to controls. GFAP
staining was not elevated in the IHH versus controls, nor was there increased activation of

microglia at either time-point (data not shown).

T, maps

Visual evaluation of T,-maps did not reveal differences in grey or white matter. However, at
P14 the measured T,-relaxation time was higher in the IHH group than in controls in cortex
(p = 0.02) and thalamus (p = 0.03) (Table 1), but similar on P28. In both groups T,-relaxation
time decreased from P14 to P28 (p < 0.003). At P14 litter A had a higher mean T, relaxation
time than litter B in all areas (p < 0.006), and than controls in cortex and thalamus (p < 0.001,

Figure 7).

Diffusion Tensor Imaging

At P14, mean, radial and axial diffusivity were higher in the IHH than in the control group in
all areas of white matter (p < 0.04) except axial diffusivity in the external capsule (p = 0.09).
Fractional anisotropy (FA) was lower in the hippocampal fimbriae (p = 0.001) and tended to
be lower in the external capsule (p = 0.05) and corpus callosum (p = 0.08, see Figure 5) in the
IHH group. At P28 there was no difference in white matter diffusivity of the corpus callosum
between IHH and controls, but there was a significant increase in FA (p = 0.03) and decrease
in radial (p = 0.008) and mean (p = 0.009) diffusivity from P14 to P28 in the IHH group (Table
2). Litter A had a lower mean FA in all of white matter, corpus callosum and hippocampal
fimbria than B and controls (p < 0.02, Figure 8). Furthermore, radial diffusivity in A was

higher than that of B and controls in all areas (p < 0.01). Mean diffusivity for litter A was
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higher than litter B in the internal capsule (p = 0.001) and in all areas compared to controls
(p < 0.005). Axial diffusivity in the internal capsule was higher in litter A than controls (p =

0.04). At P28 there were no differences in DTl parameters between litters (data not shown).

RotaRod
The IHH group ran for a longer time on the RotaRod than controls at both P20 (p = 0.003)

and P27 (p = 0.004, Figure 6).
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Discussion

White matter

Diffusion Tensor MRI is an excellent method to study directional free water diffusion and
thereby in vivo white matter microstructural development and myelination [30]. During the
first postnatal weeks the white matter of rats undergoes maturational changes such as
increased oligodendrocyte coverage and myelination of white matter axons. This maturation
is reflected in the measured water diffusion with decreasing mean diffusivity, increasing
fractional anisotropy (FA) and decreasing radial diffusivity [31] of the white matter. We
report three major findings from DTl of white matter structures performed at P14 and P28
after IHH exposure: 1) higher mean, axial and radial diffusivity among IHH animals at P14; 2)
lower FA among IHH animals at P14; 3) no difference in diffusivity at P28. The two first
observations indicate a less structured white matter with increased extracellular versus
intracellular water content at P14. A normalization of white matter diffusivity long-term
similar to what was observed in the present study has earlier been reported after neonatal
hypoxia-ischemia [32]. Albeit DTI data were limited at P28, we speculate that alterations in
diffusivity after neonatal IHH may be related to white matter maturational delay rather than
to permanent injury. Such an interpretation is supported by studies reporting that neonatal
intermittent hypoxia delay the maturation of oligodendrocytes rather than injure axons
permanently [33] and that neonatal hyperoxic exposure cause a similar maturational delay
[34]. Delayed white matter maturation with subsequent hypomyelination is also observed in
preterm infants with diffuse white matter injury [35]. However, our DTI findings contrast
reports of permanent white matter diffusivity alterations after neonatal hypoxia [36] and
hyperoxia [12]. Our profile of IHH had lower hyperoxia (50% versus 80%) and shorter
hypoxia (three two-minute episodes every sixth hour versus ten days continuous exposure)
than the aforementioned studies. This less severe exposure may have caused transient white
matter affection with a preserved ability to catch-up maturation rather than a permanent
injury, which may explain the observed normalization of white matter diffusivity after IHH

exposure over time.
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Grey matter

Higher grey matter T,-relaxation time in response to intermittent hyperoxia-hypoxia (IHH)
indicates increased water content, and alterations in angiogenesis and BBB-formation may
explain the increased vascular density and albumin leakage long-term. The angiogenic effect
of hypoxia [37] has been extensively studied in the adult, but not the neonatal brain [38].
On the other hand, hyperoxia causes microvascular degeneration in the neonatal brain [24]
possibly inducing tissue hypoxia. By exposing the neonatal brain to a combination of high
and low oxygen levels as in IHH, such vasoobliteration by hyperoxia may have potentiated
the angiogenic effect of the hypoxic episodes. Moreover, the normalization of vascular
density in the IHH group at P28 may possibly be mediated via apoptosis of the newly-formed
endothelium [23,39]. However, the concomitant long-term albumin leakage indicates that

BBB-integrity was permanently altered even though vessel density returned to normal levels.

