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Abstract

The cerebellum is an important part of the brain and in very preterm infants the cerebellum is smaller at term
equivalent age compared to that of infants born at term.

Hypothesis and aims: The general hypothesis is that preterm birth per se causes cerebellar underdevelopment
and that certain events following preterm birth, either complications or treatments, can aggravate the
underdevelopment. The general aim is to evaluate how preterm birth in association with potentially damaging
events i.e., intraventricular hemorrhage (IVH), the neurovascular disease retinopathy of prematurity (ROP) and the
widely used adenosine antagonist caffeine, can affect the cerebellar development.

Methods: Paper I. Postnatal growth, cerebellar external granular layer (EGL) development and circulating IGF-1
levels were evaluated following preterm birth in rabbit pups and compared to that of term pups to evaluate if the
preterm rabbit pup model is suitable for future cerebellar studies. Paper /I. The distribution and effect of cell-free
hemoglobin (Hb) on cerebellar development was evaluated following IVH in preterm rabbit pups and compared to
preterm pups without an IVH. Additionally the effect of the cell-free Hb scavenger Haptoglobin (Hp) was evaluated.
Paper Ill. The relationship between any stage of ROP, brain volumes and developmental outcome was evaluated in
very preterm infants. Paper IV. The effect of caffeine on cerebellar development and the Insulin-like growth factor 1
(IGF-1) system was evaluated in preterm rabbit pups given enterally administered caffeine and compared to control
preterm pups.

Results: Paper |. Mean weight and circulating levels of IGF-1 were significantly lower in preterm pups at all time-
points (all p<0.05). Postnatal weight correlated with circulating IGF-1 (*=0.89) independantly of gestational age at
birth and postnatal age. Proliferation was reduced in preterm pups at postnatal day 2 (P2) compared to term pups
(p=0.01). Purkinje cells in the preterm pups exhibited reduced calbindin staining at PO (p=0.003), P2 (p=0.004) and
P5 (p=0.04) compared term group. Paper Il. IVH was associated with a decreased proliferative (Ki67 positive)
portion of the EGL, delayed Purkinje cell maturation, and activated microglia in cerebellar white matter.
Immunolabeling at PO in pups with IVH, demonstrated a widespread presence of cell-free Hb in all cerebellar layers.
Intraventricular injection of Hp resulted in a distribution of Hp corresponding to that of cell-free Hb in the cerebellar
layers and a partial reversion of the damaging effects observed following IVH. Paper lil. Infants with any stage of
ROP had lower unmyelinated white matter volume (UWMV) (p<0.001), cerebellar volume (p<0.001), mental
developmental index (p<0.001) and psychomotor developmental index (p=0.002) compared to infants without ROP.
Paper IV. Caffeine treatment did not affect weight development, serum IGF-1 or hepatic expression of mMRNA for
IGF-1 at any given time-point. Cerebellar densities of IGF-1R, calbindin positive Purkinje cells and Ki67 positive
proliferating cells were not affected by caffeine exposure.

Conclusions: The preterm rabbit pup model exhibits characteristics relevant to human preterm birth and is
appropriate for further studies on preterm birth and cerebellar development. IVH in the preterm rabbit pups is
followed by extensive deposition of cell-free Hb in cerebellar layers and associated with microglial activation,
reduced neuronal proliferation and Purkinje cell maturation. Intraventricular injection of the scavenger Hp partially
blocked these effects suggesting that cell-free Hb is causal in cerebellar impairment following IVH. Development of
any stage of ROP was associated with reduced cerebellar volume and UWMV and impaired neurodevelopmental
outcome at 2 years corrected age. Enteral administration of caffeine to preterm rabbit pups did not reveal effect on
growth or the closely related IGF-1 system in preterm rabbit pups and did not affect key neuronal maturation in the
cerebellar EGL. It did increase survival.
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Small

Small soul
Whose cry broke through
Immature lungs
Immature throat
You were born to fight

Small arms
Who flail against the world
Beating fists
Beating heart
You were born to fight

Small body
That yearns to grow
Beeping lights
Beeping alarm
You were born to fight

Small mouth
That aches to feed
Searching lips
Searching eyes

You were born to fight

Small soul
Whose cry broke through
You can breath
You can sing

Home

© Jody L. Hart
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Summary

With improving neonatal intensive care, smaller and extremely preterm infants
survive. Although much progress has been made, knowledge on the impact of
extreme prematurity and related complications on brain development is still
insufficient. The cerebellum is a part of the brain that helps to regulate
movements, coordination and cognitive function. During the last trimester of
pregnancy the cerebellum is the fastest growing part of the brain and is in a very
active proliferative phase before reaching term age which suggests increased
vulnerability to environmental changes following very preterm birth. The
awareness of the previously underrecognized role of acquired cerebellar
abnormalities following preterm birth and their important contribution to
neurodevelopmental disability is increasing.

In preterm infants the cerebellar volume as determined by magnetic resonance
imaging (MRI) is smaller at term age than in control term infants. Reduced
cerebellar volume at term age has been associated with subsequent
neurodevelopmental impairment. Cerebellar underdevelopment may ensue from a
direct cerebellar injury, such as hemorrhage or infarction, it can be a secondary
effect related to damage in the cerebrum such as intraventricular hemorrhage
(IVH) but is also shown following preterm birth per se, without preceding injury.
The mechanisms involved in reduced cerebellar volume following very preterm
birth are unknown.

The main question of this thesis is why the cerebellum is smaller in preterm
children compared to term born children, and which neonatal events affect or
modify cerebellar development? The general hypothesis is that preterm birth per
se disturbs normal cerebellar development and that certain events following
preterm birth, either complications or treatments, can aggravate the
underdevelopment.

In the first study we concluded that preterm birth in rabbit pups exhibits a
combination of characteristics relevant to human preterm birth and affects
cerebellar development compared to term born pups and is appropriate for use in
future studies relating to preterm birth and cerebellar development. The second
study showed that following IVH in the preterm rabbit pup there is an extensive
deposition of cell-free hemoglobin (Hb) in cerebellar cell layers and white matter.
The exposure to cell-free Hb was associated with microglial activation, an arrest in
neuronal cell proliferation and delayed Purkinje cell maturation. Intraventricular
administration of the cell-free Hb scavenger, haptoglobin, partially blocked these
effects suggesting that cell-free Hb and its downstream metabolites are causal in
cerebellar underdevelopment following IVH. It is well established that the severe
form of retinopathy of prematurity (ROP) is associated with impaired
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neurodevelopment. ROP is a continuous process of impaired vascular and
neuronal retinal development, a neurovascular disease and in the third study on
ROP, brain volumes and neurodevelopmental outcome we found that indeed any
stage of ROP was associated with reduced cerebellar and unmyelinated white
matter volumes at term equivalent age and with lower developmental quotients at
2 years corrected age. We therefore recommend that future studies addressing the
association between ROP and development should consider the whole spectrum of
ROP. Cafteine is one of the most prescribed drugs in neonatal care and the focus
of the fourth study. Experimental data are conflicting, with studies showing either
adverse or beneficial effects of caffeine in the developing brain. Enteral caffeine
administration to preterm rabbit pups did not reveal any effects on growth or the
closely related trophic IGF-1 system in preterm rabbit pups and did not affect key
neuronal maturation in the cerebellar external granular layer. It did however
increase survival.

To improve the long term outcome for preterm infants a knowledge of damaging
factors is crucial to be able to treat, or preferentially prevent adverse events that
affect preterm brain maturation. The conclusions of this thesis are that key
neuronal maturation is affected following preterm birth in rabbit pups and that
IVH aggravates the damage, which can be partially reversed with a cell-free Hb
scavenger. The association between retinal and brain development suggests that
factors reducing the risk of ROP could also reduce the risk of adverse brain
development, including that of cerebellar development. Improved nutritional status
and thereby reduced postnatal growth restriction following preterm birth is one
example of suggested factors that could reduce the risk of ROP and improve brain
growth and neurodevelopment. Caffeine, the widely used medicine in the neonatal
care of preterm infants, does not appear to affect cerebellar development and
increased survival in the preterm rabbit pups. Future studies will focus on
improving postnatal nutritional status and growth following preterm birth in rabbit
pups and evaluate longterm behaviour and neurodevelopment. Caffeine could
facilitate future studies by increasing the survival in preterm rabbit pups. The other
direction should aim att studies on scavenging of cell-free Hb following IVH, i.e.,
how to get the scavengers into the central nervous system in sufficient levels to
reduce cerebral and cerebellar damage following IVH.
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Does preterm delivery
per se in rabbit pups
affect serum IGF-1
levels and cause
changes in key
elements of the
developing
cerebellum?

Preterm rabbit pups
were compared to
term pups by weight,
IGF-1 levels and
cerebellar proliferation,
cell maturation and
apoptosis at repeated
time points

Mean weight and
serum IGF-1 were
lower in the preterm
group at all time-
points. Proliferation in
the EGL and Purkinje
cell morphology was
altered in preterm
pups. Incidental
finding was cerebellar
white matter necroses
in a subgroup of the
preterm pups.
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The cerebellar
development in the
preterm rabbit pup
model exibits
characteristics
relevant to human
preterm birth. We
propose the model as
appropriate for future
studies on cerebellar
development.

How does IVH
affect cerebellar
development in
preterm rabbit
pups and is cell-
free Hb a causal
factor in the
process?

The cerebellar
histology of
preterm rabbit
pups with IVH
were compared
to control pups
and haptoglobin
was used as a
Hb scavenger

Accumulation of
cell-free Hb in
cerebellar layers
following IVH
decreased EGL
proliferation and
delayed Purkinje
cell maturation.
The damaging
effects were
partially reversed
by Hb
scavenging.
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IVH exposes the
cerebellum to
cell free Hb and
causes
cerebellar
impairment.
Scavenging of
Hb metabolites
may reduce
subsequent
cerebellar
impairment.

How is the
relationship between
any stage of ROP,
brain growth and
developmental
outcome in preterm
infants at 2 years
corrected age?

52 very preterm
infants followed and
evaluated for grade
of ROP, brain
volumes by MRI at
term age and
developmental
outcome assessed at
2 y of corrected age
using the BSID-II

Preterm infants with
any stage of ROP
had lower cerebellar
volumes and
unmyelinated white
matter volumes and
lower mean MDI and
PDI at 2 y corrected
age as compared to
infants without ROP.

Not only severe but
all stages of ROP
should be considered
when evaluating the
relationship between
ROP, brain
development and
neurodevelopmental
outcome.
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Does caffeine
affect the IGF-1
system and key
cerebellar cell
populations in
preterm rabbit
pups?

Preterm rabbit
pups treated with
caffein were
compared to
preterm controls.
Serum-IGF-1,
hepatic mRNA for
IGF-1 and
cerebellar IGF-1R
distribution and
histology were
evalued.

Caffeine exposure
did not affect
weight, serum or
hepatic mRNA for
IGF-1 at any
given time-point.
No difference in
cerebellar IGF-1R
expression,
proliferation or
Purkinje cell
morphology was
observed.
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Enterally
administered
caffeine had no
clear effects on
growth or the
closely related
trophic IGF-1
system in preterm
rabbit pups.



Preface

With improving neonatal intensive care, smaller and extremely preterm infants
survive. The increased survival has raised the awareness of the major
complications following preterm birth and their negative effect on development of
affected infants and in spite of advancing neonatal care, neurodevelopmental
complications are common. Fundamental knowledge on the nature of brain injury
and brain development is needed to reverse, or preferably prevent the damaging
factors. Although much progress has been made, knowledge on the impact of
extreme prematurity and related complications on brain development is still
insufficient.

Very preterm infants are poorly adjusted to the extrauterine environment. The
nutritional changes and insufficient levels of growth factors that follow preterm
birth, result in delayed growth and increased risk of multisystem complications.
Cerebral insults are well recognized but cerebellar insults are less studied. The
awareness of the important contribution of the cerebellum to neurodevelopmental
disability is increasing.

This thesis focuses on the cerebellum and its association to common neonatal
events following very preterm birth and some of the many unanswered questions.
The first paper is a descriptive study that compares some key factors in cerebellar
development between preterm and term rabbit pups and evaluates the animal
model for future studies. The second paper describes the effect of cerebral IVH on
cerebellar development. The third paper presents a clinical study in preterm
infants, where the association between retinal development, brain growth
including the cerebellum, and later developmental outcome is evaluated. Caffeine
is one of the most commonly used drugs in the preterm population and the fourth
paper evaluates effects of caffeine on the immature cerebellum.
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Background

Very preterm birth

Definitions

Extremely preterm infants are per definition born before 28 completed weeks of
gestation (GW) and very preterm infants are born before 32 completed GW. The
subject of this thesis applies to infants born extremely and very preterm, together
adressed as preterm infants for simplicity unless otherwise specified. Very low
birthweight infants are infants with a birthweight < 1500g.

Survival

To understand the importance of long-term complications following preterm birth
in countries with established modern neonatal care some facts are presented.

In western countries about 1.3-1.5 % of all births are very preterm. In Sweden that
equals 1600 infants per year, 60 very preterm infants per year in Iceland and in
USA this corresponds to about 65000 very preterm infants born every year
according to the national birth registry in each country.

The survival rate is around 90% but complications are common. It is fair to point
out that in spite of the high risk of complications the majority of children born
preterm have mild or no disabilities at all .

Major complications

The high rates of morbidity following very preterm birth make the limits of
viability controversial. The more preterm the higher the risk for complications.

The major complications of preterm birth with the greatest impact on future health
are: severe intraventricular hemorrhage (IVH), severe retinopathy of prematurity
(ROP), severe bronchopulmonary dysplasia (BPD), periventricular leukomalacia
(PVL) and necrotising enterocolitis (NEC).

17



About 5-10% of VLBW infants develop major motor deficits i.e., cerebral palsy
(CP), and 25-50% develop one or more type of cognitive, behavioural, attentional
and/or socialization impairment °.

Neurodevelopment in preterm infants

Preterm birth increases the risk of abnormal brain development and developmental
problems, even in infants with normal brain ultrasound during their neonatal
period *°. Compared to controls, very preterm infants have an increased risk of
motor impairment, cognitive impairment, neurobehavioural problems, hearing loss
and blindness and these problems persist throughout childhood *°.

In the Swedish EXPRESS study of preterm infants born before 27 GW, 30% had
moderate to severe cognitive disability, 9.5% had CP, 2% were blind and 2%
needed hearing aid. Overall, 14% had severe disability, 20% had moderate, 30%
had mild and 36% had no disability at 6.5 years of age '. Severe ROP and brain
injury independently predicted the risk of death or major disability at 11 years of
age .

The prevailing brain pathology in preterm infants is diffuse white matter cerebral
injury. White matter lesions have primarily been considered to be the origin of
neurological impairment and the most contributing neuropathology '*'*. Reduced
cortical volumes and increased cerebrospinal fluid (CSF) volumes are associated
with neurodevelopmental disability both at an early age ' as well as at school age
' and reduction in white matter volumes of the sensorimotor and midtemporal
regions have been linked to adverse mental development at early age '’. PVL and
associated neuronal/axonal damage can be referred to as “encephalopathy of
prematurity” . The increased use of magnetic resonance imaging (MRI) and of the
mastoid view on cranial ultrasound imaging "' has increased the awareness of
the previously underrecognized role of acquired cerebellar abnormalities following
preterm birth and their important contribution to the neurodevelopmental disability
in this population ***. Reduced inferior occipital volumes, including the
cerebellum, have been linked to visual ** and to cognitive impairment *.
Cerebellar damage has been found in as much as 64% of extremely preterm infants
who later developed CP .

18



Cerebellum

The role of the cerebellum

The cerebellum is a part of the brain that helps to regulate movements,
coordination and cognitive function. The cerebellar role in higher functioning such
as cognition, behavior, emotion and language processing, memory and motor
learning has become evident in recent years >*"**. A follow up of preterm
infants up to adolescence found significant smaller cerebellum on MRI compared
to age matched controls and interestingly there was no association between
cerebellar volumes and motor impairment but a significant association with
several cognitive test scores *°. Cerebellar abnormalities have been associated with
neuropsychiatric conditions, characterized by perceptual and cognitive
disturbances such as autism, attention deficit hyperactivity syndrome (ADHD) and
dyslexia *7°*. The exact mechanisms whereby the cerebellum influences
perception is not yet fully understood >"**.

The “cerebellar cognitive affective syndrome” characterized by deficiency in
executive functioning, spatial cognition, linguistic abilities and negative changes
in personality is a well defined non-motor sequela of cerebellar injury or
malformation in older children and adults. It can be applied to preterm born
children as well as a developmental form of the syndrome *~°.

Increased recognition of cerebellar involvement in neurodevelopmental
impairment following preterm birth emphasizes the importance of understanding
the normal events of cerebellar development during the last trimester of pregnancy
and how factors associated with preterm birth may interfere with cerebellar
maturation.

Cerebellar development

Cerebellar development in humans takes place from the fourth gestational week to
2 years of age. During the last trimester the cerebellum is the fastest growing part
of the brain and is in a very active proliferative phase before reaching term age
which suggests increased vulnerability to environmental changes following very
preterm birth ***’. During this period the cerebellar volume increases 5-fold and
the surface area increases 30-fold which makes this period critical in structural and
functional cerebellar development **. The adult number of folia is reached at
around 2 months postnatal age.
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Development of the cerebellar cortex

The mature cerebellum is composed of the cortex, the underlying white matter and
the deep nuclei. The cortex is composed of the superficial molecular layer,
Purkinje cell layer and the deep granular cell layer. In this thesis the main focus is
on the cortex of the developing cerebellum as this is the region with the highest
neuronal proliferative rate.

Cerebellar neurons originate in two waves of proliferation. The early wave is from
the ventricular zone of the neuroepithelium, takes place at early embryonic stages
and gives rise to deep nuclei neurons and all the Purkinje cells. The second wave,
from the rhombic lip, takes place during late 2™ and the 3™ trimester of pregnancy
in the external granular layer (EGL) where the granule neuron precursors migrate
tangentially to cover the surface of the cerebellar plate.

The EGL, is a transient developmental part of the cerebellum were the granule
neuron precursors proliferate. This proliferation is regulated by the Purkinje cells
that secret the signalling factor Sonic hedgehog (Shh) ***°. The EGL reaches its
peak thickness at around GW 25 and expands horizontally thereafter. As the EGL
reaches its peak thickness the post mitotic granule precursor cells start their inward
migration to form the internal granular layer (IGL). The EGL disappears at around
the 7" postnatal month. The proliferation of granule cell precursors in the EGL
and their inward movement to form the IGL is the most important cellular
determinant of cerebellar maturation and patterning which makes this period a
critical event in cerebellar development *. Granule neurons constitute 95% of all
the neurons in the mature cerebellum. Fig 1.
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Fig 1. Key factors in cerebellar cortex development.

The granule cell progenitors (light purple) migrate from the rhombic lip and expand tranversially throughout the
cerebellar surface, become postmitotic (purple) and migrate inward to their permanent place as granule neurons in
the IGL (dark purple). Immature Purkinje neurons (turquoise) migrate from the ventricular neuroepithelium to their
permanent location in the cerebellar cortex. They seceret the trophic factor Sonic hedgehog (Shh) which stimulates
the granule precursor cell proliferation in a paracrine way and their own development in an autocrine way. When in
place their dendrites start to grow in the molecular layer towards the EGL and will make important synapses with the
granule cell axons. Immature Bergmann glia migrate the same way as Purkinje neurons to their final destination
(green) among and inferior to the Purkinje neurons. The Bergman glia send their axons through the forming molecular
layer to the EGL to guide the inward movement of the granule cells.

Key factors in cerebellar development

Fig 1.

22,32,40-42
Granule cells

Granule cells mature from their precursors in the EGL and after proliferation
migrate along the Bergman glia fibers to their permanent position in the
IGL/granule cell layer. During their migration through the molecular layer their
axons, the parallell fibers, make a critical contact with the Purkinje cell dendrites
to establish the cerebellar circuitry. At their final destination in the IGL they are
contacted by mossy fiber inputs from the pons.
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. 22,32,40-42
Purkinje cells

The Purkinje cells are the key cells of the cerebellar circuit. They migrate to their
location in the cerebellum and with time organize themselves into a monolayer,
the Purkinje layer. During this time their dendritic tree grows towards the EGL.
The Purkinje cells are responsible for the morphogenesis of the cerebellum by
secreting Shh that controls the proliferation of granule precursor cells **. The final
postsynaptic arrangement of their dendritic tree with the parallel fibers and the
mossy fibers is essential for the cerebellar circuit. In return the granule cells have
trophic input on the Purkinje cells which is evident when the granule cell
population is experimentally compromised which results in poorly aligned
Purkinje cells and morphologically altered dendrites. The Purkinje cells receive all
input to the cerebellar cortex via direct contact with climbing fibers from inferior
olivary nuclei and indirect, via granule cells, from mossey fibers from the nuclei of
the spinal cord, brainstem and deep cerebellar nuclei. Their axons are the sole
output from the cerebellar cortex to the thalamus and brain stem.

Bergman glia *>7>*"*

Bergman glia are astrocytes that direct neuronal migration and guide the critical
contact between the granule neurons and the Purkinje neurons and the formation
of the IGL. They reside immediately around/below the Purkinje cell layer and their
axons extend through the molecular layer towards the EGL. Bergman glia have a
repair mechanism that allows them to switch from a differentiated to proliferative
state following cerebellar injury and Purkinje cell destruction. Shh from the
Purkinje cells controls the differentiation of Bergman glia **.

Sonic hedgehog - Shh

Sonic hedgehog (Shh) is central in the growth and patterning of the cerebellum *’,
As previously mentioned Shh is essential for proliferation in the EGL and for
Bergman glia differentiation and thereby formation of the molecular layer and the
EGL ***. By controlling the proliferation in the EGL it controls the extent of
cerebellar foliation **. The Purkinje cells also secrete Shh in an autocrine way for
their own development *’. In the cerebellar white matter Shh controls
oligodendrocyte proliferation and differentiation and thereby myelination *°.

Blocking Shh signalling in vivo leads to a hypoplastic cerebellum with abnormal
foliation. The differentiated granule neurons and the Bergman glia are fewer or
absent and the Purkinje cells are abnormally positioned *’. On the other hand
excessive Shh signalling leads to uncontrolled proliferation of granule cell
precursors which is thought to be the underlying defect in medulloblastoma, a
pedatric brain tumor of the cerebellum **.
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IGF-1

Insulin-like growth factor 1 (IGF-1) is a trophic, anabolic and neuroprotective
growth factor that plays an essential role in the proliferation of both the Purkinje
cell layer and the EGL and promotes neuronal survival by blocking apoptosis >.
IGF-1 has a supporting roll in Shh-induced proliferation of EGL which is clearly
shown by blocking the IGF-1 receptor (IGF-1R) which highly decreases granule
precursor cell proliferation */.

The effect of preterm birth on cerebellar development

The rapid growth of the cerebellum from GW 20 to 40 (from lem’ to 25 cm’)
renders the cerebellum very sensitive to injury ****%.

In preterm infants the cerebellar volume as determined by MRI is smaller at term
age than in control term infants ****'. Cerebellar underdevelopment may ensue
either from a direct cerebellar injury, such as hemorrhage or infarction, with a
secondary effect related to damage in the cerebrum at a remote but neurally
connected area of the brain (diaschisis) ****>*. Cerebellar underdevelopment is also
shown following preterm birth per se, without preceding injury *****.

Reduced cerebellar volume at term age has been associated with subsequent
neurodevelopmental impairment ®*****°. The mechanisms involved in reduced
cerebellar volume following very preterm birth are unknown.

Incidence of cerebellar injuries in preterm infants

The incidence ranges from about 2-20% in different studies with different study
subjects. Up to 1 in 5 of preterm infants have been shown to have visible
cerebellar injury on MRI with the highest rate in the smallest and most immature
infants. On ultrasound, 2-15% of preterm infants had cerebellar insults, again with
the highest incidence in the smallest infants '’

Prevalence of cerebellar injury is described in up to 64% of infants with CP
following IVH and preterm birth **°*,

Direct cerebellar injury

Of preterm infants with cerebellar lesions, which are mainly ischemic or
hemorrhagic lesions, 23% had isolated cerebellar injury and the remaining infants
(77%) had cerebral lesions as well. Most of the cerebellar injuries are hemispheric
(71%) . A study of 112 preterm infants found cerebellar lesions in 15%, more
common in infants with moderate/severe IVH (4/17 infants vs 7/95) *°. Direct
cerebellar injury is associated with high risk (66%) for neurological abnormalities.
Hypotonia, gait abnormalities, extraocular disturbances and language impairments
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have been associated with hemorrhage in the cerebellar hemisphere while
socialization, behavioural deficits and autism spectrum have been associated with
vermian involvement *.

Isolated cerebellar insults are usually followed by cerebellar atrophy and
associated with disability in motor, language and cognitive functions *°.

Preterm infants with smaller cerebellar hemorrhage (punctate haecmorrhage) only
detected on MRI during the stay in the neonatal ward and at term equivalent age,
had a statistically worse motor outcome at 5 years of age but no difference in
cognitive impairment compared to infants without cerebellar hemorrhage *.

Indirect cerebellar injuries

Cerebellar hypoplasia has repeatedly been shown to be associated with
supratentorial IVH in preterm infants and to be a potential component in
neurological disability *****®'. The severity of IVH has been shown to be
inversely correlated with cerebellar volume *. Circulating blood products in the
cerebrospinal fluid (CSF) following IVH is one of possible mechanisms for the
indirect cerebellar injury since cerebellar volume reduction has been shown to be
equally associated with ipsilateral and contralateral IVH **. The main target in the
cerebellum would hypothetically be the granule precursor cells in the EGL that is
in direct interphase with the subarachnoidal space. MRI at term age shows
infratentorial hemosiderin deposits on the cerebellar surface in the posterior fossa
in up to 80% of preterm infants with IVH and disrupted cerebellar development
without any sign of primary cerebellar hemorrhage .

The diaschisis effect works in both ways with impaired trophic interactions
between the cerebellum and cerebrum. Cerebral injury is associated with volume
reduction of the contralateral cerebellar hemisphere and isolated cerebellar injury
has an effect on remote growth and volumetric development of the contralateral
cerebral hemisphere in regions known to be activated by the afferent pathways
from the contralateral cerebellum **®*. This remote effect of secondary
underdevelopment of the cerebral cortical projection regions is higly correlated
with developmental impairment. Reduced volume of the dorsolateral prefrontal
cortex is highly correlated to early signs of autism, to reduced volume of the
sensorimotor cortex and to adverse gross motor scores, with premotor and mid-

temporal cortical volumes correlating to expressive language impairment *'.

The motor sequelae following cerebellar injury in preterm infants are hypotonia
and delayed motor development as compared to the characteristic symptoms of
nystagmus, ataxia and intention tremor seen after injury in the adult cerebellum *.
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Cerebellar underdevelopment following preterm birth per se

Cerebellar underdevelopment may represent the most common type of cerebellar
abnormality in very preterm infants. The underlying causes are likely
multifactorial including lower gestational age, total brain volume, illness severity
and postnatal growth parameters *°. A histological study showed that preterm birth
disrupts the developmental program of the cerebellum, by affecting specific cell
types rather than causing generalized changes *.

