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Abstract

Children born prematurely are commonly exposed to perinatal events such as infections, apneutic
attacks and poor lung performance. These conditions put the children at risk of a reduced oxygen
uptake and tissue hypoxia. Furthermore, overcompensations in treatment of hypoxia with
supplementary oxygen often introduce too high levels of oxygen in the body, leading to tissue
hyperoxia. The resultant periods of intermittent hyperoxia hypoxia (IHH) in preterms during
critical periods of growth and development have been suggested to cause damage to white and grey
matter in the brain, and to impair neurodevelopment. Body weight (BW) has also been suggested

to play a role in the effects of IHH on brain development.

In this study we wanted to investigate the combined effect of IHH and postnatal weight gain on
grey matter volume development in the brain. The purpose of this study was to increase the
understanding of how a clinically relevant oxygen paradigm affects long term brain development,
and possibly contribute towards improving the quality of the supplemental oxygen therapy that is
provided to preterm born children.

Newborn rats were exposed to chronic levels of 50% O interrupted every three hours by three
consecutive five-minute episodes of 12% O-, each eleven minutes apart, for the first two postnatal
weeks. Postnatal growth restriction was obtained by litter culling, where litters consisted of either
8, 12 or 16 animals. To-weighted magnetic resonance images were acquired at postnatal day (P) 15
and P28, together with BW. VVolumes of various grey matter structures were measured.

Animals that had been exposed to IHH were found to have higher BWs and brain volumes
compared to RA controls, suggesting that IHH had a positive effect on postnatal weight gain and
volume increase. The study was unable to determine if the increase in brain volume resulted from
positive growth or pathological processes such as edema. However, the general promotion of IHH
on postnatal growth led to the conclusion that exposure to IHH most likely increased BW, and that

the increase in BW again led to the increase in brain volume.
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Symbols and Abbreviations

2D
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Magnetic resonance imaging
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Room air
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Longitudinal relaxation
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o Larmor frequency



1 Introduction
1.1 Pathologies related to preterm birth

Preterm birth is defined as birth before 37 weeks of gestation, and occurs in 11% of infants®. Major
perinatal morbidities, such as infections?, apneutic attacks®, respiratory distress syndrome* and poor
lung performance®, are associated with preterm birth, and can through the impediment of oxygen
uptake lead to a reduced brain oxygen delivery during critical periods of growth and development.
Poor neurodevelopmental outcomes, including reduced grey and white matter volumes and
alterations in cortical structures, have been tied to preterm birth®®, and appear to proportionally
worsen with younger gestational ages at birth'®t, Also increases in the prevalence of cognitive®'?,
motor®3, behavioural***® and psychiatric problems'® have been found in prematurely born children,

of which some have been correlated to changes in cortical structures.

The increase in survival rate among preterm born children!’ is attributed to an improvement in the
quality of treatment methods that aim to minimize the neonatal morbidities. However, the use of
supplemental oxygen in treatment of reduced oxygen uptake in preterms is a challenge, as too high
oxygen levels lead to more pathology, and too low levels increase mortality®. There are also no
solid guidelines for the treatment dose and duration'®. Throughout the early postnatal development,
the preterm neonate therefore experiences continuous fluctuations in blood oxygen levels, as
periods of low blood oxygen levels due to respiratory complications are followed by periods of
high blood oxygen levels due to the oxygen supplement, before the blood oxygen levels normalize
and the cycle repeats again®. Such large variations in blood oxygen concentrations due to
suboptimal oxygen treatment therapies transfer to long lasting detrimental effects on the growth

and development of various tissues in preterms.

1.2 Effect of hyperoxia and hypoxia on brain development

Hyperoxia occurs when tissue is exposed to higher than physiological levels of oxygen
concentrations, and can lead to an increased amount of reactive oxygen species that have a
destructive effect on biological tissue?®. Hypoxia occurs when tissue is deprived of oxygen, and
leads to reduced energy production at the cell level and eventually cell death?*. The brain is
especially vulnerable to hypoxic events due to its high energy requirement, large oxygen

consumption and small energy reserves?'. Limitations in the brains oxygen availability can



therefore lead to severe pathologies. For instance, patients with chronic obstructive pulmonary
disease that frequently experience hypoxia were found to have reduced grey matter volumes in
cortex, thalamus, caudate nucleus, putamen, parahippocampus and amygdala??. On the contrary,
exposure to two and ten hours of 12% O in healthy young males was found to increase grey matter
and total brain volume, but simultaneously decrease white matter volumes?®. Studies investigating
the effect of hyperoxia in neonates have also found that it increases the risk of several neonatal
morbidities, including lung complications and retinopathy of prematurity?*.