The decrease in T,-relaxation time in normal brain tissue during maturation of the brain
coincides with a reduction in free extracellular water as neurons mature [40,41]. Although
the BBB is not fully developed at neonatal age [42] most of the functional barrier properties
i.e. glucose and albumin transporters are [29]. Thus the relatively high brain water content
and high concentration of albumin in the cerebrospinal fluid (CSF) at this age [29] may
explain the observed albumin-immunoreactivity in the neuropil at postnatal day 14. The
suggested presence of a transcellular route for albumin transport [43] is supported by visible
albumin in intracellular vesicles in the choroid plexus cells at both P14 and P28 (Figure 4 b &

d).

Rotarod

The IHH animals ran longer on the Rotarod than controls, contrary to what would be
expected if IHH exposure had given motor function deficits. It is unlikely that this was caused
by an improved motor function after IHH exposure. However, during consecutive trials
several animals in the control group were able to turn around and apparently willingly jump
off the rotating rod, thereby resulting in shorter time spent on the rod. None of the IHH
animals showed this behaviour. Neonatal hyperoxia has been shown to impair memory in

rats [11] and although behavioural tests were not performed in the present study, we

13



speculate that differences in memory may explain the observed longer time spent on a

Rotarod after IHH exposure.

Retina

It should be noted that classic avascular zones with subsequent prominent
neovascularization such as those seen in models for ROP with 24 hours exposure of
alternating hyper- and hypoxia [4] have not been observed after IHH [27], or after
fluctuating oxygen levels around a normoxic mean [6]. Nevertheless, in line with earlier
reports [27], the highly clinically relevant profile of neonatal IHH in our study created

retinopathy seen as macro- and microscopic haemorrhages.

Implications for further research

The strength of our study is the longitudinal design with MRI, immunohistochemistry and
neurodevelopmental testing, enabling the comparison of in vivo grey and white matter
changes to detailed histopathological characterization and long-term outcome. However,

the exploration of brain development after neonatal IHH has raised several questions:

(I) Does intrauterine and postnatal growth influence susceptibility to injury from IHH? Rat
pups born in larger litters have a lower bodyweight at birth and in the whole suckling period
[44], indicating that intrauterine growth determines postnatal body weight gain. Even
though no intervention was applied to induce growth restriction in our study, pups from the
most numerous litter with the lowest bodyweight and brain volume had the most severe
alterations in many parameters of brain development. This finding could have been caused
by confounding maturational differences due to age with IHH exposure. However, because
of rigorous control of the time of birth, the age of the pups was comparable in the present
study. Nevertheless, lower body weight may lead to later achievement of developmental
milestones [44]. Such a maturational delay may have contributed to the differences
observed in white matter diffusivity and in T, relaxation time, since as mentioned earlier,
changes in these parameters are part of normal brain development. However, the albumin
leakage over the BBB that was most pronounced in pups with the lowest bodyweight was a
pathological finding that could not have been related to maturation. Therefore, albeit the

limited number of litters, this study may imply that growth restriction, even within the
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normal range [45], may sensitize the brain to adverse events such as IHH. Indeed, birth
weight at term within the normal range correlates with longitudinal brain volume
development [46]. Furthermore, being born small-for-gestational-age (SGA) deteriorates
neurodevelopmental outcome [47] and delays white matter maturation at term-equivalent
age in preterms [48]. To explore if an interaction between growth and IHH exists, studies

where growth restriction is a controlled condition should be performed.