Preterm birth leads to abrupt nutritional changes following the loss of placental
support and trophic deprivation due to less than optimal postnatal nutrition **.
Postnatal growth retardation commonly follows preterm birth ® and has been
associated with decreased brain volumes and with impaired neurodevelopmental
outcome °°. Cerebellar volumes have been shown to be significantly related to
head circumference and weight at term equivalent age *°. Induced intrauterine
growth restriction resulted in volume reduction of the molecular layer, IGL and
white matter of the cerebellum as well as reduced number of Purkinje cells in
guinea pigs *’. Placental insufficiency has been shown to alter brain development
and the cerebellar white matter in humans .

Hypoxic events are relatively common in preterm infants due to respiratory and
cardiovascular instability. Preterm infants also have a high risk of infections and
inflammation. Experimental studies have shown that both hypoxia-ischemia (HI)
and inflammation negatively affect the granule cell proliferation and Purkinje cells
in the cerebellum ®. In rats, hypoxia alone was more damaging to the neuronal
population of the cerebellum than hypoxia-ischemia .

Following preterm birth there is an abrupt change from the hypoxic environment
in utero to the relative hyperoxic environment ex ufero. Impaired granule cell
development and Purkinje cell functioning was shown after a period of hyperoxia
in rats which could indicate postnatal oxygen toxicity as a factor associated with
cerebellar maldevelopment "'

Preterm infants are exposed to high levels of glucocorticoids, either from an
exogenous source as in treatment or intrinsically due to high stress levels. The
EGL in the cerebellum has the highest number of glucocorticoid receptors in the
brain "*7. Postnatal, but not antenatal steroid exposure has been associated with
impaired cerebellar growth ’*. Chronic treatment with glucocorticoids in mouse
pups inhibited Shh-induced proliferation of granule precursor cells in vitro

whereas acute treatment caused transient apoptosis .

Another possible mechanism for disrupted cerebellar development is loss of
trophic factors such as IGF-1 with its proliferating and differentiating effects in the
cerebellum 7°. Levels of circulating IGF-1 are low following preterm birth *° and
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low levels of circulating IGF-1 are associated with decreased brain volumes at
term age, with the cerebellum exhibiting the strongest correlation >

In summary: different theories have been postulated adressing cerebellar
underdevelopment following preterm birth but the neuropathological basis is as
yet largely unknown.

Cerebral intraventricular hemorrhage - IVH

Cerebral intraventricular hemorrhage (IVH) continues to be a major complication
of preterm birth following increasing survival of very immature infants ”’. Severe
IVH occurs in about 15-20% of preterm infants "*”’. Most hemorrhages occure in
the first postnatal week, usually during the first 3 postnatal days and the incidence
increases with decreasing gestational age ™.

Pathophysiology

IVH initiates in the periventricular germinal matrix of the lateral ventricles
between the ventricular wall and the head of the caudate nucleus. The germinal
matrix consists of rapidly dividing neuronal and glial progenitor cells and of
fragile vessels which makes the area higly vulnerable to hemorrhage **2. The
germinal matrix reaches a maximal thickness around GW 24 and therafter reduces
in size and has disappeared around GW 35 which is why IVH is predominantly a
disease of preterm infants **.

The etiology is multifactorial and complex. An inherent fragility of the immature
germinal matrix vasculature is thought to set the ground for the hemorrhage *'. The
germinal matrix is exposed to insults of arterial ischemia-reperfusion and venous
congestion because it is situated within an arterial end zone and connected to the
deep galenic venous system °*. Therefore, anything that causes disturbance in
cerebral blood flow in the preterm infant can induce IVH ®'.

Diagnosis and classification

Because of the high incidence of IVH most modern neonatal intensive care units
have screening programs for IVH. The diagnosis is easily made by bedside
ultrasound and so is the follow up of existing hemorrhages.

The degree of IVH is based on the extent of the bleeding and the size of the
ventricles . Grade I: confined within the subependymal germinal matrix. Grade
II: bleeding in the germinal matrix that extends in to the ventricles but comprises
less than 50% of the volume. These are considered as mild IVH. Grade III: has
more extensive intraventricular part that comprises more than 50% of the volume
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and causes ventricular distension. Grade IV or rather parenchymal hemorrhagic
infarction (PHI) is an IVH with parenchymal involvement. Grade III and PHI are
considered as severe I[VH.

Complications following I[VH

The mortality of infants with severe IVH is 20-50% in the neonatal period.
Approximately 40-80% of preterm infants surviving severe IVH develop
posthemorrhagic hydrocephalus (PHVD) and/or neurodevelopmental impairment
such as intellectual impairment or CP 7%

The long term-effects of mild IVH are not as clear with studies showing either no
association to long-term complications ® or association to neurodevelopmental
impairment such as neurosensory impairment ***.

Prevention of IVH remains an unsolved issue despite major efforts to elucidate the
pathogenesis. To date there is no treatment available to prevent infants from
developing serious neurological impairment following IVH.

IVH and the cerebellum

As previously noted, cerebellar hypoplasia has repeatedly been shown to be
associated with supratentorial [IVH in preterm infants. Following IVH 80% of
preterm infants had hemosiderin deposits on the cerebellar surface without a
primary cerebellar hemorrhage as a cause *°. Hemosiderin has been associated
with cerebellar atrophy in children with severe head injury and adults with
cerebellar siderosis ***. The hypothesis that hemosiderin deposits may be causal
in cerebellar hypoplasia following IVH is supported by the high incidense of
olivo-ponto-cerebellar pathologies and increased glial reaction in preterm infants
with subarachnoidal hemorrhage (SAH) ***°.

The damaging effect of cell-free hemoglobin in the brain
IVH grade II or more leads to deposit of extravasated blood into the CSF and the

subsequent hemolysis causes high levels of cell-free hemoglobin (Hb) in the CSF.
Fig 2.
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Red blood cells

Fig 2. Degradation of hemoglobin.

Following hemolysis of red blood cells there is a rapid degradation of the red blood cells releasing cell-free
hemoglobin (Hb). The cell-free hemglobin is auto-oxidized to the toxic methemoglobin (MetHb) which further degrades
releasing free iron (Fe®"), radical oxygen species (ROS), heme and superoxid (O), all of which are toxic to the
immature brain. Figure used with permission from Sveinsdottir S.

Cell-free Hb and its metabolites free heme, iron, reactive oxygen species (ROS)
and free radicals can be highly damaging to cells, lipids, proteins and DNA
through oxidative modification, fragmentation and cross linking causing damage
in cells and tissues °"'*. They have been shown to induce cytotoxic, oxidative and
inflammatory pathways in the CSF and choroid plexus ependyma leading to tissue
damage and cell death following preterm rabbit pup IVH '""'®. High
accumulation of cell-free Hb in periventricular white matter was observed

following IVH in preterm rabbit pups '**.

The neurotoxicity of cell-free Hb and its metabolites has been reported after
intraventricular, intraparenchymal and subarachnoid hemorrhage '°*'%”. Preterm
infants with PHVD have high levels of free iron in the CSF for weeks after an IVH
because of the limited ability of the central nervous system (CNS) to discharge

iron ''°.

Hemoglobin clearance — the haptoglobin system

The haptoglobin system (Hp) is the main endogenous scavenging system for cell-
free Hb. Cell-free Hb binds to Hp forming an inert Hb-Hp complex which
channels the Hb molecule for internalization and degradation by CD-163 postitive
macrophages ''"'"%,

The importance of the Hp-scavenger system in the human brain has been scarcely
studied, particularly in the immature brain. The levels of endogenous Hp in the
human brain are very low with a intrathecal Hb-Hp complex clearance capacity
that is 50000 fold lower than in the circulation. The levels of Hp in the systemic
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circulation of very preterm infants has been reported to be very low '°. Since
systemic Hp contributes to intrathecal Hp the intrathecal levels of endogenous Hp
is expected to be extremely low in this population and would therefore quickly be
saturated with a residual inability to inactivate cell-free Hb following an episode
of SAH or an IVH "'*. Therefore very preterm infants are expected to be highly
vulnerable to cell-free Hb.

Retinopathy of prematurity

Preterm birth coincides with a critical period of brain and vascular development *.
The retina is a part of the CNS and is a complex and highly vascularized neural
tissue that is incompletely developed at very preterm birth. Retarded retinal
vascular growth can lead to the development of retinopathy of prematurity, ROP,
which is a potentially blinding disease associated with visual and/or
neurodevelopmental impairment '"°"''*. Presence of ROP is closely associated with
the presence of other postnatal complications, such as poor postnatal growth,
hyperglykemia, septicaemia, lung disease, NEC and IVH '"°. Preterm infants who
develop severe ROP are at increased risk of visual '" and non visual
neurodevelopmental comorbidities and of delayed white matter maturation
estimated by MRI at early postnatal age and at term equivalent age ''*'**'*. These
findings suggest presence of common mechanisms in the development of these
complications ' and support the concept of the retina being referred to as “the
mirror of the brain” '**.

Incidence

Incidence of ROP differs according to regions and countries and the comparisons
of the incidence of ROP from population-based studies are difficult because of
different study designs, study subjects and different neonatal strategies between
units. According to the Swedish registry for ROP (SWEDROP), analysis of ROP
incidence from 2008-2015 showed that 32% of all infants born before GW 31 had
ROP and 5.7% of the infants were treated for ROP ',

Retinal development in utero

In humans the retinal vascularization begins during the 4™ month of gestation,
starting centrally from the optic nerve and reaches the periphery right before birth.
Therefore the retina of infants born very premature is incompletely vascularized
and has a peripheral avascular zone ''*. In utero the vascular and the anteriorly
located neural retinal development are intertwined. Increased oxygen demand
from the neural retinal development leads to a relative hypoxia that stimulates the
expression of hypoxia-induced vasoproliferative factor (VEGF) to induce normal
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vessel development. Normally, as new vessels form the hypoxia decreases and
VEGF expression is reduced via a local feedback mechanism. This normal
feedback mechanism is disturbed by preterm birth.

Pathophysiology

ROP is a biphasic disease consisting of an initial phase of vessel loss from birth to
a postmenstrual age (PMA) of 30-32 weeks followed by a second phase of
excessive vessel proliferation, from a PMA of 32-34 weeks and onward until the
retina is fully vascularized. The first phase of ROP occurs with the change from a
relative hypoxic environment in utero to a postnatal hyperoxic environment which
causes suppression of VEGF and erythropoetin and an arrest of vessel formation
and eventually regression of existing vessels. With increasing metabolic demands,
hypoxia will develop in the poorly vascularized retina which stimulates VEGF
over-expression and the abnormal vessel formation that defines the second phase
of ROP. New vessels form at the junction of the vascular and avascular zone and
in the preterm infant this can become pathological with scar tissue formation and
retinal detachment ''"''®,

ROP is divided into 5 different stages according to location and degree of vessel

abnormality. Stage 1 and 2 are considered mild and stage 3-5 severe '*°.

The retina is considered to be a part of the CNS and there is a strong association
between severe ROP and neurodevelopmental and/or visual impairment ''”''®,

Risk factors

Low birth weight and gestational age.

The lower the weight and gestational age the higher the risk of developing ROP
6127 The lower the gestational age the longer is the phase 1 of ROP as it lasts
until around PMA 30 weeks. A large multinational study found birth weight SD
score (SDS) to be a major risk factor for developing ROP requiring treatment but
the risk was related to degree of immaturity and only present in more mature
infants > 26 weeks '**. Similar findings are shown by Lee et al '

Low serum IGF-1 levels

IGF-1 acts indirectly as a permissive factor in retinal development by controlling
the maximal function of VEGF stimulation on vessel growth ''®'**. Lack of IGF-1
in mice prevents normal retinal vascular growth despite the presence of vascular
VEGF "°. In preterm infants, low circulatory IGF-1 concentrations are associated
with development of severe ROP, where the duration and degree of low IGF-1
levels corresponds to the severity of ROP '"°. Furthermore, decreased postnatal
IGF-1 levels as compared to corresponding levels in utero have been associated
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with impaired postnatal growth and with decreased brain volumes at term
equivalent age in preterm infants *"%,

ROP, postnatal growth retardation and nutritional intake

Recent evidence points to poor weight gain during the first weeks of life in
addition to low gestational age (GA) as being the strongest predictor of ROP. Poor
carly postnatal weight gain during the first phase of ROP is related to development
of severe ROP and low brain volumes at term equivalent age '**'**"*",

A retardation of headgrowth which can be considered a proxy of brain growth
occurs in almost all preterm infants after birth which coincides with the initial
suppression of retinal vascular growth. If the head circumference in the preterm
infants is 2,5 SD or more below the mean at PMA of 30 weeks, the risk of
developing severe ROP is five-fold compared to infants with less head growth
retardation '**. This suggests common mechanisms which influence growth in both
the retina and the brain.

An optimal nutritional intake in very preterm infants is usually difficult to achieve.
Low energy intake (fat and carbohydrates) during the first 4 weeks of life in
extremely preterm infants was an independent risk factor for developing severe
ROP '*. Recently low postnatal levels of arachidonic acid have been shown as a
predictive factor for development of ROP ',

Oxygen treatment

Supplemental oxygen in preterm infants causing changes in circulating oxygen
tensions interferes with the VEGF driven angiogenesis. Hyperoxia suppresses
VEGF expression leading to regression of existing vessels and cessation of vessel
growth. Lower oxygen targets are associated with reduced ROP but increased
mortality **'**. Theoretically oxygen target should be lower during phase 1 of
ROP and higher during the later phase. A meta-analysis showed the same results;
lower oxygen targets in the first weeks of life reduced the risk for ROP and higher
oxygen targets after GW 32 slowed the progress of ROP '*°. The optimal oxygen
target to increase survival and optimize organ growth without increasing the
incidence of ROP is not known. Improved control and avoidance of fluctuations is
recommended.

ROP and long-term complications

Opthalmologic outcome/visual impairment

Opthalmologic problems are common in preterm infants. At 6.5 year follow up of
the Swedish EXPRESS cohort of infants born before 27 GW, opthalmologic
abnormality was diagnosed in 38% of the preterm children compared to 6% of
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term controls. Treatment requiring ROP was a stronger risk factor than GA ' for
visual impairment. Contributing factors for the high incidence of opthalmologic
problems at 6.5 years of age were prematurity per se, treatment requiring ROP,
severe BPD and CP 7. Vision is related to white matter development in the optic
radiation at term equivalent age "**. In adolescents born preterm, impaired vision
was associated with altered optic radiation structure °. Impaired visuomotor
control, suchs as smooth pursuit and strabismus, at 2 years corrected age is related
to smaller inferior occipital volumes, including the cerebellum, at term corrected
age in preterm infants **.

Neurodevelopmental impairment

Preterm infants with affected visual status also have worse neurodevelopmental
outcome "',

Some but not all of the associations between ROP and encephalopathy of
prematurity can be explained by common risk factors. After adjusting for common
risk factors, infants with ROP were more likely to have lower developmental
quotients at 2 years corrected age compared to infants without ROP and the more
severe the ROP, the lower the quotients ''°. In the CryoROP multicenter study
cohort, severity of neonatal ROP was found to be a marker for functional disability
at 5.5 years of age. The more severe the ROP, the fewer the children who were
globally functionally normal '*' and those with unfavorable vision did even worse
9 This shows that despite favorable visual outcome, severe ROP strongly
predicts non-visual disability, even without preceding brain injury.

Assessment with spectral-domain optical coherence tomography of retinal nerve
fiber layer thickness in preterm born children showed reduced thickness compared
to term born children. Retinal nerve fiber layer thickness correlated with ROP
stage '*%. The optic nerve can be considered to be “the window in to the brain”.
With diffusion tensor imaging technique, treatment-requiring ROP predicted white
matter maturational delay in the visual and motor pathways at term equivalent age.
The delayed white matter maturation was present independently of other signs of
brain injury and was associated with poorer motor and cognitive outcome at 18

months ',

A recent case-control study comparing severe ROP with no or stage 1 ROP found
severe ROP to be associated with reduced cerebellar and brainstem volumes at

term age and with neurodevelopmental deficits at 2 years of age '*.

In summary: preterm infants who develop severe ROP are, besides
opthalmological disabilities, more likely to have long-term evidence of brain
damage including CP, developmental delay, lower scores on verbal and
performance tests and impaired conceptual and spatial ability compared with their
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peers without severe ROP. Common risk factors account for some of the
associations but not all. Factors reducing the risk of ROP could also reduce the
risk of adverse brain development.

Caffeine

Caffeine is one of the most prescribed drugs in the neonatal care of preterm infants
' 1t is standard of care to treat the common problem of apnea of prematurity
(AOP) with caffeine thereby aiming to reduce supportive ventilator treatment '**.
Considering that caffeine has been used in neonatal care for over 40 years there
are surprisingly few case-control studies and follow-up studies evaluating caffeine

treatment in the preterm infants.

Caffeine is a non-selective antagonist of adenosine A; and A,, receptors and
increases neuronal respiratory activity and oxygen consumption. Its hydrophobic

property allows it to easily enter the CNS via the blood brain barrier '*°.

There have been concerns regarding adverse effects of caffeine in the developing
brain '*"'**, Adenosine has numerous regulating functions in the mature brain such
as sleep regulation and arousal via neuronal excitability and autoregulation of
cerebral blood flow according to energy demand '*. Adenosine has been shown to
be neuroprotective in the mature brain by decreasing ischemic brain injury via the
A, receptor and antagonists, like caffeine, to have the opposite effect % However
the adenosine function in the immature brain seems to be different '*7'*"'52,

Clinical data, effects of caffeine on the preterm brain

In the largest clinical study on caffeine and preterm infants, the CAP trial, caffeine
was given to preterm infants within 10 days from birth with a loading dose of 20
mg/kg and a maintainance dose of 5-10 mg/kg/day. Caffeine reduced the risk for
BPD, shortened the time of assisted ventilation and reduced the need for postnatal
steroid treatment '*. At 18 months, survival without neurodevelopmental delay
(cerebral palsy and cognitive delay) was increased in treated infants '>* but at 5
year follow-up that difference was no longer significant even though the caffeine
treated infants had better motor function and better visual development. An MRI
substudy showed improved white matter development and more mature
organization of the white matter in the caffeine group at 5 years of age '**'**. The
results of the CAP trial indicated that caffeine treatment could have a
neuroprotective effect on the developing preterm brain. Few clinical studies have
shown adverse effects of caffeine treatment except for a temporary negative effect
on weight gain that might either be associated with the diuretic effect of caffeine
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'3 or the increasing oxygen consumption and increased energy expenditure

following caffeine treatment "',

Experimental data, effects of caffeine on the preterm brain

Experimental data on the effect of caffeine on brain development are conflicting
showing either beneficial or adverse effects. In the context of HI the interaction of
adenosine with the adenosine A,, receptor appears clearly neuro-protective B2 In
mice, a single dose of caffeine 5 mg/kg administered directly after HI reduced
brain atrophy by 44% and improved behavior compared to controls '**. Rat pups
exposed to caffeine during the first week of life and then exposed to HI exhibited
reduced brain damage by 30% compared to controls even at a low dose of caffeine
'3 Experimental studies have shown increased arborisation of the pyramidal
neurons of the prefrontal cortex and another study decreased astrocytogenesis in

cerebral white matter following caffeine exposure '*’.

Effects of caffeine on the developing cerebellum

Studies on how caffeine affects the cerebellum are scarce. A caffeine-
supplemented diet fed to newborn rats increased RNA and protein content within
the cerebellum but had the opposite effect on the brain '®. Caffeine exposure
through maternal milk during the first 10 days of life in rat pups resulted in
significantly smaller cerebellum and an increase in saturated fatty acids in the
cerebellum '*'. Maternal caffeine consumption during gestation and lactation had
beneficial effect on the developing cerebellum in rat pups exposed to febrile
seizures. It reduced oxygen stress and apoptotic signaling and had a positive effect
on fine motor coordination and gait disturbances at long term follow up '*.

A pilot study in preterm infants receiving 4 times the currently recomended
loading dose of caffeine showed a significant increase in cerebellar hemorrhage
' Early exposure to caffeine has been shown to decrease the density of the

adenosine A, receptor in the cerebellar molecular layer at young adult age o4,

Caffeine and ROP

In the CAP trial the incidence of severe ROP was reduced in caffeine treated
infants '*. The multifactorial pathogenesis of ROP suggests that multifactorial
treatment might be needed to address all the pathogenic factors: growth factors,
oxidative stress, inflammatory response and membrane disruption. Treatment with
a combination of caffeine (reduces oxidative stress) and Ketolorac (anti-
inflammatory effect) in newborn rats with ROP significantly reduced the

occurrence of oxygen-induced retinopathy '**.
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The Insulin-like growth factor system

IGF-1 is an anabolic and neuroprotective hormone with proliferative,
differentiating, anti-apoptotic and metabolic effects essential for fetal growth and
pre- and postnatal brain development '**'*’. The developing brain has an enormous
metabolic need in the early postnatal period. IGF-1 controls the glucose
metabolism in the developing brain in a similar way as to how insulin controls the
peripheral glucose utilization'®. IGF-1 is primarly produced and released into the
circulation from the liver or synthesized locally, for example in neuronal cells in
the brain and retina. IGF-1 mediates most of its effects throught its main receptor
IGF-1R, located on the surface of different cell types in all tissues. IGF-1 is bound
to its binding proteins IGFBP that regulate the availability of IGF-1. Transfer of
circulating IGF-1 from the circulation to the immature brain is predominantly via
the CSF ', where IGF-1 uses transport mechanisms in the choroid plexus to enter

the brain '7°.

IGF-1 plays many roles in different organs but in this thesis the focus is on its role
in parts of the CNS, i.e., the cerebellum and retina, as well as its interaction with
caffeine in the very preterm infant.

IGF-1 in utero

IGF-1 secreted from the placenta is the dominant regulator of fetal growth and the
fetal levels are regulated by a feedback loop between the placenta and the fetus
depending on the fetal levels of IGF-1. The placental transfer of IGF-1 is mediated
by insulin via direct or indirect effects of nutrients from the mother '"""'7*. IGF-1
concentrations increase through gestation with a rapid increase in 3™ trimester
with accelerating growth of the fetus '®. In humans, inability to produce IGF-1
results in severe intrauterine growth restriction and a reduction in neuronal

populations .

IGF-1 and preterm birth

After very preterm birth there is a significant decrease in levels of circulating IGF-
1 following interruption of the feto-placental unit. The IGF-1 levels remain very
low after birth because of the preterm infants inability to maintain the
corresponding intrauterine levels. Common conditions such as starvation,
infections and stress can further reduce the IGF-1 levels '"’. Full term infants in
comparison regain normal levels within a few days after birth. IGF-1 is related to
nutritional supply and is essential for both pre- and postnatal growth as well as for
growth of the retina and the brain. Preterm infants appear to have deficient nutrient
utilisation as nutrient intake is not associated with early postnatal growth or
increased serum IGF-1 as it is in children and adults . Variations in protein and
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caloric intake have limited influence on circulating IGF-1 levels during growth
restriction but a significant influence during established catch-up growth .

Very preterm birth is followed by a period of growth restriction and with low
levels of IGF-1 that do not respond to improved nutritional intake alone. In rats fed
half of the required calories, exogenous IGF-1 increased weight during the state of
undernutrition ' A clear association between IGF-1 and nutritional intake and
accelerated growth, is first seen from around PMA of 30 weeks with the initiation
of catch-up growth and normal levels are attained at around 1 month corrected age
6419 This supports that both optimized nutrition and higher levels of IGF-1 are
needed for optimal postnatal growth in preterm infants.

Besides generalized growth retardation including reduced head circumference '*
the decrease in serum IGF-1 levels after preterm birth is associated with multiple
major morbidities such as lower brain volumes (unmyelinated white matter, gray
matter and cerebellar volume) at term age, with strongest correlation to cerebellar
volume *°, BPD, ROP ' | IVH and impaired neurodevelopmental outcome at 2
years corrected age 61",

IGF-1 and cerebellar development,

IGF-1 and its receptor are highly expressed and have coordinated interactions in
the cerebellum during development with the highest expression in the EGL
1817 IGF-1 expression is activated in the cerebellum just before birth in a
subset of Purkinje cells. IGF-1 influences all of the mechanism in normal brain
development, apart from migration, i.e., proliferation, differentiation, maturation
and apoptosis '™, IGF-1 affects the development of the majority of cell
populations in the cerebellum, at least for a limited time'’®. 0-mutant IGF-1 mice
show an overall drop in cell number in the cerebellum which results in a reduced
but yet normal development '®. IGF-1 has a supporting role in Shh-induced
proliferation of the cerebellar granule neurons which sets the ground for future
cerebellar development *’. Besides its role in the proliferation it has anti-apoptotic
effect on the granule cells '**. IGF-1 supports the survival of Bergman glia
precursor and is critical for their normal development '**. Overexpression of IGF-1
in transgenic mice and cell cultures establishes its role as a trophic factor by
increasing cerebellar growth (both weight, DNA, RNA and protein content),
induces a remarkable increase in the number of granule cells by stimulating their
proliferation and increases the number of Purkinje cells by promoting their
survival. This increase in cell number is followed by increased thickness of the
molecular layer. In the cerebellar white matter IGF-1 stimulates oligodendrocytes
proliferation and thereby increases myelination. These stimulating effects of IGF-1
occur although IGF-1 concentrations in the brain are the lowest of any tissue
measured, indicating that brain growth is extremely sensitive to IGF-1 levels *'*.
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The neuroprotective effects of IGF-1 is principally by suppression of intrinsic
death signalling cascade '*

The role of IGF-1 in synaptogenesis has been shown in the brain '** and applies to
the cerebellum as well where IGF-1 has a promoting role in synaptogenesis
between the Purkinje cells and neurons outside the cerebellum and in the climbing

fibers from the inferior olivary nucleus '*.

IGF-1 and ROP

IGF-1 is a critical non-oxygen-regulated factor necessary for normal retinal
neurovascular development and stabilises newly formed vessels '**. Lack of IGF-1
in knockout mice prevents normal retinal vascular growth *°. Low serum IGF-1
levels are associated with a 2.2-fold increased risk of ROP in very preterm infants
"% and there is a strong association between duration of low IGF-1 and severity of
ROP ', The most immature infants have the longest duration of low IGF-1 and
longest time of phase 1 of ROP and are therefore at highest risk for developing
severe ROP.

The IGF system and caffeine

Downregulation of IGF-1 and the IGF-1R in association with caffeine exposure
has been shown in different settings. Maternal prenatal caffeine consumption can
inhibit skeletal growth by increasing fetal exposure to maternal glucocorticoids
which lowers IGF-1 signaling pathway activity, decreasing IGF-1 mRNA
expression levels in the liver and growth plate '®. Fetal rats exposed to prenatal
caffeine also showed glucocorticoid stimulation in liver and reduced expression of
IGF-1 and IGF-1 receptors **. Downregulation of IGF-1R has been shown with
increased caffeine consumption in breast cancer patients '°°. There is a paucity of
knowledge on how caffeine treatment interacts with the endogenous IGF system
following preterm birth.