The effect of hyperoxia and hypoxia on the brain has also been studied using animals. Research in
animals allows for a more controlled and tailored variation in the oxygen exposure, where
established models of different exposure paradigms allows for comparison of results across studies.
The most frequently used oxygen exposure models utilize sustained levels of hyperoxia or hypoxia.
Ramani et al.?® exposed mice to chronic hyperoxia (85% O2) and hypoxia (12% O,) during the first
two postnatal weeks, and found that both hyperoxia and hypoxia lead to reduced hippocampal
volumes. Porzionato et al.?® also found smaller hippocampal volumes in response to chronic 60%
and 95% O during the first two postnatal weeks in rats, but the volumes of the subventricular zone
(SVZ) were increased. Felderhoff-Mueser et al.?” found that exposure to 80% O, for 2 hours or
more lead to cell death in the caudate nucleus, accumbens nucleus, cortex and white matter tracts
in the forebrain in rats. On the other hand, hypoxic insults of 11% O from postnatal day (P) 4-P8
in rats were found to increase the volumes of anterior cingulate cortex, with no change in volumes
of the caudate-putamen, dentate gyrus, and SVZ?8. Also exposure of rats to chronic levels of 9.5%
02 from P3-P33 resulted in decreased cortical volumes, and subcortical white matter?®. It therefore
appears that sustained levels of hyperoxia and hypoxia both can cause increases and decreases in
brain volume, depending on the experimental setup. It also appears that individual brain structures
respond differently when exposed to the same levels of unphysiological oxygen concentrations.

To my knowledge there is only one study that has investigated the effect of IHH on brain
development. Morken et al.*® exposed rats to 50% O; interrupted by three consecutive two-minute
episodes of 12% O, every sixth hours during the first two postnatal weeks, and found subtle
reversible changes in white matter diffusivity, grey matter water content and general vasculature
density. Interestingly, Morken et al.® also discovered that brain pathology was more severe in the
smaller animals, implicating that restrictions in growth could be a reinforcing factor in the effect
of IHH on brain development. Body weigh has also previously been found to be proportional to
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brain weight®-3 and brain volume® in various mammalian species. Unfortunately, the study
included only three litters, of which two were exposed to IHH and one served as RA control, and
a large degree of uncertainty is therefore tied to the results. A larger scale study with a more severe

oxygen exposure would therefore be needed to make the results clearer.

1.3 Postnatal growth restriction

Postnatal growth restriction is defined as growth values <10™ percentile of the predicted growth in
body weight (BW), body length or head circumference, and it occurs in approximately 28% of
preterm born children3*. Common pathologies associated with impaired postnatal growth include
higher risks of ischaemic heart disease, type Il diabetes mellitus and higher blood pressure in term
born children®. However, as the occurrence of growth restriction has been found to increase with
decreasing birth weight and gestational age at birth®*, preterm born children are necessarily more
susceptible to develop pathologies associated with reduced growth. One of the primary contributors
towards reducing postnatal growth appears to be inadequate dietary intakes due to poor nutritional
practices in hospitals®®", Suboptimal early nutrition has been found to cause reduced motor®® and
cognitive abilities®, and several studies have stressed the need for a better nutritional support and
follow-up of weight gain in infants of high risk for growth restriction3*3°, Other factors that also
have been found to relate to growth restriction include sex*°, genes*!, the occurrence of other
illnesses*?, need for respiratory support*, exposure to steroids during hospital course*® and length
of hospital stay*®.

Growth restriction is frequently employed in research to increase the variations in weight in
research animals. There exist many different animal models for growth restriction that interfere
with growth both in utero and ex utero. In utero models include interventions on the mother through
nutritional limitations and pharmacological manipulations during gestation, and interventions on
the foetus through placental nutrition limitations, genetic manipulations and infections**#. Ex
utero models include nutritional limitation in animals through litter culling®®. While in utero
models provide a good insight into diseases regarding infants born small for gestational age, ex

utero models are more applicable to the type of growth experienced by most preterm infants*’.



1.4 Postnatal development of brain structures in rats

As rats are born premature in terms of brain development, a large part of the brain development
occurs postnatally. Postnatal neurogenesis has for instance been found in a heterogeneity of grey
matter structures located in both the telencephalon and in deeper parts of the brain. Telencephalon
is situated in the rostral forebrain, and contains all higher order functions such as motor and sensory
systems, speech and cognition*®. Telencephalic structures include the cerebral cortex and olfactory
bulb, in addition to several other subcortical structures such as the hippocampus, globus pallidus
and corpus striatum*® (Figure 1). Deeper grey mater structures in the literature commonly include

thalamus, hypothalamus, and various small midbrain nuclei such as substantia nigra (Figure 1).

Telencephalon

Medulla

Oblo ngata

Deep grey matter structures

Figure 1 Midsagittal section of the rat brain illustrating the location of telencephalic and deep grey
matter structures. Figure downloaded from: http://www.computescotland.com/extreme-reliability-
of-design-and-the-agile-brain-5126.php, date: 22.05.2016. The original illustration has been edited.