(1) What is the role of key cellular players in the formation of BBB integrity like pericytes [49]
and mediators of angiogenesis like vascular endothelial growth factor (VEGF) [37] in the
alterations observed after IHH? Endothelial coverage of pericytes closes the time-window
when immature vessels are vulnerable to obliteration by hyperoxia [50], and hypoxia causes
the same cells to migrate away from vessels, further destabilizing the endothelium [51].
Furthermore, although angiogenesis in tissue hypoxia is most likely beneficial, its mediator
VEGF increases vessel permeability [52]. Future studies should probe whether alterations in
pericyte development and VEGF secretion form a causal basis for the observations of
increased vascular density, higher T, relaxation time and long-term BBB leakage reported in

the present study.

Conclusion

IHH led to subtle changes in brain white matter diffusivity, grey matter water content and
vascular density. However, alterations in BBB permeability may indicate permanent long-
term effects. The formation of the neurovascular unit may represent a common site of injury
in both the retina and the brain. Alterations after IHH exposure were more severe in low-
weight animals. Future studies should aim at exploring whether an interaction between

inhibited postnatal growth and IHH exist.
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Figure 1 Experimental profile of intermittent hyperoxia-hypoxia
Every sixth hour of hyperoxia (50 % O,) was interrupted by a cluster of three consecutive
episodes of hypoxia (12 % O,) 10 minutes apart, each of 2 minutes. This profile was applied

continuously from < 4 hours after birth until postnatal day 14.
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Figure 2 Retina

(a-d): H&E retinal slices from control (a) and IHH animals at P14 (b-d) showing haemorrhage
in the ganglion cell layer (b), inner nuclear layer (c) and outer nuclear cell layer (d). (e-h):
Retinal wholemounts stained with endothelial-specific Biotinylated Griffonia (Bandeiraea)
Simplicifolia Lectin | Isolectin B4 from controls at P28 with a mature vascular bed (e) with no
vasculature extending beyond the ora serrata (f). Vascular bed in IHH animal at P28 with less
remodelling (g) and areas of vascularization beyond the ora serrata (h). (a-d): x400
maghnification; scale bar = 50 um. (e-h): x100 magnification; scale bar = 200 pm.
Abbreviations, IHH, intermittent hyperoxia-hypoxia; P14, postnatal day 14; P28, postnatal
day 28.
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Figure 3 Albumin

Albumin immunoreactivity (brown stain) at P14 (a-b) and P28 in controls (c-d) and IHH (e-f).
Note several spots of albumin immunoreactivity in the cortex and thalamus of the IHH
animal at P28, and positive immunoreactivity for albumin in both experiment groups.
Albumin is present in intracellular vesicles in neuroependymal cells in the ventricles (b & d).
(g) The sum of positive scores for albumin leakage in the neuropil of the respective brain
areas are presented as fractions of the maximum possible score in each experiment group at
P 28. (a, c & e): scale bar = 2 mm (b, d & f): scale bar = 50 um at x 400 magnification.
Abbreviations: IHH, intermittent hyperoxia-hypoxia; P14, postnatal day 14; P28, postnatal
day 28.
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Figure 4 Vascular density

(a) Vascular density as % of controls (white columns, n = 4) in IHH animals at postnatal day
14 (grey columns; IHH: n = 10) and postnatal day 28 (black columns; IHH: n = 12). Data are
expressed as mean = 95% confidence intervals. (b-e) x400 magnification of lectin-stained
endothelium in IHH (upper row) and control (lower row) at P14 (b & d) and P28 (c & e). *p =
0.005 IHH vs. control. Scale bar = 50 um. Abbreviations: IHH, intermittent hyperoxia-hypoxia;
pvwm, periventricular white matter.
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Figure 5 DTl on postnatal day 14

Fractional anisotropy (a); radial (b); mean (c) and axial diffusivity (d) in white matter areas of
controls (grey columns, n = 8) and IHH (black columns, n = 22). Mean, axial and radial
diffusivity are shown in units of mm?/s. Data are presented as mean t* 95% confidence
interval.* p < 0.04. Abbreviations: wm: all of white matter; bcc: corpus callosum (body); ec:
external capsule; ic: internal capsule; IHH, intermittent hyperoxia-hypoxia; hf: hippocampal
fimbriae.
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Figure 6 Rotarod testing