Developmental similarities in the retina and cerebellum

Features of retinal and brain development have links to common pathways that
may in turn be affected by insults associated with very preterm birth. The
antecedent events that affect migration and proliferation may be equally important
in both the retina and brain. This idea is supported by similar risk factors
associated with ROP, lower brain volumes and impaired neurodevelopment.

The Sonic hedgehog is a key factor in both cerebellar and retinal proliferation
during early development. Shh is secreted by Purkinje neurons and stimulates
proliferation of granule precursor cells in the cerebellum. Similarly, when Shh is
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secreted by retinal ganglion cells it stimulates retinal progenitor cells to cell-fate
determination, proliferation, and self renewal 4191

Expression patterns of components of the IGF system appear to be coordinated in
the cerebellum and retina during development; for example, IGF-1 mRNA is
expressed in Purkinje cell bodies in the cerebellum and in retinal ganglion cells
and the IGF-1R receptor mRNA expressed in glial cells, that is the Bergman glia

in the cerebellum and the Miiller cells in the retina 5.

Periventricular leukomalacia induced by ischemia is associated with concurrent
retinal vascular damage in rat pups '*>. Hypoxia-inducible factor (HIF) via wnt-
pathway signaling on oligodendrocyte precursor cells affects both white matter
integrity (axonal loss) and angiogenesis. HIF works in the same way in the white
matter as VEGF does in the retina, triggered to activate angiogeneses by hypoxic

environment and downregulated in a hyperoxic environment '**.

The preterm rabbit pup model

The preterm rabbit pup model of IVH was first described in 1982. The rabbit pups
have a germinal matrix and develop spontaneous IVH similar to that of preterm
infants '**. The post-hemorrhagic process is similar as well regarding development
of post-hemorrhagic hydrocephalus and abnormal neurological function similar to
CP . Studies on the developing brain in other animal models such as mice and
rats are performed in fullterm pups that have an immature brain and most of the
brain development takes place during postnatal development. This obliviates the
effects of preterm birth per se and the early loss of placental connections.

The preterm rabbit pup model is one of few animal models that can be used to
study the preterm brain in preterm born animals since rabbit pups have a relatively
late cerebral development but an early lung development which enables survival
from day 29 of gestation (term is day 32). On day 29 the cerebral maturation in the
preterm rabbit pups corresponds to brain maturation of a human infant around GW
28. The cerebellar maturation on day 29 is more immature and corresponds to the
cerebellum of a human infant at about GW 22 and at P9 to that of the full term
infant (translatingtime.org) . Fig 3.
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Figure 3. The development of the preterm rabbit pup cerebellum compared to that of the human.

The numbers on the left represent age of the preterm rabbit pup were E29 is the birthday, PO is the birthday of term
pups and corresponds to term corrected age for the preterm pups. The numbers on the right denote corresponding
maturational age in the human fetus according to the translatingtime.org model.

Substantial improvements have been made with the rabbit pup model from the
time of the preterm rabbit pup study in paper I to the study in paper IV. In the first
study the preterm rabbit pups were cared for in an incubator and hand fed with a
feeding tube twice a day. In the last study we have implemented the wet nurse
model. A wet nurse is a rabbit that has given birth to her own pups the previous
day and all but 2 of her own pups are removed on postnatal day 1 and replaced
with the preterm pups. The preterm rabbit pups are then housed and fed with and
by their wet nurse. The implementation of the wet nurse model has increased
survival and improved weight development.

The application of high-frequency ultrasound has allowed for non-invasive
evaluation of the preterm rabbit pup brain and of induced IVH. The size and
development of IVH progress is monitored and evaluated with high spatial
resolution using high-frequency ultrasound '*°.

Preterm rabbit pups have only 2 small accessible veins and are extremely sensitive
to stress and really need minimal handling. This makes repeated blood evaluation
almost impossible which is why all of the blood evaluations are done at one time-
point at termination.
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Hypothesis and aims

The main question addressed in this thesis is why the cerebellum is smaller in
preterm children compared to that in term born children and which neonatal events
affect cerebellar development?

The genereral hypothesis is that preterm birth per se disturbs normal cerebellar
development causing underdevelopment and that certain events following preterm
birth, either complications or treatments, may aggravate the underdevelopment.

The overall aim is to evaluate how preterm birth in association with potentially
damaging events can affect cerebellar development.

1. Hypothesis

Preterm birth and the subsequent loss of placental support with a resulting
decrease in circulating levels of IGF-1, may be essential and partly causal,
in the decreased cerebellar growth observed in very preterm infants.

Aim
To evaluate if preterm delivery in rabbit pups results in decreased

circulating levels of IGF-1, and if preterm delivery per se would result in
maturational changes in key elements of the developing cerebellum.

11.  Hypothesis

Cell-free Hb and its degrading products are causal in cerebellar
underdevelopment following IVH and therefore scavenging of cell-free
Hb could reverse/restore the damage.

Aim
To evaluate the damaging effects of cell-free Hb on the developing

cerebellum and if the effects are reversible by administration of a Hb
scavenger.
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1ll. Hypothesis

ROP is a continuous process of impaired vascular and neuronal retinal
development, a neurovascular disease. Therefore the presence of any stage
of ROP is associated with impaired brain growth and development.

Aim
To evaluate the relationship between the presence of any stage of ROP,

brain growth and later developmental outcome at 2 years of corrected age
in preterm infants.

1V. Hypothesis

42

Caffeine administered following preterm birth may modify the
endogenous IGF-1 system by altering hepatic production of IGF-1, the
primary source of circulating IGF-1. Profound changes in circulating IGF-
1 may be reflected in altered regulation of the IGF-1R in key cerebellar
cell populations.

Aim
To evaluate the effect of treatment with caffeine on hepatic and circulating
IGF-1 and cerebellar expression of the IGF-1R in preterm rabbit pups.

Secondly, to evaluate the effect of caffeine on key cell populations in
cerebellar development.



Material and methods

Preterm animals

Paper I, I and IV

The preterm rabbit pup model

Paper [ and IV

The animal protocol was approved by the Swedish Animal Ethics Committee in
Lund. The experimental rabbits used were a half-breed between the New Zealand
White and Lop.

The preterm rabbit pups were delivered by caesarean section at gestational day 29
(term 32 days) after the does were anesthetized with intravenous (i.v.) propofol (5
mg/kg) and given local anaesthetic in the abdominal wall using lidocaine with
adrenaline (10 mg/mL + 5 ul/mL). After birth, the pups were dried and placed in a
closed infant incubator with humidified air (60%). At 2 hours of age, the pups
were weighed, marked and fed.

The term pups were delivered by spontaneous vaginal delivery at term (gestational
day 32), and then nursed and fed by their lactating doe. All pups were weighed
once daily.

The preterm rabbit pup model with IVH

Paper 11

In paper II a preterm rabbit pup model of IVH was used. The rabbit pups were
delivered and taken care of as described above for preterm rabbit pups. To induce
IVH the preterm rabbit pups were injected intraperitoneally (i.p.) with 50% (v/v)
sterile glycerol (6.5 g/kg; Teknova, Hollister, CA, USA) at 2 hours of age to induce
intracerebral hypotension due to hyperosmolality and thus causing rupture of the
small vessels in the germinal matrix.
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Housing

After birth the preterm pups were placed and cared for in a closed infant incubator
with humidified air. The conditions used in the different studies varied somewhat
and were accordingly:

Paper [: initially at day 1: 37°C and 70% humidity; day 2, 36°C and 60% humidity,
and thereafter at 35°C and 50% humidity.

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

Paper IV: The preterm pups were nursed by a wet nurse in her cage.

Feeding

Paper I: The preterm pups were hand-fed with kitten-milk replacement formula
(KMR; PETAG Inc., USA) using a 3.5 Fr feeding tube, with the first feed at 2
hours of age at a volume of 1 mL and subsequently every 12 hours increasing each
meal by 0.5 mL.

Paper II: The same feeding strategy as in paper I with the following changes: the
first feed was at a volume of 2 mL and subsequently every 12 hours increasing
each meal by 1.0 mL.

Paper IV: The preterm pups were hand fed the first meal with kitten milk as in the
previous study. The wet nurse carried out all additional feedings.

Mortality/Survival

Paper I: Results from 64 rabbit pups from 16 litters were presented in the study.
Mortality was 38% in the preterm group and 0O in the term group. Overall survival
62%.

Paper II: Results from 59 rabbit pups from 9 litters were presented in the study.
Mortality was 40%. Overall survival 60%.

Paper IV: Results from 53 rabbit pups from 6 litters were presented in the study.
Mortality was 38% in the control group but 14% in the studygroup. Overall
survival was 75%.

Caffeine/vehicle administration
Paper IV

Study medication was administered daily with an oro-gastric tube with either
caffeine or vehicle solution using a 3.5 French feeding tube until day of
termination.

The caffeine used was Peyona® (20 mg/ml, Chiesi Farmaceutici) and
administered at a concentration of 1mg/ml diluted in NaCl (9 mg/ml, Fresenius
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Kabi). Day 1 the pups received a loading dose of 20 mg/kg and thereafter a daily
maintenance dose of 5 mg/kg/d. Vehicle solution was NaCl (9 mg/ml) and
administered in volumes corresponding to that of Peyona® in the treatment group.

Ultrasound imaging of the brain

Paper 11

Ultrasound of the brain was performed at 6 hours of age to grade the severity of the
IVH and detect SAH and daily thereafter using the high resolution VisualSonics
Vevo 2100 (VisualSonics Inc., ON, Canada) with a MS 550D 40 MHz transducer.
Animals with IVH at 6 hours were included in the IVH group, and those without
detectable [IVH at all time-points were included in the control group.

SAH was confirmed in all pups with [IVH with visible presence of hemorrhagic CSF
covering the cerebellar cortex at removal of the brain from the skull. None of the
control pups exhibited macroscopic signs of SAH. None of the cerebellar samples
in pups with or without IVH exhibited signs of primary cerebellar hemorrhage.

Intraventricular injections

Paper 11

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

Blood sampling for serum IGF-1 concentrations
Paper [ and IV

Blood was sampled from all pups through cardiac puncture after sedation with
isoflurane inhalation prior to in vivo perfusion-fixation of the brain. Blood was
collected in serum tubes and centrifuged at 1,000 xg for 10 minutes at room
temperature. The serum was then transferred into new tubes and stored at —80°C
until analysis. The rabbit pup serum concentration of IGF-1 was determined using
the human IGF-1 ELISA from Mediagnost (Reutlingen, Germany). The
manufacturer has proved this assay applicable for rabbit serum samples.

Brain tissue sampling and processing
Paper I, Il and IV

Perfusion-fixation of the brain was performed by cardiac cannulation following
thoracotomy and infusion of 0.9% saline followed by 4% paraformaldehyde (PFA
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buffered with phosphate buffer saline (PBS) 0.1 M, pH 7.4). After complete
perfusion, the cerebrum and cerebellum were carefully extracted from the skulls
and immersed in 4% PFA. A change to fresh PFA was done after 3—6 hours.

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

Immunohistochemical staining for cerebellar development

Paper I and II

Following deparaffinization, the sections were antigen-retrieval pre-treated by
boiling in 0.05 M boric acid buffer (pH 8.0) followed by incubation with
antibodies towards the antigens described in table 1 according to material and
methods in paper I and I1.

Table 1.

Primary and secondary antibodies used.
Epitope Host species Code Dilution Manufacturer
Calbindin Mouse CB-855 1:200 DBS
Calbindin Mouse Ab82812 1:25 Abcam
Ki67 Mouse M7240 1:100 Dako
Cleaved Rabbit #9661 1:100 Cell signaling
Caspase-3
GFAP Rabbit Ab16997 1:150 Abcam
Olig 2 Mouse MABNS50 1:1000 Millipore
Iba 1 Rabbit CP290 1:200 Biocare
Shh Rabbit Ab73958 1:200 Abcam
Hb Goat GWB-F26D80 1:500 GenWay Biotech
Hp Chicken GWB-431F62 1:1000 GenWay Biotech
IGFR1 Goat AF-305-NA 1:25 R&D systems
Secondary antibodies code application Dilution Manufacturer
Donkey anti Goat IgG (Alexa Fluor 488) 705-546-147 IGFR1 1:200 JIR
Donkey anti Mouse (Rhodamine-Red) 715-296-150 Calbindin, Ki67 1:200 JIR

46



Time-points for analyses:

In paper I: E29, PO, P2, P5, P9 and evaluation for cerebellar white matter damage
at P2 and P5.

In paper II: PO, P2 and P5.
In paper IV: P3, P4, P5 and P6

Histological Analysis of the EGL

Paper [ and I

In paper I and II analysis of the EGL was performed in 4 predefined regions: the
inner and outer portion of lobule V, and the inner and outer portion of lobule IX,
respectively. These regions were chosen as the regions with possible maturational
differences in EGL proliferation and in subsequent width. Measurement of the
width of the proliferative EGL, as constituted by Ki67-positive cells, was
performed by using the x40 objective lens on the Leica DMRX microscope. The
average of the 4 respective measured widths was calculated for each pup. Ki67-
neg cells were regarded as differentiated, and were counted over an area of
100pum. Using the Leica Q500 image analysis system of the microscope, the area
of calbindin-positive-stained cells was determined in relation to the area of the
molecular layer. Thus, calbindin staining was expressed as percentage positive
area in relation to a standardized area of the molecular layer. Nonspecific
background staining was taken into consideration.

In paper I qualitative evaluation was performed of Purkinje cell and Bergmann
glia morphology at repeated postnatal ages in both the preterm and term groups.
Distribution and the presence of immunoreactivity for cleaved caspase-3 and Shh
were described qualitatively. Cerebellar white matter impairment was evaluated in
preterm and term pups by HE staining. We further performed qualitative and
quantitative analysis of immunostaining for Ki67, Olig2, and Ibal, for
determination of cell proliferation and presence of oligodendroglial and microglial
cells in preterm and term pups.

Immunofluorescent labeling for Hb and Hp

Paper 11

Double immunofluorescence labeling of Hb together with human Hp was performed
to simultaneously investigate the presence and distribution of both encapsulated
erythrocytes and cell-free Hb within the cerebellum and to elucidate whether the
intraventricularly injected human Hp could reach the cerebellar brain regions
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containing Hb (preferentially the cell-free Hb) in the IVH rabbit pups as described
in materials and methods of paper II.

Immunofluorescence for IGF-1 and IGF-1R

Paper IV

Double immunofluorescence was performed for epitope detection of IGF-1R in
combination with Calbindin or Ki67 as described in material and methods of paper
IV, Table 1. Analysis was performed in lobule IX and X.

RNA Isolation and Real-Time PCR

Paper Il and IV

In paper II and IV total RNA was extracted from the cerebellar tissue (paper II) and
liver (paper IV) of the rabbit pups using the NucleoSpin RNA/protein extraction kit
(paper II) or RNeasy Mini Kit supplied by QIAGEN (Germantown, MD, USA) as
described in material and methods of paper Il and IV.

Reverse transcription was performed according to the manufacturer’s instructions
on lug total RNA using iScript™ ¢DNA Synthesis Kit (Bio-Rad, Hercules, CA,
USA) and the RT? qPCR Primer Assay (primer from QIAGEN, Germantown, MD,
USA) was used to quantify mRNA expression of heme oxygenase 1 (HO-1), and
expression was analysed using iTaq Universal SYBR Green Supermix (Bio-Rad).
Amplification was performed as described by the manufacturer (Bio-Rad) for 40
cycles in an iCycler Thermal Cycler (Bio-Rad), and data were analysed using
iCycler i1Q Optical System Software (Bio-Rad). Data were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, primer from QIAGEN),
with fold change values calculated by normalizing against control animals.

Quantitative analysis

Paper IV

Quantitative analysis were performed using ImageJ 1.51u. A macro code was
developed to perform the analysis on each image obtained for the project
evaluating Ki67 (red channel), Calbindin (red), IGF-1R (green) and DAPI (blue).

A fixed threshold was used for the red and green channel to allow for comparison
of each individual image. A variable threshold was used for the blue channel to get
the best identification of cell nuclei. The total number of cell nuclei are kept and
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used to calculate the area per cell for each image. For the Ki67 marker a logical
and operation with the DAPI channel identifies the number of cells that are
positive for Ki67.

Preterm infants

Paper III

Study population

The original prospective study included 64 very preterm infants born at the
neonatal intensive care unit (Lund, Sweden) between January 2005 and May 2007,
where IGF-1 concentrations from birth until term age in relation to growth, MRI-
estimated brain volume, and developmental outcome were evaluated °' %
Inclusion criteria were GA < 31 weeks at birth, absence of major congenital
anomalies, and written informed parental consent. All pregnancies were dated by
ultrasound at 17-18 GW.

52 infants completed the study until term age, 51/52 underwent MRI at term age
and 49/52 received follow-up examination at 2 years corrected age. Of the 64
recruited infants, 9 did not survive until term age and the parents of 3 infants chose
to leave the study.

Out of 52 infants, 33 had no ROP, 9 had mild ROP (stage 1-2), and 10 had severe
ROP (stage 3 or more, none of the infants had ROP > stage 3). Of these 10 infants
with severe ROP, 9 received laser treatment.

The study was approved by the regional ethical review board of Lund, Sweden and
adhered to the tenets of the Declaration of Helsinki.

Clinical data

Weight standard deviation score (SDS) at birth was calculated from a
Scandinavian intrauterine growth curve based on fetal weights estimated by
ultrasound '’. Cumulative dose of administered (mg/kg) hydrocortisone and
betamethasone were registered until PMA of 35 weeks. Total steroid exposure was
estimated by converting the betamethasone dosage into hydrocortisone equivalents
(1:40). Bronchopulmonary dysplasia was defined as a requirement for
supplemental oxygen at PMA of 36 weeks. Septicemia was defined as the
presence of positive blood culture and concomitant increased levels of C-reactive
protein.
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Nutritional regime and calculation of intake

Maternal and donor breast milk was analyzed weekly for protein and energy
content and enteral and parenteral daily intakes of protein (g/kg/d) and energy
(kcal/kg/d) were prospectively calculated from birth until at least PMA of 35
weeks.

Cerebral ultrasound

Cerebral ultrasound was performed on days 1, 3, and 7; at 3 and 6 weeks of age;
and at term. Severe intracranial hemorrhage was defined as the presence of IVH
grade III or parenchymal hemorrhage. White matter damage was defined as the
presence of periventricular echodensities or cysts that persisted for >7 days.
Severe brain damage was defined as severe intracranial hemorrhage and/or white
matter damage.

ROP examination

ROP screening began at 5-6 weeks of age, but not before PMA of 31 weeks. The
infants underwent retinal examinations through dilated pupils biweekly to once
weekly depending on ROP severity, either until the retina was fully vascularized
or the condition was considered stable. ROP was classified according to the
International Classification of Retinopathy of Prematurity '*°, and treatment
followed the recommendations of the Early Treatment for Retinopathy of

Prematurity Cooperative Group ',

MRI

MRI was performed on a 3-Tesla Siemens Magnetom Allegra head scanner
(Siemens AG Medical Solutions, Erlangen, Germany) in 51/52 infants at term age,
mean (SD), 40.1 (0.6) gestational weeks. The protocol consisted of a three-
dimensional T1-weighted (T1w) magnetization-prepared rapid gradient echo
(MPRAGE) a T2-weighted (T2w) turbo spin echo sequence and a proton density
weighted (PDw) turbo spin echo sequence. A three-channel (T1w, T2w, PDw)
dataset was created. A template modified, statistical classification algorithm
(nearest neighbor) was used for image classification into myelinated white matter
(MWM) and unmyelinated white matter (UWMYV), total gray matter (GMV), and
CSF, based on signal intensities on these three channels. The voxels of every
tissue class were summed to calculate the tissue volumes. Total brain volume
(TBV) was defined as the total volume of GMV, MWM, and UWMYV, including
the cerebellum. The cerebellar volume, including the cerebellar peduncles, was
measured by manual outlining on both Tlw and T2w images, using an image
analysis tool (www.slicer.org). All segmentations were performed by the same
person. We calculated tissue volumes of TBV, GMV, UWMYV in 46 infants and
cerebellar volume in 51 infants
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Assessment at 2 years corrected age

A psychologist assessed developmental outcome in 49/52 infants at the mean (SD)
corrected age of 24.6 (0.8) months by means of the Bayley Scales of Infant
Development (BSID-II), with two different index scales, the MDI and the PDI *°.

Statistics

All statistic analyses were performed with IBM SPSS for Microsoft Windows
(IBM, Armonk, NY, USA), different versions with time. P < 0.05 was considered
significant.

Paper 1

Differences between groups and time-points were analyzed with the Mann-
Whitney U test. Correlations between continuous variables were analyzed with
regression analysis and adjustment for other variables was performed with
multivariate regression analysis.

Paper 11

Results are presented as medians (ranges) and displayed as boxplots.
Comparisons between unrelated groups were performed with the Mann—
Whitney U test. Comparisons between multiple groups were made using the
Kruskal-Wallis test followed by pairwise comparison with significance values
adjusted for multiple comparisons.

Paper 11

Univariate analyses of differences between groups were assessed with the Mann—
Whitney U test or Chi-square test as appropriate. Correlations between continuous
variables were evaluated with the Spearman rank correlation coefficient.

Adjustment for other variables was performed with multiple linear regression
analysis where GA, BW and gender were included as independent variables in all
models. In addition, all variables exhibiting significant univariate associations with
the respective outcome variables were included.

Paper 1V

Values of serum IGF-1 and hepatic mRNA for IGF-1 are presented as box plots
displaying median, and 25" and 75" percentiles. One-way ANOVA was used to
evaluate the effect of treatment on serum IGF-1, mRNA for IGF-1 and for weight
at multiple time-points. Multiple linear regression analyses with serum IGF-1 and
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mRNA IGF-1 respectively as dependent variables was used to evaluate the effect
of treatment adjusting for weight and postnatal age.

Ethical considerations

All the studies were approved by the Regional Research Ethical Committé in
Lund.

Clinical studies

In the clinical study which provided the study material for paper III, parental
informed consent was the rule for inclusion in the study. Information was given to
parents prior to delivery to allow for sufficient time for parental consideration
concerning study participation. Clinical studies in preterm infants are a challenge.
The preterm infant can not give consent to participation and therefore the informed
consent relies on the parents. It is considered an advantage to be able to give study
information to parents prenatally since the postnatal period is a period of parental
emotional and psychological stress which can compromise the retrieval of
information.

Animal studies

Animal studies are still essential in order to further knowledge in basic biology as
well as to retrieve knowledge with an immediate potential for translation to
clinical medicine such as novel therapies and related pharmaco-kinetics and
toxicity issues.

The rights of animals must be respected. The animal model is chosen with the aim
of optimizing representation of the clinical context. A study must have a clear
purpose and aim and requires careful planning for the number and types of
procedures and to minimize the number of animals needed for a study. The
animals should be treated with the same precautions and respect as human patients
are, with minimal handling and always provide the appropriate sedation and
analgesia as needed.

With careful planning a research team can frequently perform an animal study
with more than one purpose. This was particularly the case in paper IV. Careful
planning permitted the study of multiple outcomes beyond those described in the
present thesis.
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Results and comments

The effect of preterm birth, [IVH and caffeine on
cerebellar development in preterm rabbit pups.

Survival

From the first study in preterm rabbit pups and to the last study there is a relative
increase in survival. The mortality in preterm rabbit pups has been reported as
20% in rabbit pups after a glycerol injection and 30% in those who develop IVH in
Ballabhs research lab **. This mortality rate has been questioned by Traut et al
who had double the mortality rates reported by Ballabh '*’. Both research groups
use other rabbit breeds than we do. With time, improvements have been made in
the preterm rabbit pup model to establish better nutrional status and to increase
survival and improved handling of the animals by a dedicated animal technician.
The mortality in paper I was 38% in the preterm pups. There were indications of
undernutrition which resulted in increase of the daily feedings and housing
adjustments of temperature and humidity in paper II. The mortality in that study
was the same, 38% but those pups had IVH which is known to increase the
mortality rate as mentioned previously. This could therefore be interpreted as
improved survival after adjustments. In the most recent study, the caffeine study,
the wet nurse model was implemented and the overall mortality was reduced to
25%. The mortality in the control group was still 38% but significantly reduced in
the caffeine group to 14% (p=0.022). This suggests that treatment with caffeine
increases survival in the preterm rabbit pups. It is conceivable that an apnea-
preventing effect may have contributed to the observed decreased rate of
mortality.

Postnatal growth
Postnatal growth was evaluated in the preterm rabbit pups and compared to that of

term born pups in paper I. Preterm birth in rabbit pups was associated with
profound growth restriction and the mean weight was significantly lower in the
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preterm pups compared to the term pups at all time-points during the study period
(all p <0.05). Fig 4A. Relative increase in weight was 3-fold higher in term pups
compared to preterm pups. No catch-up in weight was noted in preterm pups
during the study period which could be caused by a suboptimal nutritional
strategy.
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Fig 4. Postnatal weight development in preterm and caffeine-exposed rabbit pups.

Fig A shows mean weight in relation to postnatal age in preterm rabbit pups (gray) compared to term rabbit pups
(black), with a significant difference at all time-points (p < 0.05). Bars represent group means and error bars 1 SD. Fig
B shows weight development in preterm rabbit pups treated with either caffeine (black) or vehicle solution (squared
black and white). There was no significant difference between the groups at any time-point. Box plots include median
values and 25" and 75" percentiles.

In paper 1V, the growth of preterm rabbit pups that had been treated with caffeine
was compared to control preterm pups that received vehicle solution. Caffeine did
not have any discernible effect on growth, Fig 4B. Thus, no growth retardation
was noted in the caffeine-exposed pups similar to that described by others in

caffeine-treated preterm human infants *°.

An interesting observation was made when the growth pattern of the preterm
rabbit pups in paper [ was compared to that of the preterm rabbit pups in paper IV.
With the introduction of the wet nurse model in paper IV, the preterm rabbit pups
had a similar nutritional strategy as the term control pups in paper I and exhibit a
very similar increase in postnatal weight. In summary, modification of nutritional
strategy obliviated the influence of differences in GA at birth on postnatal weight
development
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The Insulin-like growth factor system

Circulating IGF-1 and hepatic mRNA expression for IGF-1.

The levels of circulating IGF-1 were evaluated in the preterm rabbit pups
compared to term rabbit pups in paper I and in the caffeine-treated preterm pups
compared to the vehicle-treated preterm pups in paper V.

Paper 1. Mean circulating levels of IGF-1 were significantly lower in the preterm
rabbit pups at all time-points compared to the term rabbit pups (all p < 0.05), Fig
SA. The levels increased slowly in the preterm group but at P9 there was a fall in
serum IGF-1 levels in the preterm group, most likely associated with nutritional
status, Fig SA.