In the telencephalon, granule cells have an exceptionally late time of origin, where approximately
85% of the cells develop during the first postnatal week, and where neurogenesis can continue until
even the second and third postnatal week®. Furthermore, dentate granule neurons continue to be
produced throughout adulthood, increasing the neuronal population by approximately 9000 new
cells each day in young adult rats®-2, Also interneurons within the olfactory bulb are generated
after birth3. The majority of interneurons develop during the first postnatal week, but neurogenesis
is present beyond P20 within all interneuron populations®. As opposed to the granule cells in
hippocampus, neurons in the olfactory bulb are continuously replaced throughout adult life, and do
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not add to an increasing population®®. Neocortical neurogenesis also occurs postnatally through the
supply of cells from the SVZ, a late-appearing, secondary proliferate zone in the brain>*. Studies
disagree whether it is only glial cells, or also cortical neurons, that contribute to this postnatal
growth®®, and other studies claim that neurons generated in adulthood are just temporary®®. Adult
neurogenesis has been discovered in the piriform cortex, temporal cortex, visual cortex and
amygdala, although the extent and fate of these new neurons remain unclear at this point in time>’-
%9 Finally, there is also a small degree of postnatal neurogenesis in the caudoputamen, where less
than 10% of the neurons are generated between P0-P4%°, Caudoputamen has however also been
found to be supplied with neurons from the SVZ following tissue trauma, such as stoke, during the
adult lifet,

The only two deep grey matter structures with a postnatal development are thalamus and
hypothalamus. In addition to the prenatal generation of thalamic neurons from embryological day
(E)14-E15%, Mooney et al.>® found that the ventrobasal nucleus of thalamus had a secondary in
situ postnatal growth stage. During this second stage, the ventrobasal nucleus of thalamus increased
2.5-fold in neuronal numbers during the period from P3-P21, averaging with an estimated increase
of 7500 neurons and glial cells per day. The thalamic volume was found to increase until P30.
Hypothalamus is also mainly generated prenatally, with different nuclei developing between E12-
E19%. Postnatal neurogenesis in hypothalamus in rats has however been found to occur during the
first postnatal week, it makes up 5-7% of the total amount of labelled cells and it occurs in only a
few hypothalamic nuclei®.

1.5 Principles of magnetic resonance imaging

Magnetic resonance imaging (MRI) is a technique that utilizes atomic nuclei with an uneven mass
number to form images. Atoms consisting of uneven mass numbers, such as for instance H, *C
and F, have an unequal amount of protons and neutrons in their nucleus. This state causes
individual nuclei to spin around their own axis, forming a small magnetic moment. When

describing MRI, the magnetic moments are regarded as magnetization vectors®®.

In the absence of external magnetic fields, the magnetic vectors are randomly oriented in all
directions (Figure 2A). But, when exposing the magnetic resonance (MR)-active nuclei to a static
magnetic field (Bo), the magnetic vectors align themselves parallel or anti-parallel to Bo (Figure

2B). The sum of all magnetic vectors from one specific type of MR-active nuclei form a net
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magnetization vector (NMV) for that nuclei type, and provide the sample signal that is measured
using MRI. As *H is the most abundant nuclei type in the body, it has a large NMV, and is therefore

most commonly used in MRI®°,

A B

e ¢ T e 9

Figure 2 Alignment of MR-active nuclei. A) Random alignment with no external magnetic field. B)
Parallel or anti-parallel alignment with external magnetic field (Bo).

The exposure of the sample to the external magnetic field (Bo) also causes the NMV to start

precessing around Bo. The frequency of precession is called Larmor frequency, and is given by:
®o =7Y X Bo Eqg. 1.1

where y is the gyromagnetic ratio and Bo the external magnetic field strength. The gyromagnetic
ratio is denoted by the properties of the nuclei, and vary with different types of MR active nuclei.
E.g. 'H has a gyromagnetic ratio of 42.58 MHz/T. The Larmor frequency is therefore determined
by both the properties of the nuclei and the strength of the applied magnetic field. In essence, this
means that different MR active nuclei will have their own distinct Larmor frequency when exposed

to the same strength of Bo®®.

1.5.1 Signal acquisition

Signal acquisition is obtained when a radio frequency (RF) pulse at a specific Larmor frequency is
applied perpendicularly to Bo. This causes the NMV to flip from the direction of Bo into the
perpendicular xy-plane at an angle corresponding to the magnitude and duration of the RF pulse.
The NMV continues to precess around Bo in the xy-plane, forming an oscillatory magnetic field
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that can induce voltage in a coil located in the same plane. The MR signal is produced every time
the magnetic field cuts across the coil, and hence the frequency of the MR signal is the same as the
Larmor frequency®.

The spatial location of a spin population is determined through the stepwise application of three
magnetic gradients at an angle perpendicular to each another. The gradients alter the Larmor
frequency of spins in a linear fashion according to the spins position along them. The slice selective
gradient is applied perpendicular to the desired slice plane, and enables the selective excitation of
nuclei within a band of Larmor frequencies. Only excited nuclei are able to resonate, and hence
provide a MR signal that can be measured. The two remaining gradients encode signal along the
two remaining axis, where the phase gradient induces a difference in phase along the first axis, and
the frequency gradient induces a difference in frequency along the second axis. The information
on signal position from the gradients is transformed through a process called Fourier
Transformation to form a 2D pixel image, and each pixel is allocated a grey colour corresponding

to the signal intensity at the spatial location it represents®®.