Mean time on a Rotarod on P20 and P27 of IHH (n = 12, black diamonds) and controls (n =4,
grey boxes). *p < 0.04 IHH vs. control. Data are presented as mean + 95% confidence
intervals. Abbreviations: IHH, intermittent hyperoxia-hypoxia; P20, postnatal day 20; P27,
postnatal day 27.
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Figure 7 Litter differences in T,

T,-relaxation time in the brain at P14 in litter A (grey columns, n = 13), litter B (black
columns, n = 9) and C (white columns, n = 8) in the cortex (a), hippocampus (b), putamen (c)
and thalamus (d). T,-relaxation times are shown in units of milliseconds. Differences
between litters are marked where significant (p < 0.05). Data are presented as mean + 95%
confidence interval. Abbreviations: IHH, intermittent hyperoxia-hypoxia; P14: postnatal day
14; P28: postnatal day 28.
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Figure 8 Litter differences in DTI metrics

Fractional anisotropy (a); mean (b), radial (c) and axial diffusivity (d) in white matter areas of
litter A (grey columns, n = 13), B (black columns, n = 9) and controls (white columns, n = 8)
on postnatal day 14. Mean, axial and radial diffusivity are shown in units of mm?/s. Data are
presented as mean = 95% confidence interval. Differences between litters are marked where
significant (p < 0.05). Abbreviations: wm: all of white matter; bcc: corpus callosum (bcc); ec:
external capsule; ic: internal capsule; IHH, intermittent hyperoxia-hypoxia; hf: hippocampal
fimbriae.
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Supplementary Information:

Figure 1 Regions of Interest in T, and FA-maps

(a) To-map corresponding to —1.5 mm from the bregma with regions of interest (ROI) marked
in putamen (blue). (b) T, -map corresponding to —3.25 mm from the bregma with ROl in
parasagittal cortex (green), hippocampus (red) and thalamus (pink). (c) Colour-encoded
directional FA-maps from postnatal day 14 (c) and 28 (d) with ROl in corpus callosum (blue),
hippocampal fimbriae (green), internal capsule (red) and external capsule (pink). The ROl in
corpus callosum encompassed three slices anterior and three posterior to the one shown.
The ROl in hippocampal fimbriae, external and internal capsule encompassed two posterior
to the one shown.
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Tables

cortex hippocampus putamen thalamus
(msec)
HH P14 70.7 +0.8* 69.9 +0.9 69.3 £0.9 70.2 +1.0*
P28 54.9 +0.8% 56.0 +0.6T 55.9 +1.3% 54.1 +0.8t
P14 69.3 £0.7 69.7 £1.1 69.0 £0.2 68.5 1.1
control
P28 54.9 +2.1t 55.6 +2.4 % 55.4 +1.4t 52.2 +1.2%

Table 1 T, relaxation time

T,-relaxation time in the brain at P14 (IHH: n = 22; control: n = 8) and P28 (IHH: n = 12;

control: n=4). Data are presented as mean * 95% confidence interval. *p < 0.05 P14 IHH vs.

P14 control. tp < 0.003 P14 vs. P28 within each experiment group. Abbreviations: IHH,

intermittent hyperoxia-hypoxia; P14: postnatal day 14; P28: postnatal day 28.

FA radial diffusivity mean diffusivity axial diffusivity
(mm?/s)
IHH P14 044 = 0.02 0.00090 + 0.00005* 0.00115 + 0.00005* 0.00166 + 0.00004*
P28 0.52 + 0.05% 0.00072 + 0.00005% 0.00103 + 0.00003t 0.00164 = 0.00005
P14 044 + 0.02 0.00078 * 0.00002 0.00103 + 0.00001 0.00153 + 0.00003
control
P28 0.48 + 0.05 0.00077 = 0.00005 0.00103 + 0.00004 0.00154 + 0.00009

Table 2 Diffusion tensor metrics of the corpus callosum at postnatal day 14 and 28

DTI metrics in animals with DTI of the corpus callosum at both P14 and P28 in IHH (n = 6) and
controls (n = 4). Data are presented as mean * 95% confidence interval.* p < 0.02 P14 IHH vs.

P14 control, tp < 0.03 P14 IHH vs. P28 IHH. Abbreviations: FA, fractional anisotropy; IHH,
intermittent hyperoxia-hypoxia; P14, postnatal day 14; P28, postnatal day 28.
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