Paper IV. Circulating IGF-1 and hepatic expression of mRNA for IGF-1 were not
affected by caffeine treatment (p = 0.90 and p = 0.29 respectively) at any given
time-point in the study. Fig 5B-C.
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Fig 5. The IGF-1 system in relation to preterm birth and exposure to caffeine in rabbit pups.

Fig A shows serum IGF-1 levels in the preterm rabbit pups (gray) and term pups (black) in relation to postnatal age.
Bars represent group means and error bars correspond to 1 SD. Fig B shows serum IGF-1 levels in relation to
postnatal age in caffeine-treatet preterm rabbit pups (black) compared to vehicle-exposed pups (squared black and
white). Fig C shows hepatic expression of mMRNA for IGF-1 in relation to postnatal age in the same experimental
groups as in panel B. Boxplots denote medians and 25" and 75" percentiles.

Concentrations of serum IGF-1 were highly correlated with weight (r* = 0.89, p <
0.001) and were not affected by caffeine exposure (p = 0.876). A similar
relationship was observed between weight and hepatic mRNA for IGF-1 with no
effect of caffeine exposure (p = 0.974). Circulating serum IGF-1 values correlated
significantly to hepatic expression of mRNA for IGF-1 (r* = 0.38, p < 0.001).

In paper IV early postnatal time-points were not evaluated. Levels of serum IGF-1
were considerably higher than those observed in preterm pups in paper I. Thus,
the modified nutritional strategy in paper IV in comparison to that in paper I had a

55



strong impact on serum IGF-1, very similar to that previously discussed on weight
development.

Cerebellar distribution of IGF-1R

Besides circulating IGF-1 and hepatic expression of mRNA for IGF-1 the
cerebellar expression of the IGF-1R was evaluated in paper IV. Staining for IGF-
1R was only performed at one time-point, P4, which limits the interpretation of the
results to the location of the expression in comparison to what is known from other
experimental studies and to comparison between the caffeine-exposed pups and
the control pups.

Quantitative analysis showed no difference in IGF-1R immunoreactivity between
caffeine-exposed pups and control pups (p = 0.49).

IGF-1R was clearly present in the proliferative part of the EGL surrounding
proliferating Ki67 positive granule precursor cells, Fig 6 A-D. Positive staining for
the IGF-1R was also detected in the molecular layer among the axons of the
granule neurons and the dendrites of the Purkinje cells and the Bergman glia and
to a lesser extent in the IGL. Positive staining for IGF-1R was present in cell
membranes or in the adjacent extracellular space and never detected
intracellularly, neither in the granule cells nor in Purkinje cells. Bondy et al made
a similar observation at the same stage of development and in the absence of IGF-
IR noted a high expression of the ligand, IGF-1. At later developmental age the
same authors observed a high co-localization of the receptor and the ligand in
Purkinje cells '”°.

Since IGF-1 as a ligand exerts its function via the IGF-1R, these results are highly
relevant for addressing the role of IGF-1 in the proliferation in the EGL. At this
time-point serum IGF-1 is still increasing and proliferative cells more active than
differentiated cells that should be migrating out of the EGL inward to form the
IGL, guided on their way by the Bergman glia. The findings of expression of IGF-
IR in the cerebellum at P4 are consistent with previous description of the IGF-1R
in postnatal rat brain '”°. Studies of the ligand IGF-1 at similar postnatal age have
shown a preferential expression in differentiated cells **°, but the expression of the
IGF-1 ligand is not included in our study.
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Fig 6. Inmunofluorescent staining for key elements in cerebellar development.

A and D. IGF-1R (green) exhibits the strongest expression in the outer part of the external granular layer (EGL) but is
also expressed in the inner part of the EGL and in the molecular layer (ML) and the forming IGL. Staining for IGF-1R
is observed in cell membranes and/or in the adjacent extracellular space around EGL granule precursor cells.
Additionally positive IGF-1R staining was observed in the ML with a radial distribution. There is no visible intracellular
expression. B shows staining for Ki67 corresponding to proliferating cells (red). The cell bodies of the granule
precursor cells in the outer EGL layer stain positively. Several cells stain positively in cerebellar white matter (WM). C
Merged panel of IGF-1R (green), Ki67 (red) and DAPI for cell nuclei (blue). Staining for IGF-1R (green) co-localizes
with proliferating Ki67 positive cells (pink) in the outer EGL. E Calbindin staining (red) showing a monolayer of
Purkinje cell bodies (PC) and axons with dendritic arborisation (PC-d). F Merged panel of IGF-1R (green), calbindin
(red) and DAPI for cell nuclei (blue). Absence of co-localisation between IGF-1R and calbindin-positive Purkinje cells.

External granular layer development

Key elements in EGL development were analyzed in paper I, II and IV. The
general outline of the EGL development is shown in Fig 6 and previously
discussed.

Proliferation and differentiation following preterm birth

Paper L. The proliferative (Ki67 positive) portion of the EGL was decreased in the
preterm group at P2 compared to term pups (p = 0.01), Fig 7A. P2 was the only
time-point that exhibited a significant difference. When analysing the proliferative
pattern over time in the preterm and the term pups the pattern is similar,
proliferation starts to decline 5 days after birth in both groups and since the
preterm pups are born 3 days earlier than the term pups this decline occurs on P2
as compared to P5 in the term pups.

The pattern over time of differentiated (Ki67 negative cells) is the same in both
groups with no significant difference at any time-point which could be interpreted
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that timing of differentiation is less modified by preterm birth than that of
proliferation, Fig 7B.
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Fig 7. Proliferating and non-proliferating cells in the EGL in relation to postnatal age.

Fig A. Mean values (width) of proliferating, Ki67 positive cells in relation to postnatal age. Fig B. Mean number of
differentiated, Ki67 negative cells in relation to postnatal age. Preterm pups = gray columns, term pups = black
columns. Bars represent group means and error bars correspond to 1 SD.

Paper II. Following IVH there was a significant decrease in the width of the
proliferative (Ki67 positive) portion of the EGL at the latest time-point evaluated
P5 (p = 0.017) compared to pups with no IVH. No significant difference was seen
at the earlier time-points PO and P2.

Paper IV. Administration of caffeine to the preterm rabbit pups had no significant
quantitative effect on Ki67 positive proliferating cells of the EGL.

Purkinje cell maturation

Paper 1. Purkinje cells exhibited decreased calbindin staining in the preterm rabbit
pups compared to term pups at PO (p = 0.003), P2 (p = 0.004), and P5 (p = 0.04).
Purkinje cell morphology was clearly affected with reduced arborization and
dendritic spines in the preterm group at PO and P2, compared to term pups. At later
time-points the Purkinje cell development in the preterm pups caught up with that
of the term pups with no significant differences observed.

Paper II. Similar results as in paper I were observed after IVH with delayed
Purkinje cell maturation with smaller neuronal cell bodies and underdeveloped
dendrites at PO (p = 0.015) and P2 (p = 0.026) in preterm pups with IVH as
compared to control preterm pups. Fig 8.
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Fig 8. Impaired Purkinje cell maturation following IVH in preterm rabbit pups.

Fig A. Calbindin staining as a marker of Purkinje cell (PC) morphology. The IVH pups have reduced calbindin
immunoreactivity and smaller cell bodies (CB), underdeveloped dendrites (DT) and reduced arborisation compared to
control preterm pups at all time-points. ML molecular layer. Fig B. Quantification of calbindin staining at different
postnatal time-points with significant reduction in the IVH preterm pups (gray boxEIots) as compared to control
preterm pups (white boxplots) at PO and P2. Boxplots denote medians and 25™ and 75' percentiles.

Paper IV. Purkinje cell morphology following caffeine administration was only
evalued at P4 for quantitative comparison between caffeine treated preterm pups
and control preterm pups. There was no quantitative difference between the
groups. Fig 6E shows the morphology of the Purkinje cells at P4.

Cerebellar white matter

Cerebellar white matter was not the primary focus in the experimental studies
included in this thesis, but two important findings deserve mentioning.

In paper I, we observed cerebellar white matter damage in a subgroup of the
preterm pups which was not associated with cerebral or cerebellar hemorrhage and
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was not detected in any of the term pups. Further analysis of the affected areas
revealed reduction in pre-oligodendrocytes (p = 0.009), decreased Ki67 positive
proliferation (p = 0.003) and increased activation of microglia (p = 0.04). These
findings are similar to those observed in periventricular cerebral white matter
following IVH ****'. The reason for this finding is unclear but could be a
consequence of malnutrition, hypoxia or inflammation which are well described

risk facors for white matter damage in the cerebrum **.

In paper II, the rabbit pups with IVH had a significantly higher area of activated
microglia in the cerebellar white matter at PO (p = 0.009) and P2 (p = 0.004). This
suggests that the deposition of cell-free Hb in the cerebellum may induce a
microglial pro-inflammatory response with adverse effects on the immature
oligodendrocytes and a subsequent cerebellar white matter impairment comparable
to that described in cerebral white matter following IVH **'*+%!,

The observations in cerebellar white matter in paper I and II suggest that white
matter development in the cerebellum is an important area for future studies on
cerebellar development following preterm birth.

IVH, cell-free hemoglobin and the cerebellum

Cell-free Hb distribution following IVH

Cell-free Hb distribution was evaluated in the cerebellum at PO in preterm rabbit
pups 3 days after an IVH. Immunofluorescent staining revealed extensive
deposition of RBCs in the subarachnoidal space surrounding the cerebellar lobuli
following IVH which was not observed in control pups, Fig 9B+F. Labeled Hb
was wide spread within the cerebellum. There was surprisingly little deposition in
the EGL and more extensive deposition in the deeper cerebellar layers, the
molecular layer and in the white matter.

An RT-PCR analysis of mRNA expression in cerebellar tissue of the major heme-
degrading protein heme-oxygenase 1 (HO-1) was ten-fold higher in IVH pups
compared to controls at PO which further supported the existence of massive
amount of cell-free Hb in the cerebellum following IVH.

Haptoglobin distribution

The haptoglobin (Hp) system is the scavenging system for cell-free Hb. Cell-free
HbD binds to Hp forming an inert Hb-Hp complex which channels the Hb molecule
for internalization and degradation by the CD-163 postitive magrophages ''"''*.

The cell-free Hb scavenger Hp was injected intraventricularly in the rabbit pups
with IVH at 8 hours of age, about 2 hours after the diagnoses of IVH. The
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distribution of Hp was analysed at PO, 3 days post IVH. No endogenous Hp was
detected in any of the control pups, and was thus only detected in IVH pups that
received the intraventricular injection. The Hp immunolabeling was widely
distributed throughout large parts of the cerebellum, Fig 9K.

Double immunofluorescence labeling of Hp and Hb in these pups displayed a high
degree of co-existence of human Hp and Hb in most regions, including the
molecular layer and white matter, Fig 9L.

Control IVH + Haptoglobin

Fig 9. Imnmunofluorescent labeling of Hb and Hp following IVH in preterm rabbit pups.

Double immunofluorescence labeling of hemoglobin (Hb) (red) and haptoglobin (Hp) (green) together with a DAPI
nuclear staining (blue), in animals with no IVH (Control), in animals with IVH (IVH), and in animals with IVH that
received human Hp injections (IVH + Hp). A-D Control animal: Images B, C show the lack of Hb and Hp labeling. E-H
IVH: In pups with IVH, the Hb labeling (red) was extensive, widely distributed in the molecular layer and white matter
and to some degree in the EGL. Whole erythrocytes in the subarachnoid space surrounding the cerebellar lobuli were
also intensely labeled and gave rise to green autofluorescence (G), observed as yellowish in the merged image (H).
Hb labeling intermingled with dense nuclear regions (intense DAPI staining) appears as pink (bottom images). I-L IVH
+ Hp: J and K show immunofluorescence labeling of Hb (red) and human Hp (green) following intraventricular
injection of Hp at E29. J shows the widespread distribution of cell-free Hb (red), corresponding to that in IVH animals
(F), and the dominating co-existence of Hp in K (green), primarily in the molecular layer, white matter, and the EGL as
shown in the merged image (L). Hp labeling was scarce in the subarachnoid space (K, L), in which Hb labeling of
RBCs was extensive (J, L). Thus, the cell-free Hb and Hp are clearly distinguishable from the cell body—associated
Hb labeling and autofluorescence. Scale bar = 50 ym.
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Intraventricular injection of Hp resulted in partial reversal of the damaging effects
observed on Purkinje cell maturation following IVH, Fig 10 A-D. To strengthen
the qualitative observation of the damage reversal a quantification analysis was
done which confirmed the qualitative observation. There was no significant
difference between the control pups and the IVH Hp group but a significant
difference between the control pups and IVH vehicle group (p = 0.024), Fig 10 E.
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Fig 10. The protective effect of cell-free Hb scavenging on Purkinje cell maturation after IVH.
A-D. Following intraventricular Hp administration at PO, a higher intensity of calbindin immunoreactivity, relatively
larger Purkinje cell bodies, and developed dendrites were observed in the Hp-administered IVH pups as compared to
pups with IVH only or vehicle-treated IVH pups. Scale bar = 50 um. E. Quantification of Purkinje cell development at
PO of control pups (white bars, n = 6), IVH pups (dark gray bars, n = 6), and following intraventricular injection of Hp in
pups with IVH (IVH + Hp, gray bars, n = 6) or vehicle solution (IVH + Vehicle, light gray bars, n = 4).
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MRI studies in preterm human infants with IVH have shown infratentorial
hemosiderin deposits on the cerebellar surface in the posterior fossa in up to 80%
of preterm infants with IVH and disrupted cerebellar development without any
cerebellar hemorrhage *°. Our study shows that there is an extensive deposition of
cell-free Hb in the cerebellum following IVH with subsequent damaging effect on
the proliferation and Purkinje cell maturation and that this damaging effect can be
partially reversed with scavenging of cell-free Hb.

Retinopathy of prematurity, brain growth and
developmental outcome in very preterm infants

Clinical risk factors for ROP, cerebellar growth and developmental
outcome

Clinical risk factors for any ROP

The clinical risk factors for infants with any ROP were lower GA (p < 0.001),
lower BW (p < 0.001), higher frequency of septicemia (p = 0.002) and a higher
total steroid intake (p < 0.001) compared to infants without ROP, table 2.

Table 2.
Clinical characteristics with significant association to the presence of any retinopathy of prematurity (n = 52).
No ROP (n = 33) Any ROP (n =19) P value
GA, weeks, median (range) 27.4 (24.3-30.6) 25.0 (23.0-27.1) <0.001
Birth weight, g, median (range) 970 (592-1716) 634 (348-854) <0.001
Septicemia, n (%) 7(21) 12 (63) 0.002
Total steroid intake, mg/kg, median 0(0-112) 34 (0-105) <0.001

(range)?
“Calculated hydrocortisone equivalents (mg/kg) from birth until postmenstrual age of 35 weeks.

Clinical risk factors for brain volumes

The risk factors for lower cerebellar and unmyelinated white matter volumes
(UWMYV) were GA (both p < 0.001), BW (both p < 0.001), septicemia (both p =
0.02) and a higher total steroid intake (p = 0.001 and p < 0.001). These risk factors
correspond to those observed for any ROP.

Higher steroid intake was associated with lower cerebellar volume which is
expected. The EGL in the cerebellum has the highest number of glucocorticoid
receptors in the brain ">”. Postnatal but not antenatal steroid exposure has been
associated with impaired cerebellar growth ’*.

63



In our study ROP was associated with reduced UWMYV which is a reference to
general white matter development at term equivalent age. Myelination is not

apparent until at later stages **.

Clinical risk factors for developmental outcome

The mental developmental index (MDI) was associated with similar risk factors as
any ROP and brain volumes i.e., GA (p = 0.001), BW (p = 0.004), total steroid
intake (p = 0.006) and additionally marginally associated with low Apgar score (p
=0.047).

Psychomotor developmental index (PDI) differed in its clinical risk factors and
was associated with GA (p = 0.015) as any ROP and brain volumes but severe
brain damage (p = 0.025) was an additional risk factor.

In our study any ROP exhibited a stronger association with reduced developmental
quotients than did severe ROP. That applies to both mild impairment (< 85) and to
moderate impairment (< 70). Table 3.

Table 3.
P value comparison of developmental quotients in infants with severe vs any ROP
p value, severe ROP (Number of infants) p value any ROP (number of infants)
MDI < 85 p =0.008 (N=8) p <0.001 (N=14)
MDI < 70 p =0.02 (N=5) p =0.005 (N=5)
PDI < 85 p =0.03 (N=8) p =0.02 (N=14)
PDI<70 p =0.11 ns (N=3) p =0.04 (N=5)

Stages of ROP, brain volumes and developmental outcome

Infants with mild ROP had a lower mean UWMYV and cerebellar volume (p <
0.001, p < 0.001) and lower developmental quotients, MDI and PDI (p = 0.008
and p = 0.024 ) as compared to infants without ROP.

Infants with treated ROP had lower UWMYV, cerebellar volume and MDI (p =
0.002, p = 0.005, p = 0.002), whereas no significant difference could be shown for
PDI, as compared to infants without ROP, Fig 11A-D.
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Fig 11. Stages of ROP in relation to brain volumes and developmental quotients.
Relationships between stages of ROP and A Cerebellar volume, B Unmyelinated white matter volume, C mental
developmental index and D psychomotor developmental index. The different stages of ROP are defined as No ROP

(green), mild ROP = stage 1 and 2, (yellow) and severe ROP = stage > 3 (red). Boxplots denote medians and 25"
and 75" percentiles.

After adjustment for GA, mean values of brain volumes and developmental
outcome did not differ between infants with mild ROP and those with severe ROP,
Fig 12 A-C
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Fig 12. Cerebellar (A), unmyelinated white matter volume (B) and neurodevelopmental outcome (C) in infants
with any ROP vs no ROP. Boxplots denote medians and 25" and 75" percentiles.

The associations between outcomes and any stage of ROP is not well studied. A
very recent case-control study compared a small group (N=18) of preterm infants
with severe ROP with infants with no ROP (N=36) and included infants with stage
1 ROP in the no ROP group. They found severe ROP to be associated with
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reduced cerebellar and brainstem volumes at term and with early
neurodevelopmental deficits at 15 months and 2 years of age '*. As in our study
the mean GA was low, 25.3 weeks.

It is important to point out that the total number of included infants is small which
reduces the power of the study. However, the incidence of treated ROP is high, the
mild and severe groups were similer in size and the high rate of treatment in the
severe group (9 out of 10 infants) has a potentially increasing effect on group
differences.
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Conclusions

The preterm rabbit pup model exhibits a combination of characteristics relevant to
human preterm birth and cerebellar development. The preterm rabbit pup model is
appropriate for use in future studies relating preterm birth to cerebellar
development.

IVH in the preterm rabbit pup is followed by extensive depostition of cell-free Hb
in cerebellar cell layers and white matter. The exposure to cell-free Hb was
associated with microglial activation, an arrest in neuronal cell proliferation and
delayed Purkinje cell maturation. Intraventricular administration of the cell-free
Hb scavenger Hp partially blocked these effects suggesting that cell-free Hb and
its downstream metabolites are causal in cerebellar impairment following IVH.

Development of any stage of ROP in very preterm infants was associated with
reduced brain volumes and impaired developmental outcome at 2 years corrected
age. Future studies adressing the association between ROP and neurodevelopment
should consider the whole spectrum of ROP.

Enteral caffeine administration in preterm rabbit pups did not reveal any effects on
growth or on the closely related trophic IGF-1 system in preterm rabbit pups and
did not affect key neuronal maturation in the cerebellar external granular layer. It
did increase survival.
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General discussion and future
perspectives

The main question of this thesis is why the cerebellum is smaller in preterm
children compared to term born children and which neonatal events affect
cerebellar development?

The genereral hypothesis is that preterm birth per se disturbs normal cerebellar
development causing underdevelopment and that certain events following preterm
birth, either complications or treatments, may aggravate the underdevelopment.

To improve the long-term outcome for preterm born infants a knowledge of
damaging factors is crucial to be able to treat, or preferentially prevent adverse
events that affect brain maturation. The conclusions drawn in this thesis are that
key neuronal maturation is affected following preterm birth in rabbit pups and that
IVH, with the subsequent distribution of the damaging cell-free Hb within the
cerebellum, aggravates the damage. The damaging effect can be partially reversed
with a cell-free Hb scavenger. The association between retinal and brain
development suggests that factors reducing the risk of ROP could also reduce the
risk of adverse brain development, including that of cerebellar development.

Retinopathy of prematurity, brain growth and
developmental outcome in very preterm infants

Preterm birth coincides with a critical period of brain and vascular development >
which suggests the presence of common mechanisms in the development of these
complications '> .

ROP is sometimes referred to as “the mirror of the brain” '** and considered to be

a spectrum of neurovascular disease. This theory is further supported by the
observation that increasing severity of ROP correlates with a reduced thickness of
retinal nerve fiber layer, assessed with spectral-domain optical coherence
tomography in preterm born infants '**. The retina is a part of the CNS and there is
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a strong association between severe ROP and neurodevelopmental and/or visual
impairment ''"'"®,

Preterm infants have low levels of serum IGF-1 from birth. These levels start to
increase slowly around GW 30 *. The serum IGF-1 levels in our study cohort of
preterm infants who developed ROP were significantly lower than those of
preterm infants without ROP during the study period from GW 24 to 35. This is in
agreement with reports from other studies that found low postnatal levels of IGF-1
to be strongly associated with development of ROP in preterm infants ''***

Treatment-requiring ROP predicts white matter maturational delay at term
equivalent age, independently of other signs of brain injury and is associated with
lower developmental qotients at 18 months '**. Factors reducing the risk of ROP
could also reduce the risk of adverse brain development.

Almost all studies on ROP and outcome have focused on severe ROP, very few
studies include the milder stages of ROP in their results. A possible explanation is
that the milder stages usually regress within a few weeks and in that sense
represent a “transient” state. Since ROP is a neurovascular disease we were
interested to evaluate the association between the whole spectrum of ROP and
brain volumes and developmental outcome. The number of infants treated for ROP
was high in our study material, 17% compared to a mean incidence of 5.7% in
Sweden '*. A possible explanation for the high incidence is that the mean (SD)
GA was 26.4 (1.9) weeks and 25 of the infants were born below 26 gestational
weeks. The large proportion of very immature infants may thus have increased the
risk of treatment requiring ROP.

Future studies on ROP should include all stages of ROP. Finding ways to improve
phase 1 of ROP would prevent the phase 2 and thereby reduce or even prevent
ROP and improve brain growth and neurodevelopment. Improved nutritional
status and thereby reduced postnatal growth restriction following preterm birth is
one suggested method to reduce the risk of ROP.

A follow up at 2 years of age reflects early development and has limited
prognostic value for later developmental impairment which indicates that longer
follow-up time is needed for preterm infants.

Cell-free hemoglobin and cerebellar development

Cerebellar hypoplasia has repeatedly been shown to be associated with
supratentorial IVH in preterm infants and to be a potential component in
neurological disability ****%*®'. The severity of IVH is inversely correlated with
cerebellar volume **. We have shown that cell-free Hb has damaging effects in the
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preterm cerebellum following IVH comparable to what has been shown in the
choroid plexus and periventricular white matter following an IVH ''%,

In the cerebellum the most likely target exposed to cell-free Hb in the CSF would
be the cells in the EGL that stand in direct interphase with the subarachnoidal
space. This is consistent with our findings with a presence of cell-free Hb in the
EGL and a reduction in EGL proliferation and a halted Purkinje cell maturation
following IVH. We have also shown that cell-free Hb diffuses into the deeper
layers, including the cerebellar white matter, indicating that all layers and thereby
all celltypes can be affected and need to be considered in future studies.

Free iron has been found in the CSF for weeks after an IVH in preterm infants
because of the limited ability of the CNS to discharge iron '"’. The levels of
endogenous Hb scavenger, Hp, are extremely low in both the circulation and in the
brain of preterm infants '"°. This endogenous defence system has therefore a very
limited capacity to inactivate cell-free Hb ''*. To be able to scavenge cell-free Hb
following an IVH in the preterm infant exogenous Hp is needed and preferentially
locally in the CSF and very likely soon after an IVH occurs. Being able to prevent
the neurological damage following IVH could reduce the risk of long term
complications in the smallest preterm infants.

Treatment with exogenous Hp is impossible today and there is a long road ahead.
A treatment that could be given intravenously would be of preference to a
treatment that needs to be administered directly into the CSF. Therefore, for Hp to
be considered as a treatment for cell-free Hb scavenging following an IVH, studies
are needed that include an evaluation of possible side effects, optimized timing
and doses of administration for maximized scavenging. To date we have no
administrative route of Hp into the ventricles of a newborn extremely preterm
infant following an IVH. Are there other possible scavengers more appropriate or
easier to use ?

Caffeine, the IGF-1 system and cerebellar development

No short time effects were observed with caffeine treatment in preterm rabbit
pups. Administered caffeine had no effect on weight development, the IGF-1
system or on the development of the cerebellar external granular layer. The EGL
development was only evaluated at one singular time-point. Downregulation of
IGF-1 and the IGF-1R associated with caffeine exposure has been shown in
different settings. We evaluated the endogenous IGF-1 system with a longitudinal
evaluation of systemic IGF-1 including the liver as a prime source of circulating
IGF-1 and found no impact on systemic levels of IGF-1. The evaluated dosage
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would appear clinically relevant as resulting serum concentrations resemble
therapeutic concentrations in preterm infants. Caffeine treatment had no effect on
the quantitative evaluation of the IGF-1R. The highest density of IGF-1R was
clearly localized to the Ki67 proliferative portion of the EGL with a distribution

consisting with previous findings by others in postnatal rat brain '°.

Caffeine treatment in preterm infants has been associated with a temporary growth
restriction after starting treatment '>. We saw no growth restriction with caffeine
treatment in the preterm rabbit pups.

Caffeine did increase survival and the wet nurse model appears to have positive
effects on postnatal growth and serum IGF-1 levels in preterm rabbit pups. Future
studies should include evaluation of the cerebellar white matter development as
well as a long-term follow-up. Thereafter, caffeine could be considered standard
care for preterm rabbit pups to increase survival in future studies on cerebellar
development.

Preterm birth per se and cerebellar development

Nutrition and postnatal growth

Severe growth restriction is well known in human infants following preterm birth
with an initial growth restricted period until catch-up growth starts around GW 30
6495 Nutrition and postnatal growth is associated with ROP development '** and
with head growth '*. Head circumference is regarded as a proxy of brain growth
and has been shown to be strongly associated with development of ROP '**. Head
circumference at term equivalent age is predictive of later developmental outcome
6 Optimized nutritional intake may therefore be preventive of
neurodevelopmental impairment.

In paper I, the preterm rabbit pups showed sign of undernutrition with absence of
catch-up growth and a decrease in circulating IGF-1 levels. This effect was not
seen in the preterm rabbit pups in paper IV who were fed by a wet nurse. This
observation raises some questions about nutritional strategies. In the wet nurse
model the pups receive the nutrition straight from the mother, they control their
own feeding times and volumes and maybe receive some additional growth factors
not provided by milk replacement formula.