1.5.2 Signal decay

Once the RF pulse is switched off, the NMV gradually realigns itself with Bo, and there is a loss of
signal in the xy-plane. This decay in signal is caused by two separate processes that both occur at
the same time. T1 recovery is when nuclei transfer energy to their surrounding lattice, and recover
their magnetic moments in the longitudinal plane. T» decay is when the magnetic moments of
neighbouring nuclei interfere with each other, and cause a loss of coherency in the NMV in the
transverse plane. The chemical properties of the immediate environment in which the nuclei are
located affect how fast the signal decays. In fat, the dense packing of large lipid molecules will
cause a fast Ty recovery and T decay, while in water, the small and highly mobile molecules cause

a slow T1 recovery and T, decay®.

1.5.3 Tiand T2weighting

Through manipulation of scan parameters, one can weigh the image contrast to depend on
differences in either the Ty recovery time or the T decay time of structures in a sample. The
manipulation occurs through pulse sequences, which allows us to control the way the system

applies RF pulses and gradients. There are many different types of pulse sequences available, but



the spin-echo pulse sequence is most commonly applied in MR, as it provides good image quality
and is versatile at use. Two of the parameters that need to be manipulated in order to obtain contrast
weighting are the repetition time (TR), meaning the time period between subsequent applications
of RF pulses, and the echo time (TE), meaning the time period from the application of the RF pulse
to the time of signal readout. The TR controls the time available for T recovery, and the TE
controls the time available for T> decay. In T1-weighted images, the TR is short and the TE is short.
This maximizes the difference in T times between structures, while at the same time minimizing
signal arising from differences in T, decay times. In To-weighted images, both the TR and the TE
are long. This maximizes the difference in T, times between structures, while at the same time

minimizing the contribution of signal arising from differences in T1 times®.



2 Objectives

In this study we wanted to investigate the effect of IHH on brain development. Using a clinically
relevant oxygen paradigm, the study would not only increase the knowledge and understanding of
the influence that IHH has on the brain, but more importantly possibly contribute towards an
improvement in the quality of the supplemental oxygen therapy that is provided to preterms. We
also wanted to investigate the role of BW in the impact of IHH on brain development.

We hypothesized that IHH would have a negative effect on brain volumes, that animals with a
lower BW would have smaller brain volumes, and that IHH and low BW together would have an

additive negative effect on brain volumes.
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3 Material and methods

3.1 The animal model

Animal handling

All experiments were conducted according to guidelines set by the Norwegian Ethics committee
for Animal Research, and approved by the local authority on animal welfare (Forsgksdyrutvalget,

permit number 8010).

Eight time-mated Sprague Dawley rats were obtained from Taconic Biosciences Inc. (Ejby,
Denmark), and kept at the animal facility at the Norwegian University of Science and Technology
in Trondheim. All animals and their offspring were housed in standardized individually ventilated
cages (IVC) class 3 for rats fitted with environmental enrichments, and exposed to a 12:12 hours
light:dark cycle. Animals had access to food pellets and water ad libitum at all times. After birth,
all offspring were carefully health monitored once a day for the first 14 days using score sheets

with predefined monitoring parameters and humane end points.

Animals were kept in the animal facility at all instances, except for during MRI acquisition. MRI
was conducted in the MR Centre located approximately 300 meters away from the animal facility.
Transportation of the animals occurred the same morning or the day before the MRI, utilizing an
underground transportation corridor and secure transport cages to minimize unwanted external
interferences. In the MR Centre animals were kept in a separate room maintaining the same
environmental conditions as in the animal facility. To ensure oxygen availability, the tops of the

IVC in all litters were removed during the stay in the MR Centre.

All animals were weighed at PO, P15 and P28. At P15, all animals were also equipped with a RF
identification chip to enable individual tracking of BW and MR images. Chipping was not possible

at PO as the procedure would have caused the newborn animals too much harm.

Experimental groups

The experimental groups were divided according to oxygen exposure and litter size. Animals were
allocated to either the IHH paradigm or RA, and naturally born litters were culled to form new
litters consisting of 8, 12 or 16 animals (Figure 3). The culling was done to ensure that animals in
larger litters received reduced food supply, inducing postnatal growth restriction. With variations
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in the BW of animals both within and between different litter sizes, the effect of IHH on brain
volume could be measured across a weight gradient. To reduce litter effects, offspring from
different litters that were born within 12 hours from one another were mixed together.

Five litters were placed in the IHH paradigm, and three litters served as RA controls (Figure 3).
Within twelve hours after delivery of the last animal, cages containing litters and dam were placed
in specialized plexiglass A-chambers (Biospherix Ltd., Lacona, NY) used for inducing IHH (Figure
4). The chambers were large enough to fit two IVC at the same time, but the cage lids had to be
removed for ventilator purposes. At P14, animals were removed from the A-chambers and placed
in RA up until they were euthanized at P28. Animals kept in RA were at all times placed in closed

IVC coupled to a cage holding rack located in the same room (Figure 5).

Litter size

IHH

Figure 3 Experimental groups showing the division of litters according to litter size and oxygen
exposure. Each grey box represents one litter. Abbreviations: IHH; intermittent hyperoxia hypoxia,
RA; room air.
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Figure 4 Specialized plexiglass A-chambers used for inducing IHH. The chambers were large
enough to fit two IVC at the same time.

Figure 5 IVC rack with automated air supply from the integrated ventilator system in the animal
facility.

13



All animals in the RA groups survived, but two animals from the IHH groups died during the
experiment. The first was the highest weighing animal in the litter of 16 animals, which died before
weight and MRI measures at P15 for unknown reasons. The second was an average weighing
animal in a litter of 8 animals, which died in the MRI scanner at P15. Post-mortems were not

performed. All data acquired before their deaths were utilized in the experiment.

The number of animals in the various subdivisions of experimental groups at all time points are
listed in (Table 1).
Table 1 Number of animals in the various experimental subgroups at time points PO, P15 and P28.

Abbreviations: IHH; intermittent hyperoxia hypoxia, RA; room air, P0O; postnatal day 0, P12;
postnatal day 12, P16; postnatal day 16.

Number of animals

PO P15 P28

All animals 84 83 82
Litter sizes 8 40 40 39

12 12 12 12

16 32 31 31

Exposure groups IHH 52 51 50
RA 32 32 32

Exposure & Litter size  IHH, 8 24 24 23
IHH, 12 12 12 12

IHH, 16 16 15 15

RA, 8 16 16 16

RA, 16 16 16 16
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The oxygen profile

An A84 Oxycycler (Biospherix Ltd., Lacona, NY) was used to program the IHH profiles. A
computerized feedback system regulated the oxygen concentration within the chambers, using
nitrogen from bottles to lower the oxygen concentration, and oxygen from the local air vault to
increase the oxygen concentration. Sensors within the chambers monitored the levels of oxygen,
CO2 (mean = 1194 ppm, SD = 858), temperature (mean = 22.75°C, SD = 0.22) and relative
humidity (mean = 48.22%, SD = 12.42).

A continuous high air oxygen concentration (50% O2) was interrupted every three hours by three
consecutive five-minute episodes of low air oxygen concentration (12% O3), each eleven minutes
apart (Figure 6). The ramp time from 50% O to 12% O» was approximately eight minutes (Figure
6, A>B). Better ramping times were not possible to accomplish due to limited N flow rate relative
to the large size of the A-chambers. The ramping time from 12% O to 50% O, was approximately
three minutes (Figure 6, C->D). The total duration of one sequence of three episodes was
approximately forty-eight minutes. The A-chambers were also opened daily for an average of under
four minutes during the high air oxygen concentration for neonatal health check, food refill and
change of water bottle.

Due to system failure and unreplaced nitrogen bottles, five sequences of low air oxygen
concentration episodes were not induced on three separate occasions during the two week IHH
profile period. This resulted in the oxygen concentration reaching only 21% O, instead of the

designated 12% O- during the affected periods.

Animals exposed to RA were at all times supplied with regular air (21% O) from the integrated
ventilator system in the animal facility that was coupled to the IVC rat racks. The air was
maintained at a temperature of 20-21°C and a humidity of 55% * 10%.

15
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Figure 6 Screenshot of the oxygen profile showing three consecutive episodes of low air oxygen
concentrations, each lasting five minutes (from B to C). The ramp time between the high and low air
oxygen levels was eight minutes when going from 50% to 12% air oxygen levels (from A to B), and
three minutes when going from 12% to 50%o air oxygen levels (from C to D).

3.2 Magnetic resonance imaging

MRI was performed at P15 and P28 using a 7-Tesla magnet (Biospec 70/20 AS; Bruker Biospin
MRI, Ettlingen, Germany) with water cooled gradients (BGA-12S, 660 mT/m). Animals were
anesthetized (2% isoflurane with 30% O) and scanned longitudinally at both time points while
laying prone in a dedicated water-heated bed (Bruker Biospin MRI). The head of every animal was
fixated using nose-mask, polystyrene, tooth bar (P28 only) and ear fixators (P28 only).

Temperature and respiration rate of each animal was monitored throughout the scanning procedure.

On P15 and P28 coronal T»-weighted images were obtained using a turbo spin-echo (RARE)
sequence with the following parameters: effective echo time = 70 ms; repetition time = 4000 ms;
RARE-factor = 16; field of view= 20.48 x 15.36 mm?; acquisition matrix = 256 x 192; 18 slices &
0.8 mm with 0.2 mm slice gaps; spatial resolution 80 x 80 x 800 um. Number of averages was 8

giving a scan time of 6 minutes and 24 seconds.
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3.3 Image analysis

Volume measurements of cerebrum, cortex, hippocampus, putamen, thalamus, hypothalamus,
anterior hypothalamic nucleus (AHN) and substantia nigra were acquired by manually drawing the
outlines of each brain structure in every image slice using the T2 images and brain atlas’®%5" for
structure definitions (Figure 7). The drawing was performed on Wacom DTF-720 LCD tablet using
MIPAV (Medical Image Processing Analysis and Visualization) software.

Figure 7 A T,-weighted MRI image showing a coronal section of the rat brain with outlines of the
hand-drawn brain structures. Different colours code for different structures. In this image: yellow =
cerebral cortex, green = hippocampus, orange = thalamus, dark blue = putamen, light blue =
hypothalamus.