The growth retardation phase in preterm infants is not eliminiated by optimizing
the protein and caloric intake alone, and the catch-up phase does not start until the
low levels of serum IGF-1 start to increase *. This suggests that some additional
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growth factors normally delivered to the fetus via the placenta are required to
achieve growth comparable to normal growth in utero during the third trimester of
pregnancy.

With this in mind it would be interesting to repeat the study in paper I with the wet
nurse and evaluate the effect of preterm birth on cerebellar development under
more optimal nutritional conditions and include a long-term follow-up with
behavioural observations.

More studies on growth factor replacement are needed and the preterm rabbit pup
model would be a suitable animal model for evaluation of the effects on both
cerebellar and cerebral development.

Standardized methods for assessing the size of the cerebellum in the preterm rabbit
pups are needed to include cerebellar growth measures in future studies.

External granular layer development

When studying cerebellar underdevelopment following preterm birth, the EGL is a
logical start since the most important milestones of cerebellar development occur
during the postnatal period following preterm birth. Proliferation declines earlier
in preterm pups compared to term pups. Purkinje cell development is delayed both
following preterm birth per se and following IVH. The observed changes
following preterm birth per se might be sufficient to leave a permanent mark on
cerebellar development. This pattern is seen in the weight development of preterm
infants. Preterm infants experience growth retardation after birth and even though
they catch up to normal weight at term equivalent age or within the first year the
growth retardation leaves a long term mark with increased risk of ROP, reduced
brain volumes and neurodevelopmental impairment. It is possible that the minor
changes observed in cerebellar development are sufficient to cause disturbances
that affect the cerebellum and its function as a control center in regulating
movements, coordination and cognitive function in a long-term perspective.

As a final note, the cerebellum has a clear role in developmental impairment in
preterm infants and deserves more attention both in the neonatal care of preterm
infants and in research regarding development of preterm infants. Cerebellar
imaging and evaluation should be included in the standard routine screening for
brain abnormalities in the neonatal care of preterm infants. The results of the thesis
support our general hypothesis and although it does not answer the main study
question it provides some small steps towards the answer.
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Svensk sammanfattning

Med forbattrad neonatalvard overlever fler och mera omogna barn idag. En del
barn far bestdende men pa grund av sin prematuritet, dir de minsta och mest
omogna barnen loper storst risk. Cerebellum eller lillhjdrnan &r en del av hjérnan
som deltar i att styra rorelser, koordination och kognition. Lillhjarnan innehéaller
fler nervceeller &n storhjédrnan och &ér den delen av hjédrnan som véxer fortast under
graviditetens sista trimester. P& grund av sin snabba tillvixt dr lillhjdrnans
utveckling speciellt kénslig for de péfrestningar som en mycket prematur fodelse
kan innebdra. Bildundersokningar med magnetrontgenteknik har visat att
lillhjirnan hos mycket for tidigt fodda barn &r mindre nédr barnen uppnér
fullgéngen tid jamfort med den hos barn som f6ds i fullgdngen tid. De senaste aren
har problem relaterade till lillhjérnans utveckling uppmérksammas och lillhjdrnans
viktiga roll 1 utvecklingen blivit tydligare. Mekanismerna bakom hur lillhjérnans
tillvixt hdmmas &r dock okénda.

Huvudhypothesen i avhandlingen &r att den prematura fodelsen dr huvudorsaken
till lillhjarnans avvikande utveckling och att andra héndelser under
neonatalperioden som paverkar hjarnutveklingen s& som hjérnblédningar,
prematuritetsretinopati eller méjligen mediciner som anvinds kan bidra till
ytterligare skada.

Prematurfodda kaniner har en hjarnutveckling som pd manga sitt liknar den som
ar kdnd hos prematura barn. Med denna djurmodell har vi kunnat visa att for tidig
fodelse leder till sdmre tillvéxt, ldgre nivier av en viktig tillvaxtfaktor, insulin-like
growth factor 1 (IGF-1), och att utmognaden av nyckelceller i lillhjdrnan paverkas
negativt. Vi visar att nir roda blodkroppar bryts ner efter en hjarnblodning hos
prematurfodda kaniner, tar sig fritt hemoglobin via ryggmargsvitskan eller via
nervbanor till lillhjdrnans vévnad och orsakar underutveckling av lillhjarman. I
kaniner som fick en kroppseget protein, haptoglobin, insprutat i hjdrnans halrum
blev skadeutvecklingen i lillhjarnan lindrigare. Proteinet haptoblobin binder starkt
till det fria hemoglobinet och har dirmed en oskadliggorande effekt. Dessa
resultat ger hopp om att det i framtiden ska vara mojligt att minska skadan efter
hjdrnblodning hos for tidigt fodda barn dven om det 4r en lang vig dit. I tredje
delarbetet undersokte vi effekten av koffein pé tillvixt, IGF-1 och lillhjdrnans
utveckling hos prematurfodda kaniner. Koffein er ett av de mest anvénda
ladkemedlen i neonatalvarden idag och ges for att forbattra andningsfunktionen hos
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for tidigt fodda barn. Koffeinets effekt pa hjarnutvecklingen hos for tidigt fodda
barn dr oklar och det finns tidigare data som talar for bade positiva och negativa
effekter. Hos prematurfodda kaninungar hade koffein ingen effekt pé vare sig
tillvixt, IGF-1 systemet eller pa lillhjarnans utveckling. Som ett bifynd fann vi
okad overlevnad hos koffeinbehandlade kaninungar. Sista delarbetet handlar om
prematurfodda barn som far prematuritetsretinopati eller retinopathy of
prematurity (ROP). Prematuritetsretinopati &r en sjukdom i kédrl och nerver i
Ogats néthinna som kan leda till blindhet. Utveckling av en svar ROP hos
prematurfodda barn sammanfaller ofta med andra problem inom barnets ovriga
psykomotoriska utveckling. I vér studie av mycket prematurfédda barn visar vi att
aven lindrigare stadier av ROP &r kopplade till bdde minskade hjarnvolymer samt
till en nedsatt psykomotorisk utveckling vid 2 &rs élder.

For att forbéttra 14ngtidsprognosen for prematurfédda barn behdvs mer kunskap
om vad som orsakar hjirnskada for att kunna forhindra eller minska risken for
bestdende men.

Slutsatsen ar att nervceller med nyckelfunktioner i lillhjédrnan paverkas av mycket
prematur fodelse hos kaninungar och att hjarnblédning forvérrar lillhjarnans
underutveckling. Underutvecklingen av lillhjdrnan som f6ljer hjarnblddningen
kan minskas genom att tillféra kroppseget protein som blockerar de skadliga
effekterna av fritt hemoglobin. Fortsatta studier behdver utvdrdera tidpunkt och
tillvigagangsétt for att, i framtiden, pa sékert sétt kunna genomfora behandlingen
hos mycket prematurfédda barn. Behandling med koffein hos prematurfédda
kaniner visade sig inte pdverka utvecklingen av lillhjarnan, IGF-1 systemet eller
tillvixten. Det dr lovande eftersom koffein dr en s frekvent anvéind medicin i
dagens neonatalvard. Kopplingen mellan utveckling av ROP och nedsatt
hjdrnutveckling, inklusive lillhjdrnan, talar for nérvaro av gemensamma
bakomliggande riskfaktorer. Atgirder for att paverka ROP skulle dirmed kunna
forbattra hjarnans tillvixt. Det finns studier som talar for att ett forbéttrat
nutritionsintag skulle kunna vara ett sétt att uppné det mélet.
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[slensk samantekt

Med framfSrum sidustu ara 1 uménnun minnstu fyrirburanna hafa lifslikur peirra
aukist og mork pess lifvaenlega feerst nedar. Proskaskerding hjad pessum hopi
barna er algeng og likurnar aukast eftir pvi sem bornin eru minni og éproskadri vio
feedingu. Litli heilinn er mikilvegur hluti heilans og hefur hlutverk vid stjorn
hreyfinga, samhafingar og vitsmunaproska. I litla heilanum eru fleiri taugafrumur
en i stora heilanum og litli heilinn er s4 hluti heilans sem vex orast 4 sidasta
pridjungi medgongunnar. Hann er pvi vidkvemari en ella fyrir breytingum i
kjolfar fyrirburafedingar. Segulomskodun hefur synt fram a ad litli heilinn i
miklum fyritburum er minni vi0 d4®tladan fadingardag en litli heili
fullmedgenginna barna. A undanférnum arum hefur pekking 4 proskardskunum
sem tengjast litla heila aukist og mikilveegi litla heilans ordid skyrara. Orsakir &
truflunum & proska litla heilans eru hins vegar 6pekktar.

Megintilgata doktorsverkefnisins er su ad fading fyrir timann sé meginasteda
truflunar & proska litla heilans og ad adrir fylgikvillar fyrirburafedinga eins og
heilabladingar, sjonukvilli fyrirbura eda jafnvel lyf sem gefin eru fyrirburum auki
neikvaed ahrif fyrirburafedingar a proska litla heilans.

Heilinn hjé kaninuungum sem eru feeddir fyrir timann proskast 4 svipadan hatt og
heili barna sem eru faedd fyrir timann og pvi henta kaninuungar vel til rannsokna a
ahrifum fyrirburafeedingar 4 proska heilans. Pannig héfum vid synt fram a ad
feeding fyrir timann veldur hagari vexti, skorti & mikilveegum vaxtarpattum eins
og Insulin-like growth factor 1 (IGF-1) og ad lykilfrumur i litla heilanum proskast
haegar. Vid hofum einnig synt fram 4 ad i kjolfar heilabledingar i kaninuungum
sem feddir eru fyrir timann komast nidurbrotsafleidur bléorauda med heila- og
manuvokvanum og/eda medfram taugabrautum fra stora heilanum til litla heilans.
bessi nidurbrotsefni valda sidan truflun i proska & taugafrumum litla heilans.
Protein sem heitir haptoglobin hlutleysir hin skadlegu nidurbrotsefni blédrauda.
Vid sprautudum haptoglobini inn i heila- og manuvékvann og gitum pannig
minnkad verulega skadleg ahrif blodrauda & frumur litla heilans 1 kjolfar
heilableedingar. P6 svo ad langt s¢ i land gefa pessar nidurstodur von um ad pad
verdi 1 framtidinni haegt ad minnka heilaskada af voldum heilabledinga i
fyrirburum.

Vid rannsokudum ahrif koffeins & pyngdaraukningu, vaxtarpeetti (IGF-1) og
proska litla heilans 1 kaninuungum sem faddir voru fyrir timann. Koffein er eitt
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algengasta lyf sem notad er 4 nyburadeildum og beatir 6ndunarhaefni fyrirbura.
Ahrif koffeins 4 heila fyrirbura eru ekki ad fullu pekkt og fyrri nidurstodur hafa
ymist bent til jakvedra eda neikvaedra ahrifa 4 hinn Oproskada heila. Engin
neikveed ahrif koffeins saust 4 voxt, vaxtarpetti eda 4 proska litla heilans hja
kaninungunum. Hins vegar jokst lifun hja peim kaninum sem fengu koffein
samanborid vid kaninur sem fengu lyfleysu.

Sidasta verkefnid i1 doktorsritgerdinni fjallar um fylgni sjénukvilla fyrirbura,
vaxtar heilans og taugaproska vid 2 ara aldur hja hopi mikilla fyrirbura.
Sjonukvilli fyrirbura er sjukdomur i1 bedi &dum og taugum nethimnu augans sem
getur leitt til blindu og sterk fylgni er &4 milli alvarlegs sjonukvilla og
proskaskerdingar. Vid syndum fram a fylgni ekki bara alvarlegs sjonukvilla heldur
einnig vags sjonukvilla vid minni voxt heilans, adallega litla heilans og
taugaprada heilans sem og vid proskaskerdingu vio 2 ara aldur.

bekking er lykill framfara og til ad beata horfur minnstu fyrirburanna parf ad
rannsaka orsakapetti heilaskada og proskaskerdingar fyrirbura med bpad ad
markmidi ad hindra eda medhondla dhattupetti. Vid getum minnkad neikved
ahrif heilabledingar 4 proska litla heilans med préteininu haptoglobin sem
hlutleysir skadleg ahrif blodrauda. 1 framtidinni parf ad rannsaka hvernig unnt er
a0 gefa fyrirburum med heilabledingu haptoglobin, kortleggja hugsanlegar
aukaverkanir, timasetningu medferdar, skammtasterdir osfr. Medferd med
Koffeini hafdi engin neikvad ahrif a proska litla heilans, vaxtarpattinn IGF-1 eda
pyngdaraukningu. Pad er jakveett par sem koffein er eitt mest notada lyfid i
medferd fyrirbura. Fylgni milli sjonukvilla fyrirbura og minni vaxtar heilans
bendir til pess ad um sému dhattupaetti s¢ ad reda. Ef haegt er ad minnka likur
fyrirbura 4 sjonukvilla er hugsanlegt ad voxtur heilans batni samhlida og einnig
taugaproski barnanna. Rannsoknir benda til pess ad beett nzering minnstu
fyrirburanna s¢ mikilvaegur lidur 1 pvi ad baeta taugaproska og rannsoknir eru nu
pegar hafnar til ad meta frekar ahrif naringar a horfur fyrirbura.
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Abstract

Cerebellar growth is impeded following very preterm birth in
human infants and the observed reduction in cerebellar vol-
ume s associated with neurodevelopmental impairment. De-
creased levels of circulating insulin-like growth factor 1 (IGF-
1) are associated with decreased cerebellar volume. The rela-
tionship between preterm birth, circulating IGF-1, and key cell
populations supporting cerebellar proliferation is unknown.
The aim of this study was to evaluate the effect of preterm
birth on postnatal growth, circulating IGF-1, and cerebellar
maturation in a preterm rabbit pup model. Preterm rabbit
pups (PT) were delivered by cesarean section at day 29 of ges-
tation, cared for in closed incubators with humidified air, and
gavage fed with formula. Control term pups (T) delivered by
spontaneous vaginal delivery at day 32 of gestation were
housed and fed by their lactating doe. In vivo perfusion-fixa-
tion forimmunohistochemical evaluation of cerebellar prolif-

eration, cell maturation, and apoptosis was performed at re-
peated time points in PT and T pups. Results show that the
mean weight of the pups and circulating IGF-1 protein levels
were lower in the PT group at all time points (p < 0.05) than in
the T group. Postnatal weight development correlated with
circulating IGF-1 (2 = 0.89) independently of gestational age
at birth and postnatal age. The proliferative (Ki-67-positive)
portion of the external granular layer (EGL) was decreased in
the PT group at postnatal day 2 (P2) compared to in the T
group (p =0.01). Purkinje cells exhibited decreased calbindin
staining at PO (p = 0.003), P2 (p = 0.004), and P5 (p = 0.04) in
the PT group compared to in the T group. Staining for sonic
hedgehog was positive in neuronal EGL progenitors and Pur-
kinje cells at early time points but was restricted to a well-
defined Purkinje cell monolayer at later time points. Preterm
birth in rabbit pups is associated with lower circulating levels
of IGF-1, decreased postnatal growth, and decreased cerebel-
lar EGL proliferation and Purkinje cell maturation. The pre-
term rabbit pup model exhibits important characteristics of
human preterm birth, and may thus be suitable for the evalu-
ation of interventions aiming to modify growth and cerebel-
lar development in the preterm population.
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Introduction

The improved survival of very preterm infants has in-
creased the awareness that very preterm birth is associ-
ated with diverse neurodevelopmental disability [1-3].
The knowledge on brain development following preterm
birth is insufficient. Acquired lesions such as intraven-
tricular hemorrhage and white-matter damage of the ce-
rebrum have well-defined implications for neurodevel-
opmental impairment. However, the mechanisms where-
by very premature birth per se has a damaging effect on
brain development remain less well defined.

The use of magnetic resonance imaging has increased
awareness of cerebellar abnormalities following preterm
birth and their important contribution to neurodevelop-
mental disability. In humans, the cerebellum is the fastest-
growing part of the brain during late pregnancy. The cer-
ebellar volume increases 5-fold and the surface area in-
creases 30-fold during the 3rd trimester. Consequently,
very premature birth may have important implications for
the structural and functional integrity of the cerebellum.

In very preterm human infants, the cerebellar volume,
as determined by magnetic resonance imaging, is smaller
at term age than in control term infants [4, 5]. The ob-
served reduction in cerebellar volume has been associated
with acquired brain insults such as intraventricular hem-
orrhage [6, 7], but is also present in relation to extreme
prematurity per se [4, 8]. Importantly, reduced cerebellar
volume at term age has been associated with subsequent
neurological impairment [6, 9, 10].

The mechanisms involved in reduced cerebellar vol-
ume following very preterm birth remain unknown. We
have shown that very preterm birth is followed by de-
creased circulating levels of insulin-like growth factor 1
(IGF-1) [11]. Continued study showed that decreased
levels of IGF-1 were associated with decreased brain vol-
umes at term age, with the cerebellum exhibiting the
strongest correlation [4]. Proliferation of granule cell pre-
cursors in the external granular layer (EGL) and their in-
ward movement to form the internal granular layer (IGL)
constitute a critical event in cerebellar development [12].
Sonic hedgehog (Shh), a mitotic factor secreted by Pur-
kinje neurons, is responsible for the growth and pattern-
ing of the cerebellum [13]. IGF-1, an anabolic and neuro-
protective factor, is essential for fetal growth and pre- and
postnatal brain development [14]. IGF-1 has been sug-
gested to have a supporting role in Shh-induced prolif-
eration of EGL precursor cells [15].

We hypothesized that preterm birth and the subse-
quent loss of placental support with a resulting decrease
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Table 1. Number of rabbit pups according to experimental group
and postnatal age

E29 PO P2 P5 P9

Preterm pups 8 8 5 6 5
Term pups 10 10 6 6

E29, day of birth for preterm pups delivered by cesarean sec-
tion; PO, day of birth for vaginally delivered term control pups and
term equivalent age for preterm pups; P, postnatal day.

in circulating levels of IGF-1, may be essential, and partly
causal, in the decreased cerebellar growth observed in
very preterm infants.

Greater understanding of these relationships would be
facilitated by an animal model that incorporates preterm
birth. To date, few, if any, reported animal models incor-
porate the premature loss of placental support during a
window of brain maturation corresponding to that of the
very preterm human infant. The preterm rabbit pup
model could be such an animal model since a significant
part of the EGL proliferation takes place prior to birth, as
opposed to mice and rats where EGL proliferation is
mainly postnatal.

We thus aimed to evaluate if preterm delivery of rabbit
pups would result in decreased circulating levels of IGF-1,
and if preterm delivery per se would result in maturation-
al changes in key elements of the developing cerebellum.

Material and Methods

The Preterm Rabbit Pup Model

The animal protocol was approved by the Swedish Animal Eth-
ics Committee in Lund. The study included 64 rabbit pups from
16 litters. A half-breed between the New Zealand White and Lop
was used. The preterm (PT) rabbit pups were delivered by cesar-
ean section at gestational day 29 (term 32 days) after the does were
anesthetized with i.v. propofol (5 mg/kg) and local infiltration of
the abdominal wall using Lidocaine with adrenaline (10 mg/mL +
5 ul/mL). After birth, the pups were dried vigorously and placed
and cared for in a closed infant incubator with humidified air: ini-
tially at 37°C and 70% humidity on day 1, 36°C and 60% humid-
ity on day 2, and thereafter at 35°C and 50% humidity. At 2 h of
age, the pups were weighed and hand-fed with 1 mL of kitten-milk
replacement formula (KMR; PETAG Inc., USA) using a 3.5-Fr
feeding tube, and every 12 h thereafter, the meals were increased
by 0.5 mL. The term (T) pups were delivered at term by spontane-
ous vaginal delivery at gestational day 32, and then nursed and fed
by their lactating doe. All pups were weighed once daily. The num-
ber of pups according to postnatal age in the PT and T groups is
shown in Table 1. Mortality after inclusion in the study was 38%
in the PT group and 0% in the T group.
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Fig. 1. Measurement of external granular layer (EGL) width.
A Cerebellar overview illustrating areas (outward and inward re-
gions of lobuli V and IX) used for quantitative measurement of
total and proliferative EGL width. B HE- and Ki67-stained section
of the EGL illustrating measurements obtained for quantitative

Procedures for Blood and Tissue Sampling

Blood sampling was performed through cardiac puncture af-
ter sedation with isoflurane inhalation prior to in vivo perfusion
fixation. Blood was collected in serum tubes and centrifuged at
1,000 g for 10 min at room temperature. The serum was then trans-
ferred into new tubes and stored at -80°C until analysis. Perfu-
sion-fixation of the brain was performed by cardiac cannulation
following thoracotomy and infusion of 0.9% saline followed by 4%
paraformaldehyde (PFA). After complete perfusion, the cerebrum
and cerebellum were carefully extracted from the skulls and im-
mersed in 4% PFA. A change to fresh PFA was done after 3-6 h.
Thereafter, the tissues were prepared for histochemical analysis as
described below.

Serum IGF-1 Concentrations

The rabbit pup serum concentration of IGF-1 was determined
using the human IGF-1 ELISA from Mediagnost (Reutlingen, Ger-
many). The manufacturer has proved this assay applicable for rab-
bit serum samples. The analysis was performed according to the
manufacturer’s instructions.

Tissue Preparation

The brains were fixated in 4% PFA for 48 h. Thereafter, they
were dehydrated, cleared, and infiltrated with paraffin automati-
cally in a TISSUE-TEK V.I.P. (Miles Scientific Corp., Newark, NJ,
USA) and embedded in paraffin. The cerebellum was sectioned,
and 4-um sections in the parasagittal plane at the level of the den-
tate nucleus were made (Leica, RM2255 Microtome) and mounted
on microscope slides and dried at 37°C for 12-16 h.

Immunohistochemical Staining
Following deparaffinization, the sections were antigen-retriev-
al pretreated by boiling in 0.05 M boric acid buffer (pH 8.0) for 20

Preterm Birth and Cerebellar
Development

EGL analysis: (a) total EGL = width of proliferative EGL + inner
zone of differentiated granular precursor cell (GPC) layer, and (b)
proliferative EGL = width of Ki67-positive proliferating GPC lay-
er.

min followed by 20 min acclimatization at room temperature. Sec-
tions were then incubated with the primary antibody; mouse anti
Ki67 (diluted 1:100, Dako, M7240), rabbit anti-cleaved caspase-3
(diluted 1:100, Cell signaling, #9661), mouse anti-calbindin (di-
luted 1:200, DBS, CB-855), rabbit anti-GFAP (diluted 1:150, Ab-
cam, ab16997), mouse anti-Olig-2 (diluted 1:1,000, Millipore,
MABNS50), rabbit anti-Ibal (diluted 1:200, Biocare, CP290), or
rabbit anti-sonic hedgehog (diluted 1:200, Abcam, ab73958). All
primary antibodies were diluted in PBS containing 5% normal goat
serum (Jackson ImmunoResearch, 005-000-121) for 1 h at room
temperature. Sections were then washed 3 times in PBS followed
by incubation in corresponding secondary antibody, i.e. for rab-
bit primary antibodies: BrightVision rabbit/HRP (Immunolog-
ic, DPVR110HRP) and mouse primary antibodies: BrightVision
mouse/HRP (Immunologic, DPVM110HRP), for 30 min. After
being washed 3 times in Tris buffer (0.05 M, pH 7.6), the sections
were incubated with DAB (diaminobenzidine, Sigma D5637-5G)
for 5 min, counterstained with hematoxylin for 5, dehydrated and
mounted in Pertex, and coverslipped. Mayer’s hematoxylin and
eosin (HE) staining was performed in a Leica ST4040 automatic
stainer.

Microscope Analysis and Data Documentation
Microscope analysis was performed with a Leica light micro-
scope (DMRX) equipped with a digital camera (MC120 HD, Leica).

Histological Analysis

Analysis of the EGL was performed in 4 predefined regions: the
inner and outer portion of lobule V, and the inner and outer por-
tion of lobule IX, respectively (Fig. 1). These regions were chosen
as the regions with possible maturational differences in EGL pro-
liferation and in subsequent width. Measurement of the width of
the proliferative EGL, as constituted by Ki67-positive cells, was
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Fig. 2. Growth and serum insulin-like growth factor 1 (IGF-1) in
preterm (PT) and term (T) rabbit pups. A Rabbit pups were
weighed daily. The mean weight in the PT group (white bars) was
lower than in the T group (grey bars) at all postnatal time points
(p < 0.05). Error bars denote 1 SD. B Blood for analysis was re-
trieved at termination of PT and T pups at each respective postna-

performed by using the x40 objective lens on the Leica DMRX mi-
croscope. The average of the 4 respective measured widths was
calculated for each pup. Ki67-negative cells were regarded as dif-
ferentiated, and were counted over an area of 100 um. Qualitative
evaluation was performed of Purkinje cell (calbindin immunore-
activity) and Bergmann glia morphology (GFAP immunoreactiv-
ity) at repeated postnatal ages in both the PT and T groups. Distri-
bution and the presence of immunoreactivity for cleaved caspase-3
and Shh were described qualitatively.

Using the Leica Q500 image analysis system of the microscope,
the area of calbindin-positive-stained cells was determined in rela-
tion to the area of the molecular layer. Thus, calbindin staining was
expressed as percentage positive area in relation to a standardized
area of the molecular layer. Nonspecific background staining was
taken into consideration.

Cerebellar White-Matter Damage

Cerebellar white-matter impairment was evaluated in PT and
T pups by HE staining. We further performed qualitative and
quantitative analysis of immunostaining for Ki67, Olig2, and Ibal,
for determination of cell proliferation and presence of oligoden-
droglial and microglial cells in PT and T pups.

Antibody Control for Immunohistochemical Staining

Antibody specificity tests were performed on parallel sections
in all labeling experiments in which the primary antibodies were
excluded from the labeling protocol (online suppl. Fig. 1; see www.
karger.com/doi/10.1159/000480428 for all online suppl. material).
This confirmed that the visualized and documented immunohis-
tochemical staining was caused by the binding of the respective
primary antibodies, not to the binding of secondary antibodies.
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tal time point, and analyzed according to the description in Mate-
rial and Methods. Mean levels of serum IGF-1 were lower in the
PT group (white bars) than in the T group (grey bars) at all time
points (all p < 0.05). Error bars denote 1 SD. Differences in weight
and serum IGF-1 between groups were analyzed using the Mann-
Whitney U test.

Statistics

Statistics were performed with IBM SPSS v21 for Mi-
crosoft Windows (IBM, Armonk, NY, USA). Differences
between groups and time points were analyzed with the
Mann-Whitney U test. Correlations between continuous
variables were analyzed with regression analysis and ad-
justment for other variables was performed with multi-
variate regression analysis. p < 0.05 was considered sig-
nificant.