Cerebral volume was defined as including all of brain tissue, with the exception of cerebellum and
medial hindbrain structures. Superior colliculus, inferior colliculus and nucleus of lateral lemniscus

was however also included for practical drawing purposes.

3.4 Statistical analysis

Version 23 of the Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA) was
used for all statistical analyses. The level of significance was set to 0.05. Independent samples t-
tests were used for comparison of means between two independent experimental groups, such as
oxygen exposures and gender. Equal variances were not assumed. Paired samples t-tests were used

for comparison of means between two time points. Pearson correlation was used to test the

17



correlation between two continuous variables, such as BW against brain volume. Spearman’s
correlation was used to test correlation between ordinal and continuous data, such as litter size

against BW.
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4 Results
4.1 Variations in BW between experimental groups

All animals had an increase in BW between PO and P15, and between P15 and P28 (Figure 8A).
The average BW varied inversely with litter size, where animals in smaller litters weighed more
than animals in larger litters (Figure 8B). This variation was also present within the individual IHH
and RA groups, at both time points (Figure 8D).
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Figure 8 Box plots showing the BW distribution of animals at 0, 15 and 28 days after birth. A) BW
distribution of all animals. B) BW distribution of animals according to litter size. C) BW
distribution of animals according to exposure groups. D) BW distribution according to both litter
size and exposure group. Circles and stars represent outliers and extreme outliers, respectively. Tp-
values < 0.001 between time points. *p-value < 0.05 between IHH and RA. Abbreviations: IHH,;
intermittent hyperoxia hypoxia, RA; room air.

Animals in the IHH group had a larger absolute and relative weight gain from P0O-P15 compared
with animals in the RA group (Figure 9A+B). The IHH group also had a higher average BW at P15
(Figure 8C), in both litter size 8 and 16 (Figure 8D). There were no group differences in absolute
weight gain from P15-P28 (Figure 9C), but the RA group had a larger relative weight gain from
P15-P28 (Figure 9D). The average BW of all IHH animals at P28 also tended to be higher than in
all the RA animals, although the difference was not significant (p = 0.128) (Figure 8C). The RAg
group did however have a higher average BW than the IHHg group, while the IHH16 group had a
higher average BW than the RA16 group (Figure 8D).
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Figure 9 Box plots showing the absolute and relative weight gain of animals in relation to the
exposure groups. A) Absolute weight gain from P0-P15. B) Relative weight gain from P0-P15. C)
Absolute weight gain from P15-P28. D) Relative weight gain from P15-P28. Circles and stars
represent outliers and extreme outliers, respectively. *p-value < 0.001 between IHH and RA.
Abbreviations: IHH; intermittent hyperoxia hypoxia, RA; room air, PO; postnatal day 0, P15;
postnatal day 15, P28; postnatal day 28.

The difference in weight gain between the exposure groups was greater in litters of 16 animals
compared with litters of 8 animals for both the absolute and relative weight from P0-P15 (Figure
10A+B). During this time period, the IHH group had higher weight gains compared with the RA
group in all litter sizes. In the time period P15-P28, the difference in absolute weight gain between
the exposure groups became more similar in litter size 8 and 16 (Figure 10C). However, the RAg
group now had a larger absolute weigh gain than the IHHg group, while the IHH16 group maintained
a larger absolute weight gain compared with RA1s group. The RA group also had larger relative
weight gain from P15-P28 compared with the IHH group, in both litter size 8 and 16 (Figure 10D).
The lower relative weight gain from P15-P28 in the IHHg group deviated from the trend where
weight gain varied inversely with litter size, and led to a great difference between the exposure

groups in litter size 8.

The difference in weight gain between IHHg and IHH16 was smaller than between RAg and RA16
for absolute and relative weight gain from PO-P15 and absolute weight gain from P15-P28 (Figure
10A+B+C). The difference in relative weight gain from P15-P28 between the litter sizes appeared
to be approximately the same within the exposure groups, although weight gain varied inversely

with litter size within the IHH group due to the small relative weight gain in IHHs.
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Figure 10 Box plots showing the absolute and relative weight gain in animals in relation to litter size
and the exposure groups. A) Absolute weight gain from P0-P15. B) Relative weight gain from PO-
P15. C) Absolute weight gain from P15-P28. D) Relative weight gain from P15-P28. Circles and
stars represent outliers and extreme outliers, respectively. *p-value < 0.001 between IHH and RA.
$p-value = 0.004 between IHH and RA. #p-value < 0.05 between IHHg and IHH1;, and IHHs and
IHH 6. “p-value < 0.05 between RAs and RAs6. Abbreviations: IHH; intermittent hyperoxia hypoxia,
RA; room air, PO; postnatal day 0, P15; postnatal day 15, P28; postnatal day 28.