Results

Weight Development

Preterm birth was associated with profound growth
restriction (Fig. 2A). The mean weight of the PT group
was less than that of the T group at each time point (all
P <0.05). The mean (+SD) weight of the PT group exhib-
ited no increase in weight from birth at E29 to PO, i.e. 40
(3) versus 39 (+2) g. Mean relative increase in weight
from PO to P9 was 3 times higher in the T group (p < 0.01;
246% in the T group vs. 83% in the PT group). No catch-
up in weight in the PT group was noted during the obser-
vation period.
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Fig. 3. Cerebellar external granular layer (EGL) width in preterm <
(PT; white bars) and term (T; grey bars) rabbit pups. Measurement % 304
of total and proliferative EGL width was performed using bright- o
field microscopy in defined regions of cerebellar lobuli V and IX 2
during postnatal development as described in Material and Meth- S 201
ods. A The total width of the EGL did not differ between the PT ky
and T groups at any postnatal time point. Total EGL was thickest g
at PO in both groups and exhibited a continuous decrease at sub- 104
sequent time points. Error bars denote 1 SD. B At P2, the mean
(+SD) width of the proliferative layer of the EGL was decreased in
the PT group 35 (+3) pm compared to the T group 44 (+4) pm. 0- 29
p = 0.01. Error bars denote 1 SD. C The number of differentiated C
(Ki67-negative) cells did not differ between the PT and T rabbit Age, days
pups at any postnatal time point.
Serum IGF-1 Cerebellar Histology

Mean protein levels of circulating IGF-1 were lower in
the PT group than in the T group at PO, P2, and P9 (all
p <0.05; Fig. 2B). Mean serum values generally increased
with increasing postnatal age in PT and in T pups, al-
though a decrease was observed in mean serum IGF-1
level in the PT group at P9 compared to at P5 (p < 0.05).
Concentrations of serum IGF-1 were highly correlated
with weight (r? = 0.89, p < 0.001). This association re-
mained significant (p < 0.001) after adjustment for gesta-
tional age at birth and for postnatal age.

Preterm Birth and Cerebellar
Development

EGL Measurements

There was no significant difference in the total width
of the EGL between the PT and T groups. The total EGL
width was largest at PO in both groups and decreased at
subsequent time points (Fig. 3A). The mean (+SD) Ki67-
positive portion of the EGL was reduced at P2 in the PT
group, i.e. 35 (£3) um, versus in the T group, 44 (+4) um
(p = 0.01; Fig. 3B). The mean Ki67-positive layer had its
maximal width at PO in the PT group and was decreased
at P2 (p < 0.05). The corresponding decrease from maxi-
mal Ki67-positive width appeared later in the T group,
between P2 and P5. The number of Ki67-negative cells in
the EGL did not differ between the PT and T group at any
of the observed time points (Fig. 3C).
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Fig. 4. Cerebellar Purkinje cell develop-
ment and Sonic hedgehog (Shh) expression
in preterm (PT) and term (T) rabbit pups.
A The development of Purkinje cells was
evaluated by their morphology as deter-
mined by calbindin staining using a bright-
field microscope as described in Material
and Methods. Cell maturity over time, i.e.
dendritic length and arborization, and
their formation into the Purkinje cell layer
were compared between the 2 groups at
each postnatal time point. Representative
immunosections of Purkinje cell morphol-
ogy in PT and T pups are shown at each 40 4
postnatal time point and also the progres-
sive maturation from a fuciform to a stel-
late state. Calbindin staining (brown) was
decreased in the PT group at PO and P2 (vs.
in the T group), with reduced arborization
and dendritic spines. B Immunostaining
for Shh was performed in sections from PT
and T pups at each postnatal time point as
described in Material and Methods. The
pattern and intensity of staining for Shh
were similar in the PT and T groups. Shh
staining was scattered and present within
the external granular layer, like in the inter-
nal granular layer, at early postnatal time
points, and was restricted to the Purkinje
cell somata (brown) at later time points.
Scale bar, 50 pm. € Quantitative analysis of
calbindin staining showed a decrease in the
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Purkinje Cell Maturation and Sonic Hedgehog

Expression

Purkinje cell appearance, as determined by calbindin
staining, changed strikingly over time, with an organized

492 Dev Neurosci 2017;39:487-497

DOI: 10.1159/000480428

monolayer of cell somata visible at P5, and still more de-
fined at P9, in PT and T pups. Dendritic length and arbo-
rization increased with increasing postnatal age. Calbin-
din staining was less intense and Purkinje cell morphol-
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Fig. 5. Cerebellar Bergman glia develop-
ment and expression of cleaved caspase-3
in preterm (PT) and term (T) rabbit pups.
A Immunostaining with GFAP was used to
evaluate Bergman glia development in PT
and T rabbit pups at each postnatal time
point as described in Material and Meth-
ods. No clear differences in Bergman glia
morphology were observed between the PT
and T groups. At E29, GFAP-positive glial
fibers were poorly defined and very scarce.
With increasing postnatal age, glial fibers
become more developed and confined to
the molecular layer. B Staining for cleaved
caspase-3 was applied to evaluate possible
apoptosis during cerebellar development
inthe PT and T groups, as described in Ma-
terial and Methods. Positive staining for
cleaved caspase-3 (brown) was restricted to
the radial fibers of the Bergman glia at E29,
P0, and P2, and was predominantly located
at the interface between the inner external
granular layer and the molecular layer. At
P5 and P9, staining for cleaved caspase-3
was restricted to the somata of cells, with a
localization suggestive of Bergmann glia.
The staining pattern for cleaved caspase-3
suggested a constitutive expression during
Bergmann glia development and did not
differ between the PT and T groups. Scale
bar, 10 pm.

ogy was clearly affected in the PT group at PO and P2, with
reduced arborization and dendritic spines compared to in
the T group (Fig. 4). Quantitative analysis showed a clear
decrease in percentage calbindin-labeled Purkinje cell
area in the PT pups compared to in the T pups at PO (p =
0.003), P2 (p = 0.004), and P5 (p = 0.04).

Staining for Shh revealed no clear difference between
the PT and T groups. At earlier time points, it was more
scattered and less pronounced in Purkinje cells and also
visible within the EGL and the IGL. With increasing post-
natal age, it was more intense and mainly confined to the
cytoplasm of the Purkinje cell somata (at P5 and P9;
Fig. 4).

Bergmann Glia

At E29, GFAP-positive glial fibers were poorly defined
and very scarce. From P0 onwards, no obvious differenc-
es could be observed between the PT and T groups. With
increasing postnatal age, the glial fibers were increasingly
confined to the molecular layer (Fig. 5).

Preterm Birth and Cerebellar
Development

Cleaved Caspase-3

Staining for cleaved caspase-3 was positive in Berg-
mann glial fibers at E29, PO, and P2, and most pro-
nounced at the interface between the inner EGL and
the molecular layer. At later time points, i.e. P5 and P9,
staining for cleaved caspase-3 was restricted to the so-
mata of cells, with localization suggestive of Bergmann
glia (Fig. 5).

Staining for cleaved caspase-3 was not observed in the
EGL or in other cellular populations, apart from those
with a Bergmann glia appearance. No difference in
cleaved caspase-3 staining was observed between the PT
and T pups.

Cerebellar White-Matter Impairment

At P2 and P5, several of the PT pups exhibited signs of
damage localized to the cerebellar white matter, which
was not observed in the T group (Fig. 6). Quantitative
densitometric analysis in PT and T pups at P2 showed a
reduction in Olig 2-positive cells in cerebellar white mat-

Dev Neurosci 2017;39:487-497
DOI: 10.1159/000480428

493

Color version available online




Preterm

Fig. 6. Cerebellar white-matter damage in preterm (PT) rabbit
pups. A Cerebellar sections exhibited signs of cellular damage in
cerebellar white matter in PT pups at P2 and P5. HE. Cerebellar
white-matter damage was not observed in T pups. Immunostain-
ing with antibodies against Olig2, Ki-67, and Ibal, respectively,
were performed as described in Material and Methods to charac-
terize proliferation and oligodendroglial and microglial cellular re-
sponse in cerebellar white matter in PT and T rabbit pups. Upper
row: HE (a), Olig2 (c), Ki67 (e) and Ibal (g) staining, respectively,
inarepresentative PT rabbit pup at P2. Signs of white-matter dam-
age in the HE-stained section correspond to a marked reduction
of proliferating cells, a reduced number of Olig2-positive cells, and
an increased number of Ibal-positive microglia in the cerebellar
white matter. Lower row: the corresponding immunostainings in
a T pup at P2 (b, d, f, h) with no signs of white-matter damage for
comparison. Scale bars: 100 um (HE); 30 pm (Ki67, Olig2, and
Ibal). Insets An activated ameboid Ibal-positive microglial mor-
phology in the PT pup (g) compared to a quiescent ramified mor-
phology in the T pup (h). B Quantitative analysis showed a de-
crease in staining for Olig2 (** p = 0.009) and Ki67 (* p = 0.03) and
an increase in staining for Ibal (* p = 0.04).

ter (p = 0.009) and a decrease in proliferating Ki67-posi-
tive cells (p = 0.03). Immunostaining with Ibal revealed
an increased number of Ibal-positive microglia (p = 0.04)
in cerebellar white matter, with an activated ameboid
morphology compared to ramified, quiescent cells in the
T pups (Fig. 6).
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Discussion

We have shown that preterm birth in the rabbit pup
mimics birth in the very preterm human infant in several
relevant aspects. Cesarean section of the pregnant doe, 3
days prior to vaginal delivery, was associated with post-
natal growth restriction and with decreased postnatal cir-
culating levels of IGF-1 in preterm rabbit pups. These
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findings were accompanied by changes in EGL prolifera-
tion and cerebellar Purkinje cell morphology, indicating
affected or impaired cerebellar development. Of note, we
also observed signs of cerebellar white-matter damage in
a subgroup of preterm rabbit pups.

The vast majority of studies aiming to evaluate the
consequences of insults in the very immature brain have
used mice or rat models. These rodents, when studied at
postnatal age P2-P7, exhibit a varying degree of brain im-
maturity reflecting that of the human preterm brain from
extreme prematurity to a maturity corresponding to term
age [16]. However, there is strong support that the harm-
ful influence of very preterm birth on brain development
is related to systemic alterations due to premature loss of
the maternal/fetal interaction, e.g., placental support and
trophic deprivation due to less than optimal postnatal nu-
trition [17]. An animal model that incorporates both
brain immaturity per se and trophic deprivation due to
loss of placental support would thus seem essential in or-
der to generate knowledge which can be translated to the
preterm human infant. The preterm rabbit pup model has
primarily been used by us and other study groups for the
study of cerebral intraventricular hemorrhage [10, 18].
Unlike other rodent models, it incorporates premature
loss of placental support, so we aimed to evaluate aspects
of trophic deprivation, i.e. circulating levels of IGF-1 and
postnatal weight development.

Preterm birth in rabbit pups was followed by de-
creased circulating levels of IGF-1 and by postnatal
growth restriction. Circulating levels of IGF-1 were
highly correlated to body weight independently of post-
natal age and maturity at birth. These results correspond
well to what we and other authors have shown in pre-
term human infants [17]. Very preterm infants have low
levels of IGF-1 after birth and generally exhibit an in-
crease at around 30 weeks’ gestation which coincides
with the initiation of catch-up growth. Variations in
protein and caloric intake have a limited influence on
circulating IGF-1 during the initial phase of growth re-
striction but a significant influence on the IGF-1 levels
during established catch-up growth. The rabbit pups in
this study received a nutritional intake relative to weight
very similar to that administered to human infants. The
group of term pups that served as a reference group for
normal growth received milk from their lactating doe.
The study was not designed to evaluate the impact of
varied nutrition on either IGF-1 or on body growth. Al-
though body weight increased with increasing postnatal
age in PT pups, there was no sign of accelerated catch-up
growth. The observed decrease in serum IGF-1 from P5

Preterm Birth and Cerebellar
Development

to P9 was most likely representative of a relative nutri-
tional deficit.

IGF-1, by acting through the IGF-1 receptor, influenc-
es all of the mechanisms in normal brain development
apart from migration, i.e. proliferation, differentiation,
maturation, and apoptosis [19-21]. The growth factor
IGF-1 is predominantly expressed in neurons and is en-
rolled in progenitor proliferation and neuronal out-
growth in the cerebellum [22]. IGF-1 has been shown to
act on the survival of the Purkinje cells via an antiapop-
totic effect [22] and also on the proliferation of the gran-
ule cell precursors [23]. The decrease in circulating levels
of IGF-1 following the loss of placental support at pre-
term birth in human infants is associated with lower brain
volumes at term age with a positive correlation to cerebel-
lar volume [4].

The cerebellum is the fastest-growing part of the brain
during the last trimester of human gestation and is in a
very active proliferation phase before reaching term age
which suggest a heightened vulnerability to environmen-
tal changes [8, 12]. Indeed, we have shown that cerebellar
growth at term age, as detected by volumetric magnetic
resonance imaging, exhibits a stronger association with
postnatal growth and longitudinal levels of circulating
IGF-1 than that of the supratentorial brain in very pre-
term infants [4]. Effects of trophic deprivation in the im-
mature cerebellum have primarily been studied in animal
models of intrauterine growth restriction (IUGR). [IUGR
induced by uterine artery ligation in the guinea-pig leads
to a significant reduction in the number of Purkinje cells
and the volume of the molecular layer, the internal gran-
ular layer, and the cerebellar white matter [24].

In humans, placental insufficiency has been shown to
alter brain development following IUGR [25] and to re-
duce the number of Purkinje cells in the cerebellum [24].

The longitudinal evaluation of total and proliferative
EGL width in rabbit pups showed that total EGL width
was maximal at PO in both groups and decreased thereaf-
ter. Measure of the proliferative portion of the EGL, as
determined by Ki67-positive staining, indicated that pro-
liferation was maximal around PO-P2. The finding that
the PT group exhibited a decreased proliferative layer at
P2 was not unexpected, as the period of maximal prolif-
eration during development probably represents a time
point of heightened vulnerability. Our observations of the
EGL of rabbit pups are similar to those described in hu-
man cerebellar maturation; the EGL was thickest at PO,
which is analogous to the developmental stage of the hu-
man fetal brain at 25 weeks’ gestation when it reaches its
peak thickness and is highly proliferative [12].
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We observed altered Purkinje cell morphology clearly
in the PT group, with decreased calbindin staining, re-
duced cell somata size, and decreased arborization. These
morphological changes were most prominent at PO and
P2, coinciding in time with the finding of decreased EGL
proliferation. The vulnerability of Purkinje cell develop-
ment to insults associated with preterm birth have been
recently shown in rat pups exposed to neonatal hyper-
oxia and also in preterm rabbit pups with preterm cere-
bral intraventricular hemorrhage exhibiting delayed
maturation of Purkinje cells and decreased granular pre-
cursor cell proliferation [26, 27]. The cerebellar Purkinje
cells have several key functions relating to EGL prolif-
eration, and subsequent inward cell migration and Pur-
kinje cell secretion of the transcription factor Shh are key
for EGL precursor cell proliferation [12, 13, 28]. We did
not detect any clear differences in Shh staining between
the PT and T groups, and thus do not have evidence of
Purkinje cell degeneration leading to impaired or re-
duced Shh-induced proliferation. However, our evalua-
tion was restricted to the ligand Shh whereas alterations
in other key players, such as the Patched receptor on
granule precursor cells or intracellular mediators of tran-
scription, may be involved in decreased granule cell pro-
liferation.

We observed that Shh was diffusely present in the EGL
and inner layers at earlier time points, and that with in-
creasing postnatal age it became increasingly confined to
an organized monolayer of Purkinje cell somata. This
maturational pattern has previously been observed in
mice and in human embryos [16, 28].

We hypothesized that events relating to premature ex-
posure to the postnatal environment would induce mech-
anisms leading to apoptosis in the rapidly proliferating
cerebellum. This was not observed, as determined by
staining for cleaved caspase-3. However, we did detect
positive staining for cleaved caspase-3 which was restrict-
ed to the Bergmann glia. Previous studies have demon-
strated that active caspase-3 has a role of inducing and
maintaining differentiation of the Bergmann glia during
normal cerebellar development [29-31]. The distribution
and staining pattern over time in Bergmann glia did not
differ between PT and T pups.

Finally, we observed clear signs of damage in the cer-
ebellar white matter in PT pups. This damage was char-
acterized by a reduction in Olig2-staining oligodendro-
cytes, a reduced number of proliferating Ki67-positive
cells, and an increased presence of Ibal-positive microg-
lia with an activated morphology. These findings are very
similar to those observed in immature, periventricular,

496 Dev Neurosci 2017;39:487-497

DOI: 10.1159/000480428

supratentorial white matter following exposure to proin-
flammatory or hyperoxic insults [32, 33]. Less is known
about the possible intrinsic vulnerability of the cerebellar
white-matter preoligodendrocyte population. Of note,
selective cerebellar white-matter volume reduction has
been observed in adolescents with a history of very pre-
term birth and prenatal growth restriction (pers. commu-
nication).

In conclusion, we show that the preterm rabbit pup
model exhibits a combination of characteristics relevant
to human preterm birth. Our study is descriptive and cau-
sality can thus not be inferred between our observations
of decreased growth, circulating IGF-1, and alterations in
key cerebellar cell populations suggestive of impaired cer-
ebellar development. Future studies on this animal mod-
el will focus on relating our observations to long-term
functional evaluation. We also propose the preterm rab-
bit pup model as appropriate for the study of relation-
ships between nutritional modification, pharmacological
intervention, and short- and long-term neurodevelop-
ment.
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Abstract Decreased cerebellar volume is associated with in-
traventricular hemorrhage (IVH) in very preterm infants and
may be a principal component in neurodevelopmental impair-
ment. Cerebellar deposition of blood products from the sub-
arachnoid space has been suggested as a causal mechanism in
cerebellar underdevelopment following IVH. Using the pre-
term rabbit pup IVH model, we evaluated the effects of IVH
induced at E29 (3 days prior to term) on cerebellar develop-
ment at term-equivalent postnatal day 0 (P0), term-equivalent
postnatal day 2 (P2), and term-equivalent postnatal day 5 (P5).
Furthermore, the presence of cell-free hemoglobin (Hb) in
cerebellar tissue was characterized, and cell-free Hb was eval-
uated as a causal factor in the development of cerebellar dam-
age following preterm IVH. IVH was associated with a de-
creased proliferative (Ki67-positive) portion of the external
granular layer (EGL), delayed Purkinje cell maturation, and

Electronic supplementary material The online version of this article
(doi:10.1007/312975-017-0539-1) contains supplementary material,
which is available to authorized users.

P4 David Ley
david.ley @med.lu.se

Pediatrics, Department of Clinical Sciences Lund, Skane University
Hospital, Lund University, BMC C14, SE-221 84 Lund, Sweden

Department of Ophthalmology, Institute of Neuroscience and
Physiology, Sahlgrenska Academy, University of Gothenburg,
Gothenburg, Sweden

Department of Ophthalmology, Boston Children’s Hospital,
Harvard Medical School, Boston, MA, USA

MicroMorph Histology Services, Lund, Sweden
5 ImaGene-iT AB, Medicon Village, Lund, Sweden

Infection Medicine, Department of Clinical Sciences Lund,
Lund University, Lund, Sweden

activated microglia in the cerebellar white matter. In pups with
IVH, immunolabeling of the cerebellum at PO demonstrated a
widespread presence of cell-free Hb, primarily distributed in
the white matter and the molecular layer. Intraventricular in-
jection of the Hb scavenger haptoglobin (Hp) resulted in a
corresponding distribution of immunolabeled Hp in the cere-
bellum and a partial reversal of the damaging effects observed
following IVH. The results suggest that cell-free Hb is caus-
ally involved in cerebellar damage following IVH and that
blocking cell-free Hb may have protective effects.

Keywords Intraventricular hemorrhage - Hemoglobin -
Haptoglobin - Cerebellum - External granular layer

Introduction

Cerebral intraventricular hemorrhage (IVH) continues to be a
serious complication of preterm birth, resulting in a high inci-
dence of neurodevelopmental impairment, including cerebral
palsy and intellectual disability [1]. During the past decades,
neurological impairment following very preterm birth has pri-
marily been considered to originate in cerebral white matter
lesions [2, 3], but recent findings have also linked neurologi-
cal deficits of preterm birth to cerebellar abnormalities [4, 5].
Prevalence of cerebellar injury has been described to be as
high as 58% in infants with cerebral palsy following IVH
and preterm birth [6].

From gestational weeks 20 to 40, the cerebellum undergoes
an unparalleled growth with a volumetric increase from ap-
proximately 1 to 25 cm® [7]. This rapid growth renders the
cerebellum very sensitive to injury [8, 9]. Cerebellar underde-
velopment may ensue from a direct cerebellar injury, such as
hemorrhage or infarction, or from a secondary effect related to
damage at a remote but connected area of the brain [10].
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Cerebellar hypoplasia has repeatedly been shown to be asso-
ciated with supratentorial IVH in very preterm infants and is a
potential component in neurological disability [9, 11, 12]. Of
note, the severity of IVH is linked to the degree of impaired
cerebellar development in preterm infants, with cerebellar vol-
ume at term age being inversely correlated with increasing
severity of IVH [7].

In clinical studies, MRI at term age shows infratentorial
hemosiderin deposits in 70% of preterm infants with IVH
and disrupted cerebellar development. The deposits are prom-
inent not only on the cerebellar surface but also on the surface
of'the brain stem and in the region of the fourth ventricle. This
hemosiderin deposition is the most predictive factor for im-
pairment in cerebellar development and thus is suggested as a
plausible causal mechanism of cerebellar hypoplasia follow-
ing preterm IVH [9].

The neurotoxicity of cell-free hemoglobin (Hb) and its me-
tabolites has been reported after intraventricular,
intraparenchymal, and subarachnoid hemorrhage (SAH)
[13-20]. Cell-free Hb and its metabolites free heme, iron,
reactive oxygen species (ROS), and free radicals can be highly
damaging to cells, lipids, proteins, and DNA through oxida-
tive modification, fragmentation, and cross-linking [21-23].
Cell-free Hb and its metabolites can induce cytotoxic, oxida-
tive, and inflammatory pathways in the cerebrospinal fluid
(CSF) and choroid plexus ependyma leading to tissue damage
and cell death following preterm rabbit pup IVH [17-19].
Furthermore, a high accumulation of cell-free Hb in the
periventricular white matter has been observed following
hemorrhage in the rabbit pup IVH model [20].

In this study, we have completed the first investigation of
the exposure of the developing cerebellum to cell-free Hb
following preterm IVH and the potentially damaging effect
on cerebellar development. Furthermore, we report on the
protective effects of the Hb scavenger haptoglobin (Hp) fol-
lowing intraventricular administration. Results show that after
IVH, key cell populations of the developing cerebellum are
exposed to cell-free Hb, which may be central in the patho-
physiological events leading to cerebellar underdevelopment.

Materials and Methods
Animals

The study was approved by the Swedish Animal Ethics
Committee in Lund. We used the well-established preterm
rabbit pup model of glycerol-induced IVH as previously de-
scribed [24]. The study included 59 rabbit pups from 9 litters
delivered at gestational day 29 (full term corresponding to
32 days) [25, 26]. A half-breed between New Zealand White
and Lop was used. The pups were delivered by caesarean
section after the does were anesthetized with i.v. propofol
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(5 mg/kg) and with local infiltration of the abdominal wall
using lidocaine with adrenaline (10 mg/ml + 5 pl/ml, 20—
30 ml). After delivery, the pups were dried, weighed, and
placed in an infant incubator set to a temperature of 34—
35 °C and ambient humidity. At 2 h of age, the pups were
hand-fed with 2 ml (100 ml/kg/day) of kitten milk formula
(KMR; PetAg Inc., Hampshire, IL, USA) using a 3.5 French
feeding tube and fed every 12 h increasing each meal by 1 ml.
At 2 h of age, the pups were injected intraperitoneally with
50% (v/v) sterile glycerol (6.5 g/kg; Teknova, Hollister, CA,
USA) to induce IVH. Ultrasound imaging of the brain was
performed at 6 h of age to grade the severity of the IVH and
detect SAH and daily thereafter using the VisualSonics Vevo
2100 (VisualSonics Inc., ON, Canada) with a MS-550D
40 MHz transducer. Animals with IVH at 6 h were included
in the IVH group, and those without detectable IVH at all time
points were used as controls (denoted as sham control). The
reproducibility and accuracy of high-frequency ultrasound in
this animal model have been described previously [24].

Intraventricular Injections

After the initial ultrasound examination at 6 h of age, pups
with IVH (presence of blood within distended lateral ventri-
cles and no sign of parenchymal involvement) were random-
ized into one of the following three groups: IVH, IVH + Hp,
or IVH + Vehicle. Pups in the IVH + Hp and IVH + Vehicle
groups received an ultrasound-guided intraventricular injec-
tion at 8 h of age of either 20 ul of human Hp (50 mg/ml,
Bio Products Laboratory, London, UK) or 20 pl of vehicle
solution (9 mg/ml NaCl, Fresenius Kabi, Lake Zurich, IL,
USA), using 27 G Hamilton syringes (Hamilton Robotics,
Reno, NV, USA). The efficacy and accuracy of this method
have been described previously [26]. The animals were eutha-
nized at the following time points: 72 h (PO, corresponding to
term-equivalent postnatal day 0), 120 h (P2, corresponding to
term-equivalent postnatal day 2), or 192 h (P5, corresponding
to term-equivalent postnatal day 5) of age. Cerebellar tissues
were sampled and processed as described below. An overview
of the study design is given in Fig. 1.

Tissue Collection and Processing

Following sedation with isoflurane inhalation, perfusion fixa-
tion of the brain was performed at PO and P5 by cardiac can-
nulation following thoracotomy and infusion of 0.9% saline
followed by 4% paraformaldehyde (PFA, buffered with phos-
phate buffer saline (PBS) 0.1 M, pH 7.4). After completed
perfusion, the cerebrum and cerebellum were carefully ex-
tracted from the skulls and immersed in 4% PFA for a total
of 48 h. SAH was confirmed in all pups with IVH with visible
presence of hemorrhagic CSF covering the cerebellar cortex.
None of the control pups exhibited macroscopic signs of
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Fig. 1 Study outline. A diagram summarizing the experimental
procedure. The experiment consisted of the following steps: preterm
delivery of rabbit pups by caesarean section, induction of IVH by
intraperitoneal glycerol administration, verification of IVH or sham

SAH. A change to fresh PFA was performed after 3-6 h.
Thereafter, the tissues were dehydrated, cleared, infiltrated
with paraffin, and embedded in paraffin blocks. The cerebel-
lum was sectioned into 4-pm sections (Leica, RM2255
Microtome) in the parasagittal plane at the level of the dentate
nucleus and mounted on microscope slides and dried at 37 °C
for 12—16 h. None of the cerebellar samples in pups with IVH
or in control pups exhibited signs of primary cerebellar hem-
orrhage. Prior to antibody staining for immunohistochemistry
(IHC), the sections were rehydrated, followed by heat-induced
antigen retrieval at 90-95 °C for 20 min either in boric acid
buffer (pH 8.0) for labeling of Ki67, calbindin, and Ibal or in
citric acid (pH 6.0, with 0.05% Tween 20 or 0.2% Triton X)
for 10-20 min for immunofluorescence labeling of Hb and
Hp.

Immunofluorescence Labeling

Immunofluorescence labeling of Hb was performed to inves-
tigate the presence and distribution of both encapsulated
erythrocytes and cell-free Hb within the cerebellum. Double
immunofluorescence labeling of Hb together with human Hp
was performed to simultaneously visualize Hb and Hp to elu-
cidate whether the intraventricularly injected human Hp could
reach the cerebellar brain regions containing Hb (preferential-
ly the cell-free Hb) in the IVH rabbit pups.

In brief, the immunofluorescence labeling protocol
was carried out as described below. Following antigen
retrieval, sections were immersed in PBS (2 X 5 min),

l

a) Sham Control (n=5)
b) IVH (n=6)

a) Sham Control (n=13) a) Sham Control (n=6)
b) IVH (n=12) b) IVH (n=6)

) IVH + Hp (n=6)

d) IVH + Vehicle (n=5)

Perfusion-fixation of cerebellar tissue
Snap-frozen cerebellar tissue
control by the use of high-frequency ultrasound, randomization into study
groups, intraventricular administration of Hp or vehicle solution, termi-
nation of pups, and collection of cerebellar tissue. For details about each
step, see “Materials and Methods™

encircled with silicon (PAP-pen, Sakura, Tokyo, Japan),
and then blocked with 1% bovine serum albumin (BSA)
in PBS containing 0.05% Triton X (PBST x BSA) for
60 min at room temperature (RT). This step was follow-
ed by 16 h of incubation at 4 °C with either one of the
primary antibodies or a mixture of the two primary an-
tibodies diluted in PBST x BSA. All antibody incuba-
tions were performed in a moisture chamber. Primary
antibodies used were against Hb, made in goat (diluted
1:500), and against human Hp, made in chicken (diluted
1:1000), both from GenWay Biotech, Inc. (San Diego,
CA, USA) and diluted in PBST x BSA. Sections were
then rinsed in PBS (3 x 3 min), followed by incubation
for 60 min at RT with one secondary antibody made
against goat IgG or with a mixture of secondary anti-
bodies made against goat IgG and chicken IgY (diluted
1:200 in PBST x BSA). The secondary antibodies were
both affinity-purified Fab2 fragments for multi-labeling,
made in donkey (Jackson ImmunoResearch, West
Grove, PA, USA). The anti-chicken IgY was conjugated
with Alexa Fluor 488 (AF488) and the goat IgG conju-
gated with Rhodamine Red (rhodamine). Sections were
then rinsed in PBS (3 x 3 min) and incubated in DAPI
(0.1 uM, diluted in PBS, Invitrogen, Rockford, IL,
USA) for 30 min at RT. After being rinsed in PBS
(3 x 3 min), sections were mounted (Fluoroshield,
Abcam, England, ab104135) and cover-slipped. All ani-
mal groups were always processed together in the same
immunolabeling experiment.
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Antibody Control for Imnmunofluorescence Labeling

Antibody specificity tests were performed on parallel sections
in all labeling experiments; in these tests, the primary antibod-
ies were excluded from the labeling protocol (Fig. 1 in the
Data supplement). This control confirmed that the visualized
and documented Hb and Hp immunofluorescence labeling
(Fig. 2) was caused by binding of the respective primary an-
tibodies and was not the result of binding of secondary anti-
bodies or autofluorescence. All tested samples showed no Hb
or Hp labeling within the cerebellum (see Fig. 1 in the Data
supplement). Autofluorescence was solely obtained from
whole cell bodies, from erythrocytes/RBCs in the subarach-
noid space preferentially, and occasionally from some neuro-
nal cell bodies. Thus, the antibody controls showed that both
primary and secondary antibodies bind to their targets in the
immunofluorescence labeling protocol applied here,
supporting their specific detection of rabbit Hb and human
Hp, visualized as extracellular (cell-free) and in whole
erythrocytes.

Analyses of the Distribution of Hb and Its Relation to Hp

The anatomical distribution of the double
immunofluorescence-labeled Hb and Hp was analyzed using
a wide-field epi-fluorescence microscope (Olympus IX73,
Shinjuku, Tokyo, Japan). Analysis of the double labeling
was performed by switching between the specific filter sets
used for each fluorophore, DAPI for cell nuclei (blue), rhoda-
mine for Hb (red), and AF488 for Hp (green), together with
digital image documentation (Olympus DP80). The separate
images for each channel (fluorophore) were merged for de-
tailed analyses of double labeling to identify them as co-
existing or not (see representative images in Fig. 2). To ensure
sole detection of primary antibody binding, i.e., excluding
detection of autofluorescence or of nonspecific secondary an-
tibody binding, the detection level (threshold) for each chan-
nel was always set from sections with antibody controls (see
above) and from sections from control animals that had been
taken through the whole labeling protocol. Analyses and dig-
ital imaging were performed with the preset detection levels
(detection intensities solely from specific labeling) for each
channel. The relatively strong autofluorescence from cell bod-
ies, mainly from RBCs, could be clearly separated from the
non-cell body-associated, cell-free, and widely distributed Hb
in IVH animals and together with Hp in IVH animals that
received Hp (see Fig. 2).

Immunohistochemistry of Cerebellar Development
and Reactive Microgliosis

To investigate the effect of IVH on the cerebellum of preterm
rabbit pups, IHC labeling against the following antigens was
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performed: (1) Ki67, to evaluate cellular proliferation; (2)
calbindin, to evaluate Purkinje cell development and matura-
tion; and (3) Ibal, to evaluate microglial activation.
Qualitative and quantitative analysis at PO, P2, and P5 were
performed. Briefly, the protocol was as follows. After antigen
retrieval and rinsing in PBS, sections were incubated with
primary antibodies (diluted in PBS + 5% normal goat serum,
Jackson ImmunoResearch, 005-000-121) for 1 h at RT.
Primary antibodies were made against rabbit Ki67 (mouse
IgG anti-Ki67, Dako, Copenhagen, Denmark), calbindin
(mouse IgG anti-calbindin, DBS, Pleasanton, CA), and Ibal
(rabbit IgG anti-Ibal, Biocare, Concord, CA). Sections were
then rinsed in PBS (3 x 2 min). To detect the primary antibody,
sections were incubated with either BrightVision rabbit/
horseradish peroxidase (HRP) or BrightVision mouse/HRP
(DPVR110HRP or DPVM110HRP, both from Immunogen)
for 30 min at RT. Sections were then rinsed in Tris (0.05 M,
pH 7.6, 3 x 2 min). To visualize the HRP conjugations, sec-
tions were incubated with a diaminobenzidine (DAB; 50 mg
DAB, Sigma, dissolved in 100 ml Tris buffer, pH 7.6,
3 x 2 min) and 100 pl of hydrogen peroxide (Merck, prepared
just prior to incubation) solution was added for 5 min at RT.
After rinsing in Tris (3 x 2 min), hematoxylin staining of cell
nuclei (Mayers HTX, Bio-Optica) was performed for 5 s, after
which the sections were dehydrated and slides were then
mounted with coverslips (X-Tra-Kitt, Medite, Burgdorf,
Germany). Antibody specificity tests were performed on par-
allel sections to confirm that the visualized immunostaining
was specific for the primary antibodies. In these tests, the
primary antibodies were excluded from the labeling protocol
(Fig. 2 in the Data supplement). Analysis and image docu-
mentation for the results of qualitative and quantitative analy-
sis (see below) of IHC labeling were performed with a bright-
field microscope (Leica DMRX), equipped with a digital cam-
era (Leica MC120HD).

Measurement of the width (um) of the proliferative exter-
nal granular layer (EGL), as determined by Ki67-positive
cells, was performed in four predefined regions. These regions
were the inner and outer portions of lobule V and the inner and
outer portions of lobule IX, respectively, as illustrated in Fig. 3
in the Data supplement. These regions were chosen because
they represent regions with possible maturational differences
in EGL proliferation and subsequent width. Measurements
were performed with a bright-field microscope (Leica
DMRX), using a x40 dry objective lens. The average of the
four respective measured widths was calculated for each pup.

Using the Leica Q500 image analysis system of the micro-
scope, the areas of Ibal- and calbindin-positive stained cells
were respectively determined in relation to the cerebellar
white matter area and the area of the molecular layer. Thus,
both positive Ibal and calbindin staining were expressed as
percentage positive area in relation to, respectively, a stan-
dardized area of the cerebellar white matter and of the
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Fig.2 Immunofluorescence labeling of Hb and the administered human Hp.
Representative images are from rabbit pups at PO. Images illustrate the
detected immunofluorescence labeling, performed by double
immunofluorescence labeling of Hb (red) and Hp (green) together with a
DAPI nuclear staining (blue), in animals with no IVH (Control), in animals
with IVH (/VH), and in animals with IVH that received human Hp injections
(IVH + Haptoglobin). Antibody specificity tests showed that the antibodies
against Hb and human Hp bound to their true targets (see Fig. 1 in the Data
supplement). a—d Control animal: Images b and ¢ show the lack of Hb and
Hp labeling and the autofluorescence mainly from whole erythrocytes
(RBCs) restricted to the subarachnoid space and some blood vessels (d). e~
h IVH: In pups with IVH, the Hb labeling (red) was extensive, widely
distributed in the molecular layer and white matter and to some degree in
the EGL. Whole erythrocytes in the subarachnoid space surrounding the
cerebellar lobuli were also intensely labeled and gave rise to green autofluo-
rescence (g), observed as yellowish in the merged image (h). Hb labeling
intermingled with dense nuclear regions (intense DAPI staining) appears as

IVH + Haptoglobin

pink (bottom images). i-1 IVH + Haptoglobin: j and k show immunofluores-
cence labeling of Hb (red) and human Hp (green) following intraventricular
injection of Hp at E29. j shows the widespread distribution of cell-free Hb
(red), corresponding to that in [VH animals (f), and the domination coexis-
tence of Hp in K (green), primarily in the molecular layer, white matter, and
the EGL as shown in the merged image (1). Hp labeling was scarce in the
subarachnoid space (k and 1), in which Hb labeling of RBCs was extensive (j
and I). Thus, the cell-free Hb and Hp are clearly distinguishable from the cell
body—associated Hb labeling and autofluorescence. Scale bar = 50 pm. m
HO-1 mRNA expression in the cerebellum was investigated at PO following
IVH. Following IVH, heme-degrading protein HO-1 mRNA was upregulated
(IVH, dark gray bar, n = 7) as compared to the controls (n = 5). mRNA
expression for HO-1 was normalized against GAPDH and is given as fold
change. The fold change values were calculated by normalizing against sam-
ples from control pups. Results are presented as box plots displaying medians
and 25th and 75th percentiles. Differences between no IVH and IVH at PO
were analyzed using the Mann—Whitney U test
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molecular layer. Nonspecific background staining was taken
into consideration with respect to a setup threshold.

For mRNA analysis, the rabbit pups were euthanized
with intracardiac thiopental injection at P0O. The brain
was dissected out of the skull and cerebellar tissue col-
lected, snap-frozen, and stored at —80 °C until further
analysis as described below.

RNA Isolation and Real-Time PCR

Total RNA was extracted from the cerebellar tissue of the
rabbit pups using the NucleoSpin RNA/protein extraction kit
as described by the manufacturer (Macherey-Nagel,
Neumann-Neander, Diiren, Germany). The optical density ra-
tio (OD at 260 nm/280 nm) of extracted RNA samples was
always approximately 2.0. Reverse transcription was per-
formed according to the manufacturer’s instructions on 1 pg
total RNA using iScript™ c¢DNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA). The RT? gPCR Primer Assay (primer
from QIAGEN, Germantown, MD, USA) was used to quan-
tify mRNA expression of heme oxygenase 1 (HO-1), and
expression was analyzed using iTaq Universal SYBR Green
Supermix (Bio-Rad). Amplification was performed as de-
scribed by the manufacturer (Bio-Rad) for 40 cycles in an
iCycler Thermal Cycler (Bio-Rad), and data were analyzed
using iCycler iQ Optical System Software (Bio-Rad). Data
were normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, primer from QIAGEN), with fold change
values calculated by normalizing against control animals.

Statistics

Statistical analysis was performed with IBM SPSS
Statistics version 22. Results are presented as medians
(ranges) and displayed as box plots. Comparisons be-
tween unrelated groups were performed with the
Mann—Whitney U test as appropriate. Comparisons be-
tween multiple groups were made using the Kruskal—
Wallis test followed by pairwise comparison with signif-
icance values adjusted for multiple comparisons. P
values <0.05 were considered significant.

Results

Extensive Presence of Cell-Free Hb in the Cerebellum
Following IVH

Immunofluorescence labeling of Hb was evaluated at PO and
revealed extensive deposition of RBCs in the subarachnoid space
surrounding the cerebellar lobuli following IVH, which was not
observed in control animals (control and IVH in Fig. 2). Labeled
Hb was widespread within the cerebellum and not associated
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with cell bodies (IVH in Fig. 2). Extensive deposition of radially
oriented cell-free Hb was observed in the deeper cerebellar
layers, in the molecular layer, and in the white matter.

Control
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Fig. 3 Reduced width of proliferative EGL following preterm IVH. a
Images of EGL of the developing cerebellum from which quantitative
measurements were made of the proliferative width in the respective
groups at the time points studied. The image shows the Ki67-positive
outer portion of the EGL where proliferation of granule cell precursors
occurs and the deeper portion, which hosts the differentiation of granule
cell precursors to mature granule cells. Scale bar = 50 pm. b GCP pro-
liferation in the outer portion of the EGL of the developing cerebellum
was investigated following IVH by Ki67 staining. Measurement of the
width of proliferative EGL was done in cerebellar tissue sections of both
sham controls (control, white bars; n at PO = 6, n at P2 = 6, n at P5 = 5)
and IVH pups (dark gray bars; n at PO =35, n at P2 = 6, n at P5 = 6) at P0,
P2, and P5. Results are presented as box plots displaying medians and
25th and 75th percentiles. Statistical differences between groups for
respective time points were analyzed using the Mann—Whitney U test
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Fig. 4 Impaired Purkinje cell maturation following preterm IVH. ab
Immunostaining of calbindin, a calcium-binding protein, was used as a
marker of Purkinje cell development in the molecular layer of the devel-
oping cerebellum. Calbindin stains are seen as brown to dark brown.
Decreased calbindin immunoreactivity was observed in IVH pups
(brown) compared to controls (intense dark brown). Observation of neu-
ronal morphology revealed smaller neuronal cell bodies and underdevel-
oped Purkinje dendrites in IVH pups compared to controls at postnatal
time points of PO, P2, and P5. ML molecular layer, PC Purkinje cell, DT
dendrites, CB cell bodies; scale bar = 50 pm. b Grading of Purkinje cell
development by measurement of percentage area of positive calbindin
staining was done in cerebellar tissue sections of both control (white
bars; n at PO = 6, n at P2 = 6, n at P5 = 5) and IVH pups (dark gray
bars;natP0=6,natP2=6,nat P5=6)at PO, P2, and P5, as described in
“Materials and Methods.” Results are presented as box plots displaying
medians and 25th and 75th percentiles. Statistical differences between
groups for respective time points were analyzed using the Mann—
‘Whitney U test

Relatively low amounts of cell-free Hb molecules were observed
in the EGL and primarily in lobules in immediate proximity to
large deposits of RBCs in the subarachnoid space.

To further investigate the indicated widespread presence of
cell-free Hb in PO IVH pups shown by immunofluorescence
labeling, we performed RT-PCR analysis of mRNA expres-
sion in cerebellar tissue of the major heme-degrading protein
heme-oxygenase 1 (HO-1). At PO, the HO-1 mRNA expres-
sion levels were tenfold higher in IVH pups compared to
controls (Fig. 2m).

EGL Proliferation Following IVH

The total width of the EGL comprises an outer prolifera-
tive portion where the granule cell precursors (GCPs)
divide and a deeper portion where the granule cells differ-
entiate [3]. The width of the outer proliferative (Ki67-
positive) portion of the EGL was measured and compared
between groups (Fig. 3a, b). The median (range) widths of
the proliferative EGL were 36.0 (42-26), 36.0 (42-26),
and 22.0 (27-19) um, respectively, at PO, P2, and P5 in
the IVH pups and 40.0 (49-31), 36.5(42-30), and 30.0
(39-23) um, respectively, in the control pups. The median
proliferative EGL width was significantly smaller in pups
with IVH compared to control pups at P5 (P = 0.017)
with a clear tendency at PO (P = 0.08) (Fig. 3b).

Purkinje Cell Maturation Following IVH

Staining of calbindin, a calcium-binding protein, was used to
evaluate Purkinje cell maturation in the molecular layer of the
cerebellar cortex. IVH pups had smaller neuronal cell bodies
and underdeveloped dendritic processes compared to control
pups at PO, P2, and P5, respectively (Fig. 4a). Purkinje cell
calbindin labeling was calculated and graded using densitom-
etry, which showed that calbindin-labeled Purkinje cells at PO
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and P2 had a significantly lower area in the IVH pups com-
pared to controls (Fig. 4b; PO, P = 0.015; P2, P = 0.026);
however, for smaller cells at P5, the differences were not sta-
tistically significant (P = 0.247). The smaller size in IVH
animals indicated a reduced Purkinje cell differentiation and
maturation in IVH animals.
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a
Fig. 5 Microglial activation in the cerebellar white matter following »

preterm IVH. a Immunolabeling to confirm upregulation of Ibal (seen
as brown to dark brown) expression, a marker of microglial activation
was used as a qualitative marker of reactive microglia cellular response in
the white matter of the developing cerebellum. Increased Ibal
immunoreactivity was observed in IVH pups compared to controls at
PO, P2, and P5. Observation of microglial morphology revealed an
amoeboid shape with long processes in the IVH pups. Scale
bar = 50 pm. b Measurement of percentage area of positive Ibal
staining was done in cerebellar tissue sections of both control (white
bars; n at PO = 6, n at P2 = 6, n at P5 = 5) and IVH pups (dark gray
bars;natP0=5,natP2=6,nat P5=6)atP0, P2, and P5, as described in
“Materials and Methods.” Results are presented as box plots displaying
medians and 25th and 75th percentiles. Statistical differences between
groups for respective time points were analyzed using the Mann—
Whitney U test

Microglial Response in Cerebellar White Matter
Following IVH

Ibal immunoreactivity was investigated to evaluate cerebellar
white matter microglial response following IVH (Fig. 5a). At
PO and P2, IVH pups compared to control pups showed a
significantly higher area of Ibal immunoreactivity, based on
cells with amoeboid morphology corresponding to activated
microglia (PO, P = 0.009; P2, P = 0.004; see Fig. 5b).
Microglial activation was less marked at P5 (P = 0.247) in
both groups and did not differ significantly between groups.

Hp Distribution Following Intraventricular
Administration

At PO, the presence of Hp and its distributional relation to cell-
free Hb was investigated in all groups by means of double
immunofluorescence labeling (Fig. 2). Hp labeling was de-
tected only in IVH pups that received intraventricular
(human) Hp at 8 h of age. No Hp labeling was detected in
control pups or in pups with IVH receiving only vehicle.

In IVH pups receiving human Hp, the Hp
immunolabeling was widely distributed throughout large
parts of the cerebellum. Double immunofluorescence label-
ing of Hp and Hb in these pups displayed a high degree of
co-existence of human Hp and Hb in most regions, includ-
ing the molecular layer and white matter (Fig. 2, IVH + Hp).
Similar to labeling of cell-free Hb, labeling of Hp was rela-
tively low in the EGL.

Reduced Cerebellar Damage Following Hp
Administration

The group of pups receiving intraventricular administration of
Hp following IVH (IVH + Hp), displayed an improved
Purkinje cell maturation at PO compared to both IVH +
Vehicle pups and IVH pups (Fig. 6a—d). These findings
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included both a higher intensity of calbindin immunoreactiv-
ity and relatively larger neuronal cell bodies with more devel-
oped dendritic processes (Fig. 6a—d). Results from quantifica-
tion of Purkinje cell development by calbindin staining den-
sitometry showed an increased staining in the IVH pups fol-
lowing intraventricular Hp administration (Fig. 6e; Control,
IVH + Hp, P = 1.00; Control, IVH + Vehicle, P = 0.024).
Furthermore, Hp administration restored the arrested cell
proliferative activity in the outer portion of the EGL at PO
following IVH, as shown by the width of the proliferative part
of the EGL in the respective treatment groups (described in
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Fig. 6 Intraventricular Hp administration protects against impaired
Purkinje cell development following preterm IVH. a—d Following
intraventricular Hp administration at P0, a higher intensity of calbindin
immunoreactivity, relatively larger Purkinje cell bodies, and developed
dendrites were observed in the Hp-administered IVH pups as compared to
pups with IVH only or vehicle-treated IVH pups. Scale bar = 50 um. e
Grading of Purkinje cell development by measurement of percentage arca
of positive calbindin staining was done in cerebellar tissue sections at PO
of control pups (white bars, n = 6), IVH pups (dark gray bars, n = 6), and
following intraventricular injection of Hp in pups with IVH (IVH + Hp,
gray bars, n = 6) or vehicle solution (IVH + Vehicle, light gray bars,
n = 4). Results are presented as box plots displaying medians and 25th
and 75th percentiles. Differences between IVH + Hp vs. control and
IVH + Vehicle vs. control were analyzed using the Kruskal-Wallis test
followed by pairwise comparison with significance values adjusted for
multiple comparisons

Fig. 7a—d). The median (range) widths of the proliferative
EGL were 39 (48-32) um in the IVH + Hp pups, 30.5 (36—
26) um in the IVH + Vehicle pups, 36.0 (42-26) pm in the
IVH pups, and 40.0 (49-31) pum in the control pups (Fig. 7e;
Control, IVH + Hp, P = 0.93; Control, IVH + Vehicle,
P =0.038).

Discussion

In this study, we show that IVH in the preterm rabbit pup is
followed by an extensive deposition of blood products, spe-
cifically cell-free Hb, in the cerebellar cortex and white matter.
This event is accompanied by a decrease in neuronal cell pro-
liferation and a delay in Purkinje cell maturation.
Intraventricular administration of the cell-free Hb scavenger
Hp resulted in a high co-existence of administered Hp with
cell-free Hb within the cerebellum. Furthermore, administered
Hp partially reversed the cerebellar damage, indicating that
cell-free Hb and its metabolites are causal in cerebellar under-
development. To the best of our knowledge, this work is the
first animal study to evaluate cerebellar exposure to blood
products and their role in cerebellar impairment following
preterm IVH.

Following preterm IVH, there is a deposition of extravasat-
ed blood into the CSF of the intraventricular space. This de-
position is followed by hemolysis of RBCs, leading to a re-
lease of cell-free Hb. Physiologically, cerebral CSF produced
by the choroid plexus of the ventricular system passes through
the fourth ventricle and enters the subarachnoid space,
resulting in an immediate interface with the cortex of the de-
veloping cerebellum [27, 28]. Consequently, there is a strong
physiological support for CSF containing extravasated blood
reaching the cerebellum following cerebral IVH, as evidenced
in this study by the visible presence of hemorrhagic CSF sur-
rounding cerebellar tissue at termination of pups with IVH.

In the rabbit pup model, the spontaneous vessel rupture and
the subsequent sequence of events leading to IVH mimics the
situation in the human preterm infant quite well. It has been
suggested that many of the effects observed in this model are
related to the administered glycerol, including decreased pro-
liferation leading to cerebellar hypoplasia [29]. Of importance
in this study, as well as in our previous work, all pups includ-
ing controls received the same dose of intraperitoneal glycer-
ol, which rules out the possibility that the present findings in
IVH pups are related to the administered glycerol.

Using Hb immunofluorescence and as demonstrated by
autofluorescence, we identified an extensive deposition of
RBCs and cell-free Hb in the subarachnoid space enveloping
the cerebellar lobules following IVH. Cell-free Hb reached the
innermost layers of the cerebellar cortex at PO and was exten-
sively deposited in the molecular layer and white matter of the
cerebellum but to a much lesser extent in the EGL. Cell-free
Hb within the EGL was basically found only in cerebellar
lobules in immediate proximity to large deposits of RBCs in
the subarachnoid space, possibly serving as a source of the
cell-free Hb. In conjunction with the radial orientation of the
Hb molecules, the high amount of cell-free Hb in the molec-
ular layer and white matter suggests additional sources beyond
the CSF in the subarachnoid space. Speculatively, the source
of cell-free Hb could be via the roof of the fourth ventricle and
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Fig. 7 Intraventricular Hp
administration protects against
reduction in width of proliferative
EGL following preterm IVH. a—d
Following intraventricular Hp
administration at PO, a higher
intensity of Ki67
immunoreactivity was observed
in the Hp-administered IVH pups
as compared to pups with IVH
only or vehicle-treated IVH pups.
Scale bar =20 um. e
Measurement of the width of
Ki67-positive proliferative EGL
was performed in cerebellar tissue
sections at PO of control pups
(white bars, n = 6), IVH pups
(dark gray bars, n = 5), and
following intraventricular
injection of Hp in pups with IVH
(IVH + Hp, gray bars, n = 5) or
vehicle solution (IVH + Vehicle,
light gray bars, n =4). Results are
presented as box plots displaying
medians and 25th and 75th
percentiles. Differences between
IVH + Hp vs. control and IVH +
Vehicle vs. control were analyzed
using the Kruskal-Wallis test
followed by pairwise comparison e

with significance values adjusted
for multiple comparisons
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transfer through the cerebellar peduncles to the white matter of
the cerebellum.

Cell-free Hb and its metabolites, e.g., heme and iron, are
well described to act as sources of ROS and free radicals,
which are causal initiators of oxidative damage to cells and
tissues [30]. We have previously shown that cell-free Hb and
its metabolites, i.e., methemoglobin and heme, are potent in-
ducers of pro-inflammatory pathways in choroid plexus

@ Springer

epithelium and in astrocytes [17-19]. The extensive presence
of cell-free Hb in the cerebellar white matter following IVH in
this study was accompanied by clear signs of microglial
activation in corresponding white matter regions,
marked by increased expression of Ibal antigen and an
activated morphology in the IVH group (Fig. 5). This
result suggests that deposited cell-free Hb may induce a
microglial pro-inflammatory response with possible
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adverse effects on immature oligodendrocyte prolifera-
tion and maturation and subsequent cerebellar white
matter damage. In the current study, using immunofluo-
rescence and immunohistochemistry, we could not dis-
tinguish between different forms of oxidized Hb, e.g.,
oxyHb and metHb, and thus cannot conclude whether
the effects observed are caused by oxyHb, metHb, or
the downstream metabolites heme and iron.