4.2 Variations in brain volumes between experimental groups

In general, brain volumes at P28 were larger than brain volumes at P15 in all structures, except in
anterior hypothalamic nucleus (p = 0,373) and hypothalamus (Figure 11). The absolute increase in
volume from P15 to P28 was smaller in AHN, hypothalamus and SN compared with the rest of the
structures (Figure 11).
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Figure 11 Box plots showing the volumes of cerebrum, cortex, hippocampus, putamen, thalamus,
AHN, hypothalamus and substantia nigra at time points P15 and P28. Volumes are shown in units
of mm?. Circles and stars represent outliers and extreme outliers, respectively. fp-value < 0.05
between time points. Abbreviations: AHN; anterior hypothalamic nucleus.
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421 The effect of IHH on brain volumes

Overall, brain volumes were larger in the IHH groups compared with the RA groups, with the
exception of substantia nigra at P15, where the IHH group had smaller volumes than the RA group.
(Figure 12). Also, the difference in volume between the exposure groups appeared to be dependent
on the structure’s location within the brain. Structures involving higher order brain functions in the
telencephalon, such as the cerebrum, cortex and hippocampus, had more pronounced differences
between the exposure groups, while deep grey matter structures, such as thalamus, AHN and
hypothalamus had more subtle, if any, group differences (Figure 12).
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Figure 12 Box plots showing the volumes of cerebrum, cortex, hippocampus, putamen, thalamus,
AHN, hypothalamus and substantia nigra at time points P15 and P28 in animals exposed to IHH
and RA. Volumes are shown in units of mm?2. Circles and stars represent outliers and extreme
outliers, respectively. *p-value < 0.05 between IHH and RA. Abbreviations: IHH; intermittent
hyperoxia hypoxia, RA; room air, AHN; anterior hypothalamic nucleus.

When looking at the differences in brain volume between the exposure groups within same sized
litters at P15, animals in the IHH group had larger volumes compared with animals in the RA group
in the cerebrum, cortex and hippocampus in litter size 16, and in hippocampus, AHN and
hypothalamus in litter size 8 (Figure 13). At P28, animals in the IHH group had larger volumes
than animals in the RA group in only cerebrum and cortex in litter size 16 and hippocampus in
litter size 8 (Figure 14).
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The difference in brain volume between litter sizes within one exposure group also varied with
different structures. At P15, the IHHg group had larger volumes than the IHH1s group in all
structures except hippocampus (p = 0.056) and thalamus (p = 0.055), and the RAg group had larger
volumes than the RA1s group in the cerebrum, cortex, hippocampus and putamen (Figure 13). At
P28, the IHHg group had larger volumes than the IHH¢ group in all structures except AHN (p =
0.139), and the RAg group had larger volumes than the RA1s group in all structures except thalamus
(p =0.309), AHN (p = 0.887) and hypothalamus (p = 0.515) (Figure 14).

The differences in brain volume between exposure groups were more pronounced at P15 compared
with P28. Also the amount of significant differences in brain volume between exposure groups
decreased from P15 to P28.

4.2.2 The effect of BW on brain volumes

There was a positive correlation between the BW at P15 and the volumes at P15 in all structures,
except AHN and SN, for all animals (Table 2). There was also a positive correlation between the
BW at P28 and volumes at P28 in all structures, except hypothalamus and AHN, for all animals
(Table 3). Furthermore, the volumes at P28 were positively correlated with BW at P15 in all
structures, except hypothalamus and AHN, for all animals (Table 3). Scatter plots show examples

of the data point distribution for a selection of structures (Figure 15, Figure 16).

The absolute and relative weight gain from PO-P15 was correlated with both the volumes at P15
and the volumes at P28 for all structures, except AHN and SN (Table 4, Table 5). The absolute
weight gain from P15-P28 was correlated with the volumes at P28 for all structures, except
hypothalamus and AHN (Table 5). The relative weight gain from P15-P28 was only correlated
with the volumes at P28 for hippocampus and AHN (Table 5). Scatter plots show examples of the
data point distribution for a selection of structures (Figure 17, Figure 18, Figure 19).
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Figure 13 Box plots showing the volumes of cerebrum, cortex, hippocampus, putamen, thalamus,
AHN, hypothalamus and substantia nigra at time point P15 for different litter sizes in animals
exposed to IHH and RA. Volumes are shown in units of mm3. Circles and stars represent outliers
and extreme outliers, respectively. *p-value < 0.05 between IHH and RA. #p-value < 0.05 between
IHHg and IHH:2, and IHHg and IHH16. “p-value < 0.001 between RAg and RAss. Abbreviations:
IHH; intermittent hyperoxia hypoxia, RA; room air, AHN; anterior hypothalamic nucleus, P15;
postnatal day 15.
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Figure 14 Box plots showing the volumes of cerebrum, cortex, hippocampus, putamen, thalamus,
AHN, hypothalamus and substantia nigra at time point P28 for different litter sizes in animals
exposed to IHH and RA. Volumes are shown in units of mm?. Circles and stars represent outliers
and extreme outliers, respectively. *p-value < 0.05 between IHH and RA. #p-value < 0.05 between
IHHg and IHH12, and IHHg and IHH16. “p-value < 0.001 between RAs and RA:6. Abbreviations:
IHH; intermittent hyperoxia hypoxia, RA; room air, AHN; anterior hypothalamic nucleus, P28;
postnatal day 28.
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Table 2 Pearson correlation between brain volumes at P15 and body weight for all animals, animals
in the IHH group and animals in the RA group at P15. P-values in heavy print show statistical
significance p < 0.05. Abbreviations: IHH; intermittent hyperoxia hypoxia, RA; room air, AHN;
anterior hypothalamic nucleus, SN; substantia nigra, P15; postnatal day 15.