Our finding that cell-free Hb is extensively deposited in the
molecular layer of the cerebellum is a cause for concern be-
cause this layer constitutes the environment for Purkinje cell
maturation. The Purkinje cells are intrinsically sensitive to
oxidative stress and essential for establishing the cerebellar
circuitry, which is vital for impulse transmission in the cere-
bellum [31-34]. In addition, mature Purkinje cells also play a
vital role in the development of the EGL by sourcing GCPs
with sonic hedgehog protein, an important mitotic growth
factor vital to their proliferation [35, 36]. Consequently, expo-
sure of the molecular layer to cell-free Hb not only will have
neurotoxic effects on Purkinje cells but also will further impair
the development of the EGL. The EGL of the developing
cerebellum serves as a germinal center where GCPs proliferate
and subsequently differentiate into mature granule cells.
Granule cells are important for the structural integrity of the
cerebellum; in addition, during their migration to form the
granular layer, they transmit certain excitatory signals needed
for the differentiation and maturation of the Purkinje cells.
Thus, exposure of the developing cerebellum to cell-free Hb
may lead to damaging effects not only to the cellular architec-
ture but also to the functional integrity of the cerebellum,
subsequently causing cerebellar underdevelopment.

To evaluate the possible effects of impaired Purkinje cell
support and direct exposure to the hemorrhage, we performed
metric analysis of Ki67 staining to evaluate EGL cell prolif-
eration and thus pathological cellular senescence. Cellular se-
nescence in this context can be seen as a process by which
damage to tissue causes a decrease in metabolism leading to
arrest of cell proliferation and recruitment of phagocytic im-
mune cells to help in tissue renewal [37]. Measurements of the
EGL (Fig. 3a) showed that IVH caused a significant decrease
in the width of the proliferative portion of the EGL at PO and
P5 (Fig. 3b). This result is a clear indication that I[VH-related
processes cause impairment of the proliferative activity of the
EGL. The postnatal time points PO to P5 studied in the preterm
rabbit pup correspond to the gestational ages of 25 to 35 weeks
in humans, a period characterized by intense cell proliferation
in the outer portion of the EGL [38]. In the human preterm
infant, the width of the proliferative EGL decreases from 30
gestational weeks onwards as the GCPs mature into granule
cells and leave the EGL to form the internal granular layer [3].
This timing corresponds well to our observations in the rabbit
pup with EGL proliferative width in control pups showing a
decrease in width from PO to P5 (Fig. 3b).

Cell-free Hb may cause damage to the cerebellum in a
number of different ways. Following hemolysis, release of
excess cell-free Hb may lead to the formation of heme and
free iron, increasing the concentration of redox-active iron in
the extracellular environment. Both heme and free iron have a
pro-oxidative damaging effect on cells, and iron overload has
been reported to cause cerebral damage following IVH [39,
40]. Indeed, reduction in iron overload attenuated develop-
ment of hydrocephalus and brain damage in a rodent model
of neonatal germinal matrix hemorrhage [41]. In addition to its
redox-related effects, cell-free Hb also acts as a redox-active
damage-associated molecular pattern (known as DAMP) mol-
ecule that perturbs the innate immune homeostasis by trigger-
ing Toll-like receptor signal transduction pathways and caus-
ing pro-inflammatory damage to cells [42—44]. In this study,
we investigated the causal importance of cell-free Hb in the
impairment of Purkinje cell maturation and in the arrest of
EGL cell proliferation by administering the Hb-scavenging
protein Hp intraventricularly following detection of IVH. Hp
binds to cell-free Hb, forming an inert Hb—Hp complex, which
then channels the Hb molecules for intracellular degradation
via CD163-mediated endocytosis [45, 46]. Intracellularly, the
enzyme HO-1 breaks down heme to bilirubin and CO, both of
which have antioxidant and vasodilatory benefits [47]. By
forming a tight complex with cell-free Hb, Hp stabilizes and
shields heme iron within the hydrophobic pocket of Hb, there-
by preventing its cytotoxic and pro-oxidative effect [48]. The
removal of cell-free Hb from the extracellular environment
through its complex formation with Hp could thus reduce
interaction with signal-transducing receptors of cells in the
brain innate immune system and reduce exposure to excess
iron and to heme-induced toxicity.

A neuroprotective role of induced endogenous Hp follow-
ing intracerebral hemorrhage has been documented [49]. The
induction of Hp was necessary because of very low levels of
endogenous Hp in the human brain. In a previous study, the
resting state capacity of the intrathecal Hb—Hp complex clear-
ance was found to be 50,000-fold lower than that in the circu-
lation in the adult. The system was quickly saturated during
SAH with a residual inability to deal with cell-free Hb, clearly
indicating an insufficient Hb scavenging capacity within the
brain [50]. In view of this, we administered human Hp intra-
ventricularly, which resulted in an extensive presence of Hp in
the cerebellum. Hp was not detected in animals that did not
receive exogenous Hp. The Hp labeling was specific for the
administered human Hp, i.e., completely absent in sham-
injected IVH pups as in IVH and control pups, thus excluding
endogenous Hp as a source of the positive Hp labeling.

Our double immunofluorescence of Hb and Hp showed
that the injected Hp reaches the same cerebellar areas as
cell-free Hb and that the two are extensively co-localized in
these regions. Hb and administered Hp co-existed in several
regions of the cerebellum, mainly within the molecular layer
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and white matter and to a lesser degree in the EGL. Congruent
with the anatomical co-existence of Hp and Hb, results
showed that Hp administration partially reduced the Purkinje
cell maturational arrest caused by IVH, represented by
calbindin immunoreactivity showing a higher intensity of la-
beling, relatively larger cell bodies, and more extensive den-
dritic processes in pups receiving Hp as compared to the other
IVH groups. Furthermore, Hp administration counteracted the
decreased development of the proliferative region of the EGL
following IVH and increased the proliferative width almost to
the level of the control pups.

Conclusion

In this study, we showed that IVH in the preterm rabbit pup is
followed by an extensive deposition of cell-free Hb in cere-
bellar cell layers and white matter. This exposure to cell-free
Hb was associated with microglial activation, an arrest in neu-
ronal cell proliferation, and a delayed Purkinje cell maturation.
Intraventricular administration of the cell-free Hb scavenger
Hp partially blocked these effects, suggesting that cell-free Hb
and its downstream metabolites are causal in cerebellar im-
pairment following IVH. In terms of future clinical applica-
tion, these results suggest that removal or scavenging of Hb
metabolites following IVH, for instance by administered Hp,
may reduce subsequent cerebellar impairment.

BSA, bovine serum albumin; EGL, external granular layer;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GCP,
granular cell precursor; Hb, hemoglobin; Hp, haptoglobin;
IVH, intraventricular hemorrhage; PBS, phosphate buffer sa-
line; PFA, paraformaldehyde; SAH, subarachnoid hemorrhage
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Abstract

Background: Retinopathy of prematurity (ROP) is a major
complication of preterm birth and has been associated with
later visual and nonvisual impairments. Objectives: To eval-
uate relationships between any stage of ROP, brain volumes,
and developmental outcomes. Methods: This study includ-
ed 52 very preterm infants (gestational age [mean + SD]: 26.4
+ 1.9 weeks). Total brain, gray matter, unmyelinated white
matter (UWMV), and cerebellar volumes were estimated in
51 out of 52 infants by magnetic resonance imaging at term-
equivalent age. Bayley Scales of Infant Development were
used to assess developmental outcomes in 49 out of 52 in-

fants at a mean corrected age of 24.6 months. Results: Nine-
teen out of 52 infants developed any stage of ROP. Infants
with ROP had a lower median (IQR) UWMV (173 [156-181] vs.
204 [186-216] mL, p < 0.001) and cerebellar volume (18.3
[16.5-20] vs. 22.3 [20.3-24.7] mL, p < 0.001) than infants
without ROP. They also had a lower median (IQR) mental de-
velopmental index (72 [56-83] vs. 100 [88-104], p < 0.001)
and a lower psychomotor developmental index (80 [60-85]
vs.92[81-103], p =0.002). Brain volumes and developmental
outcomes did not differ among infants with different stages
of ROP. Conclusion: Any stage of ROP in preterm infants was
associated with a reduced brain volume and an impaired de-
velopmental outcome. These results suggest that common
pathways may lead to impaired neural and neurovascular
development in the brain and retina and that all stages of
ROP may be considered in future studies on ROP and devel-

opment. ©2018S. Karger AG, Basel
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Introduction

With the increasing survival of extremely preterm in-
fants, a proportionately greater number of infants are af-
fected by major complications of prematurity, where
neurodevelopmental disability and visual problems are
among the most common [1, 2]. Preterm birth coincides
with a critical period of brain development but also with
that of vascular development [3].

The retina is incompletely developed at preterm birth.
Retinopathy of prematurity (ROP) is considered to be a
consequence of a primary arrest of retinal vascularization
and a neurovascular disease involving both vascular and
neural components [4, 5]. Postnatal head growth retarda-
tion can be regarded as a proxy of brain growth and co-
incides with suppression of retinal vascular growth and
with low levels of IGF-1, an important vascular and neu-
ral growth factor [6]. These events can be further related
to the development of severe ROP and low brain volumes
at term-equivalent age [6, 7].

Preterm infants who develop severe ROP appear to be at
an increased risk for visual [2] and nonvisual neurodevel-
opmental comorbidities and delayed white matter matura-
tion as estimated by magnetic resonance imaging (MRI) at
an early postnatal age and at term-equivalent age [8-11].
These findings suggest the presence of common mecha-
nisms in the development of these complications [6].

Although ROP is defined according to different stages,
the disease is a continuous process of impaired vascular
and neuronal retinal development. Therefore, our aim in
this study was to evaluate the relationship between the
presence of any stage of ROP, brain growth, and later de-
velopmental outcomes at 2 years of corrected age.

Materials and Methods

Study Population

The original prospective study included 64 very preterm infants
born in the neonatal intensive care unit (Lund, Sweden) between
January 2005 and May 2007, where IGF-1 concentrations from birth
until term age in relation to growth, MRI-estimated brain volume,
and developmental outcome were evaluated [7, 12, 13]. Fifty-two in-
fants completed the study until term age, 51 out of 52 underwent MRI
at term age, and 49 out of 52 received a follow-up examination at 2
years of corrected age. Inclusion criteria were: gestational age <31
weeks, absence of major congenital anomalies, and written informed
parental consent. Of the 64 recruited infants, 9 did not survive until
term age and the parents of 3 infants chose to leave the study.

This study was approved by the regional ethical review board
of Lund, Sweden, and adhered to the tenets of the Declaration of
Helsinki. All pregnancies were dated by ultrasound at 17-18 weeks
of gestation.

ROP, Brain Volume, and Outcome

Clinical Data

The weight standard deviation score at birth was calculated
from a Scandinavian intrauterine growth curve based on fetal
weights estimated by ultrasound [14]. Cumulative doses (mg/kg)
of administered hydrocortisone and betamethasone were regis-
tered until postmenstrual age (PMA) 35 weeks. Total steroid ex-
posure was estimated by converting the betamethasone dosage
into hydrocortisone equivalents (1:40). Bronchopulmonary dys-
plasia was defined as a requirement for supplemental oxygen at
PMA 36 weeks. Septicemia was defined as the presence of a posi-
tive blood culture and concomitant increased levels of C-reactive
protein.

Nutritional Regime and Calculation of Intake

The nutritional strategy used for the infants has been de-
scribed previously [7] and was based on individualized enteral
nutrition using maternal or donor breast milk (fortified if re-
quired) and additional parenteral nutrition, initiated as soon as
possible after birth. Maternal and donor breast milk were ana-
lyzed weekly for protein and energy contents, and enteral and
parenteral daily intakes of protein (g/kg/day) and energy (kcal/
kg/day) were prospectively calculated from birth until at least
PMA 35 weeks.

Cerebral Ultrasound

Cerebral ultrasounds were performed on days 1, 3, and 7, at 3
and 6 weeks of age, and at term. Severe intracranial hemorrhage
was defined as the presence of IVH grade IIT or parenchymal hem-
orrhage. White matter damage was defined as the presence of peri-
ventricular echodensities or cysts that persisted for >7 days. Severe
brain damage was defined as severe intracranial hemorrhage and/
or white matter damage.

ROP Examination

ROP screening followed the Swedish national protocol and be-
gan at 5-6 weeks of age, but not before PMA 31 weeks. The infants
underwent retinal examinations through dilated pupils biweekly
to once weekly depending on ROP severity until either the retina
was fully vascularized or the condition was considered stable. ROP
was classified according to the International Classification of Ret-
inopathy of Prematurity [15], and treatment followed the recom-
mendations of the Early Treatment for Retinopathy of Prematu-
rity Cooperative Group [16].

Magnetic Resonance Imaging

MRI was performed on a 3-T Siemens Magnetom Allegra head
scanner (Siemens AG Medical Solutions, Erlangen, Germany) in
51 out of 52 infants at term age (mean + SD: 40.1 + 0.6 gestational
weeks). The protocol for image acquisition and image processing
has previously been described in detail [7]. We calculated the total
brain volume (TBV), gray matter volume (GMV), and unmyelin-
ated white matter volume (UWMYV) in 46 infants and the cerebel-
lar volume in 51 infants.

Assessment at 2 Years of Corrected Age

A psychologist assessed developmental outcomes in 49 out of
52 infants at a mean (+SD) corrected age of 24.6 (+0.8) months by
means of the Bayley Scales of Infant Development (BSID-II) with
2 different index scales, i.e., the MDI and the PDI, as previously
described [13].
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Table 1. Clinical characteristics according to the presence of retinopathy of prematurity

No ROP (n = 33) ROP (n=19) p value
Gestational age, weeks 27.4 (24.3 to 30.6) 25.0 (23.0 to 27.1) <0.001
Birth weight, g 970 (592 to 1,716) 634 (348 to 854) <0.001
SDS weight at birth -0.7 (4.4 t0 0.8) -1.8 (-4.7 t0 0.6) 0.1
Apgar score <7 at 5 min 11 (33) 10 (53) 0.172
Male/female ratio 15/18 (45%/55%) 10/9 (53%/47%) 0.62
Severe brain damage® 2 (6) 3(16) 0.342
Septicemia 7 (21) 12 (63) 0.002
Total steroid intake, mg/kg 0(0to112) 34 (0 to 105) <0.001
Bronchopulmonary dysplasia 22 (67) 16 (84) 0.206
Energy intake®, kcal/kg/day 120 (104 to 140) 121 (93 to 134) 0.653
Protein intake®, g/kg/day 32(2.6103.7) 3.0 (2.6 t0 3.6) 0.082

Values are presented as medians (range) or numbers (%). The total number of patients was 52. SDS, standard
deviation score. * Intraventricular hemorrhage grade ITI, parenchymal hemorrhage, and/or white matter damage
as defined by a cerebral ultrasound. ® Calculated hydrocortisone equivalents from birth until postmenstrual age
35 weeks. © From birth until postmenstrual age 35 weeks.

Statistical Analysis

Statistical analysis was performed with SPSS 23 for Microsoft
Windows (IBM, Armonk, NY, USA). p < 0.05 was considered sta-
tistically significant. Univariate analyses of differences between
groups were assessed with the Mann-Whitney U test or the ¥ test
as appropriate. Correlations between continuous variables were
evaluated with the Spearman rank correlation coefficient.

Adjustment for other variables was performed with multiple
linear regression analysis. In all models GA, birth weight (BW),
and gender were included as independent variables. Additionally,
all variables exhibiting significant univariate associations with the
respective outcome variables (Table 2) were entered into the mul-
tivariate model as independent variables. Thus, independent vari-
ables entered into the analysis for cerebellar volume and UWMV,
respectively, were: GA (days), BW, gender, septicemia, and total
steroid intake (hydrocortisone equivalents in mg/kg) from birth
until PMA 35 weeks. The independent variables entered into the
analysis for MDI were: GA, BW, gender, Apgar score <7 at 5 min,
and total steroid intake from birth until PMA 35 weeks. The inde-
pendent variables entered into the analysis for PDI were: GA
(days), BW, gender, and severe brain damage.

Results

Clinical Characteristics and Development of ROP

Table 1 presents the clinical characteristics of infants
with and without ROP. Infants with any ROP (n = 19) had
alower GA, alower BW, a higher frequency of septicemia,
and a higher total steroid intake compared to infants
without ROP.
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Clinical Characteristics in Relation to Cerebellar

Volume, UWMYV, MDI, and PDI

Table 2 presents relationships between clinical charac-
teristics and cerebellar volume, UWMYV, MDI, and PDI,
respectively. GA correlated with cerebellar volume (r, =
0.56, p < 0.001), UWMYV (r, = 0.71, p < 0.001), and both
MDI (rs = 0.46, p = 0.001) and PDI (r; = 0.34, p = 0.015).
BW correlated with cerebellar volume (r; = 0.71, p <
0.001), UWMYV (r, = 0.82, p < 0.001), and MDI (r, = 0.41,
p =0.004). Apgar score <7 at 5 min was associated with a
lower MDI (p = 0.047), and severe brain damage was as-
sociated with alower PDI (p = 0.025). Any septicemia was
associated with cerebellar volume (p=0.022) and UWMV
(p = 0.021). A higher total steroid intake correlated with
alower cerebellar volume (r,= -0.45, p = 0.001), UWMV
(r¢==0.50, p < 0.001), and MDI (r, = —0.39, p = 0.006).

Stages of ROP in Relation to Brain Volume and

Neurodevelopmental Outcome

Out of 52 infants, 33 had no ROP, 9 had ROP stage 1
or2,and 10 had ROP stage 3 (9 of these 10 infants received
laser treatment). None of the infants had ROP >stage 3.

Infants with ROP stage 1 or 2 had a lower mean TBV,
GMV, UWMYV, cerebellar volume, MDI, and PDI com-
pared to infants without ROP (p = 0.001, p = 0.007, p <
0.001, p <0.001, p = 0.008, and p = 0.024, respectively). In-
fants with treated ROP had lower TBV, UWMYV, cerebellar
volume, and MDI (p = 0.03, p = 0.002, p = 0.005, and p =
0.002), whereas no significant difference could be shown
for GMV or PD], as compared to infants without ROP.
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Table 2. Relationships between clinical characteristics and cerebellar volume and unmyelinated white matter
volume at a postmenstrual age of 40 weeks and MDI and PDI at 2 years of corrected age

Cerebellar Unmyelinated white ~ MDI PDI

volume matter volume p value p value

p value p value
Gestational age (days) <0.001 <0.001 0.001 0.015
Birth weight (g) <0.001 <0.001 0.004 0.191
Apgar score <7 at 5 min 0.992 0.78 0.047 0.344
Male/female ratio 0.178 0.379 0.312 0.13
Severe brain damage® 0.298 0.9 0.111 0.025
Septicemia 0.022 0.021 0.199 0.294
Total steroid intake® (mg/kg) 0.001 <0.001 0.006 0.079
Bronchopulmonary dysplasia 0.063 0.076 0.362 0.656
Energy intake® (kcal/kg/day) 0.72 0.723 0.961 0.787
Protein intake® (g/kg/day) 0.138 0.907 0.496 0.957
Maternal educational level? - - 0.099 0.352
Paternal educational level® - - 0.131 0.223

The total number of patients was 52. MDI, Mental Developmental Index; PDI, Psychomotor Developmental
Index. * Intraventricular hemorrhage grade III, periventricular hemorrhagic infarction, and/or white matter
disease as defined by a cerebral ultrasound.® Calculated hydrocortisone equivalents from birth until postmenstrual
age 35 weeks. € From birth until postmenstrual age 35 weeks. ¢ University degree vs. no university degree.

Table 3. Brain volumes at a postmenstrual age of 40 weeks and Mental Developmental Index and Psychomotor
Developmental Index at 2 years of corrected age in infants with any ROP or no ROP

Any ROP? No ROPP p value
Total brain volume, mL 371 (329-390) 416 (377-445) <0.001
Gray matter volume, mL 193 (161-201) 204 (186-231) 0.054
Unmyelinated white matter volume, mL 173 (156-181) 204 (186-216) <0.001
Cerebellar volume, mL 18.3 (16.5-20) 22.3(20.3-24.7) <0.001
Mental Developmental Index 72 (56-83) 100 (88-104) <0.001
Psychomotor Developmental Index 80 (60-85) 92 (81-103) 0.002

Values are presented as medians (IQR). ROP, retiniopathy of prematurity. * n=19.% n = 32.

The mean values of brain volumes and developmental
outcomes did not differ between infants with ROP (stag-
es 1-3) and those with treated ROP.

Any ROP in Relation to Brain Volumes and

Developmental Outcome

Table 3 presents the median (IQR) values of brain vol-
umes (TBV, GMV, UWMYV, and cerebellar volume) and
developmental outcomes (MDI and PDI) in infants with
and without ROP. In univariate analysis infants with any
ROP had significantly lower TBV, UWMYV, cerebellar
volumes, MD], and PDI than infants without ROP.

ROP, Brain Volume, and Outcome

Multiple linear regression analysis was performed in
order to further evaluate the relationship between any
ROP and brain volumes at term-equivalent age and neu-
rodevelopmental outcome at 2 years of age. After adjust-
ment for GA the relationships between any ROP and TBV
and GMV, respectively, did not remain significant and
were not further evaluated in multivariate models. Figure
la—c shows the relationships between any ROP and cer-
ebellar volume, UWMV, MDI, and PDI, respectively.

Table 4 presents the contribution of any ROP to cere-
bellar volume, UWMYV, MDI, and PDI following multi-
variate regression analysis. The relationships between
any ROP and cerebellar and UWMYV, respectively, re-
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Fig. 1. Median and IQR of cerebellar volume (a), unmyelinated white matter volume (b), and Mental Develop-
mental Index (MDI) and Psychomotor Developmental Index (PDI) (c) in relation to the presence or absence of
retinopathy of prematurity (ROP). ** p < 0.01; *** p < 0.001.

Table 4. Contribution of any ROP to cerebellar volume and to
UWMYV at a postmenstrual age of 40 weeks and to MDI and PDI
at 2 years of corrected age in a linear regression model

Outcome variable pvalue  Any ROP (yes/no)

R? adjusted R?
Cerebellar volume?® 0.029 0.50 0.43
UWMV? 0.030 0.58 0.52
MDI® 0.007 038 0.29
PDI¢ 0.03 0.42 0.35

ROP, retinopathy of prematurity; UWMYV, unmyelinated
white matter volume; MDI, Mental Developmental Index; PDI,
Psychomotor Developmental Index. * Included independent vari-
ables: any ROP (yes/no), gestational age (days), birth weight (g),
gender, septicemia (yes/no), and total steroid intake (calculated
hydrocortisone equivalents in mg/kg) from birth to a postmen-
strual age of 35 weeks. ® Included independent variables: any ROP
(yes/no), gestational age (days), birth weight (g), gender, Apgar
score <7 at 5 min, and total steroid intake (calculated hydrocorti-
sone equivalents in mg/kg) from birth to a postmenstrual age of 35
weeks. € Included independent variables: any ROP (yes/no), gesta-
tional age (days), birth weight (g), gender, and severe brain damage
(IVH grade III, and/or parenchymal hemorrhage, and/or WMD).

mained significant after adjustment for GA, BW, gender,
septicemia, and total steroid intake. The relationship be-
tween any ROP and MDI remained significant after ad-
justment for GA, BW, gender, Apgar score <7 at 5 min,
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and total steroid intake. The relationship between any
ROP and PDI remained significant after adjustment for
GA, BW, gender, and severe brain damage.

Discussion

Our main findings were that the presence of any stage
of ROP was associated with alower cerebellar volume and
UWMYV at term-equivalent age and with impaired cogni-
tive and motor development at 2 years of corrected age.
Thus, infants with less severe ROP (stage 1 or 2) exhibited
a degree of brain volume reduction and neurodevelop-
mental impairment similar to that of infants with more
severe ROP (stage 3).

Several studies have shown an association between
ROP and impaired later developmental outcomes [2,
9-11]. The majority of studies compare severe ROP to no
ROP and do not include less severe stages of ROP. A re-
cent case-control study comparing severe ROP with no or
stage 1 ROP found severe ROP to be associated with re-
duced cerebellar and brainstem volumes at term and with
neurodevelopmental deficits at 15 months and 2 years of
age [17]. One study considered different stages of ROP
and found the severity of neonatal ROP to be a marker for
functional disability at 5.5 years of age. They found high
rates of disability in VLBW infants who develop severe
ROP and subsequently have unfavorable visual outcomes
[18].
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Several features of retinal and brain development have
links to common pathways that in turn may be affected
by insults associated with very preterm birth. This is sup-
ported by similar risk factors being associated with ROP,
lower brain volumes, and impaired neurodevelopment,
which suggests common antecedent events that affect mi-
gration and proliferation in both the retina and the brain.
The signaling and mitogenic protein and transcription
factor sonic hedgehog is a key factor in both cerebellar
and retinal proliferation during early development [19,
20].

In this study, ROP was primarily associated with alow-
er cerebellar volume and UWMYV. These respective brain
regions and the retina may present a common vulnerabil-
ity due to depletion of the same trophic factors. IGF-1 is
an anabolic hormone that is critical to both vascular and
neural development. Low IGF-1 levels in preterm infants
have been associated with ROP [21], decreased brain vol-
umes, and impaired neurodevelopmental outcomes at 2
years of corrected age [7, 13].

The relationship between ROP and poor white matter
development as determined by diffusion tensor imaging
and tractography has been evaluated in one study where
severe ROP predicted a white matter maturational delay
in the optic radiations but also in other regions of poste-
rior white matter. The delayed white matter maturation
was present independently of other signs of brain injury
[11]. The retinal nerve fiber layer as estimated by spectral-
domain optical coherence tomography at term-equivalent
age is thinner in very preterm infants and has been shown
to correlate with white matter injury at term-equivalent
age and later impaired neurodevelopment [22].

The presence of supratentorial brain injury has previ-
ously been associated with impaired cerebellar growth
[23]. The presence of severe brain damage, as defined by
cerebral ultrasound, was not related to any ROP or to the
estimated cerebellar volume in the current study although
the small number of infants with severe brain damage
could have obscured such an association.

In addition to a lower cerebellar volume and UWMYV,
infants with any ROP had significantly lower MDI and
PDI scores at 2 years of corrected age. Stage 1 ROP is
sometimes difficult to diagnose and subtle forms may be
missed at examination. However, similar findings were
reported in another study, in which the stage of ROP per
se did not determine the subsequent presence of neuro-
developmental impairment [9]. Several studies have also
documented the importance of cerebellar volume, par-
ticularly with respect to cognitive function in preterm in-
fants at 2 years of age [13, 24, 25].

ROP, Brain Volume, and Outcome

The accumulated dose of steroid intake displayed a
significant association with any ROP, lower cerebellar
and UWMYV, and lower MDI. Postnatal corticosteroid ex-
posure in preterm infants has previously been related to
an increased risk of ROP, an altered optic radiation struc-
ture, and impaired cerebellar growth [26-28]. The neo-
natal cerebellum has the highest number of glucocorti-
coid receptors [29]. In mice, glucocorticoids inhibit pro-
liferation of cerebellar granular neuron precursors [30].

In conclusion, we found that the development of any
stage of ROP in very preterm infants was associated with
reduced brain volumes and impaired developmental out-
comes at 2 years of corrected age. Though based on a
small cohort of infants, our results suggests that any type
of ROP, not just severe, should be considered in future
studies on ROP and developmental outcomes. These
findings also raise the possibility of common pathways
essential for the development of the retina and brain.
Therefore, strategies aimed at preventing any stage of
ROP may also have neuroprotective effects on the devel-
oping brain.
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