Body weight
All animals IHH RA
P15 P15 P15
r 0.689 0.611 0.692
Cerebrum P15
P-value <0.001 <0.001 <0.001
r 0.765 0.717 0.735
Cortex P15
P-value <0.001 < 0.001 <0.001
r 0.668 0.558 0.662
Hippocampus P15
P-value <0.001 <0.001 <0.001
r 0.653 0.530 0.821
Putamen P15
P-value <0.001 <0.001 <0.001
r 0.372 0.393 0.337
Thalamus P15
P-value 0.001 0.004 0.059
r 0.268 0.411 -0.039
Hypothalamus P15
P-value 0.014 0.003 0.834
r 0.037 0.285 -0.284
AHN P15
P-value 0.740 0.042 0.115
r 0.140 0.381 0.271
SN P15
P-value 0.206 0.006 0.134
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Table 3 Pearson correlation between brain volumes at P28 and body weight for all animals, animals
in the IHH group and animals in the RA group at both time points P15 and P28. P-values in heavy
print show statistical significance p < 0.05. Abbreviations: IHH; intermittent hyperoxia hypoxia,
RA; room air, AHN; anterior hypothalamic nucleus, SN; substantia nigra, P15; postnatal day 15,
P28; postnatal day 28.

Body weight

All animals IHH RA

P15 P28 P15 P28 P15 P28

r 0.728 0.742 0.681 0.652 0.720 0.785
Cerebrum P28
P-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

r 0.706 0.719 0.590 0.555 0.721 0.780
Cortex P28
P-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

r 0.644 0.561 0.727 0.704 0.471 0.528
Hippocampus P28
P-value | <0.001 <0.001| <0.001 <0.001 0.007 0.002

r 0.473 0.505 0.492 0.468 0.535 0.582
Putamen P28
P-value < 0.001 <0.001 < 0.001 0.001 0.002 < 0.001

r 0.390 0.339 0.527 0.405 0.249 0.297
Thalamus P28
P-value < 0.001 0.002 < 0.001 0.004 0.170 0.098

r 0.194 0.175 0.495 0.529 0.018 0.021
Hypothalamus P28
P-value 0.081 0.116 | <0.001 <0.001 0.922 0.911

r 0.203 0.141 0.350 0.360 -0.013 -0.031
AHN P28
P-value 0.067 0.206 0.013 0.01 0.944 0.867

r 0.572 0.550 0.601 0.542 0.663 0.632
SN P28
P-value | <0.001 <0.001| <0.001 <0.001| <0.001 <0.001
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Figure 15 Scatter plots showing the correlation between BW at P15 and volumes of cortex,
hypothalamus, AHN and substantia nigra at P15. Black lines represent the fittet linear regression
lines for all subjects, grey lines represent the individual 95% confidence intervals. Volumes are
shown in units of mm?. Abbreviations: IHH; intermittent hyperoxia hypoxia, RA; room air, AHN
anterior hypothalamic nucleus, P15; postnatal day 15.
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Table 4 Pearson correlation between brain volumes at P15, and absolute and relative weight gain
from P0-15. P-values in heavy print show statistical significance p < 0.05 between weight gain and
volume. Abbreviations: AHN; anterior hypothalamic nucleus, SN; substantia nigra, PO; postnatal
day 0, P15; postnatal day 15.

Absolute Relative

weight gain weight gain

P0O-P15 P0O-P15
r 0.682 0.649
Cerebrum P15
P-value < 0.001 <0.001
r 0.762 0.739
Cortex P15
P-value < 0.001 < 0.001
r 0.670 0.668
Hippocampus P15
P-value < 0.001 < 0.001
r 0.642 0.597
Putamen P15
P-value < 0.001 < 0.001
r 0.367 0.345
Thalamus P15
P-value 0.001 0.001
r 0.266 0.258
Hypothalamus P15
P-value 0.015 0.018
r 0.038 0.049
AHN P15
P-value 0.732 0.658
r 0.140 0.137
SN P15
P-value 0.205 0.215
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Table 5 Pearson correlation between brain volumes at time P28, and absolute and relative weight

gain from P0-15 and P15-P28. P-values in heavy print show statistical significance p < 0.05 between
weight gain and volume. Abbreviations: AHN; anterior hypothalamic nucleus, SN; substantia nigra,

PO; postnatal day 0, P15; postnatal day 15, P28; postnatal day 28.

Absolute Relative Absolute Relative
weight gain weight gain weight gain weight gain
PO-P15 PO-P15 P15-P28 P15-P28

r 0.721 0.688 0.775 -0.065

Cerebrum P28
P-value <0.001 <0.001 <0.001 0.562
r 0.698 0.660 0.761 -0.060

Cortex P28
P-value <0.001 <0.001 <0.001 0.591
r 0.646 0.656 0.504 -0.308

Hippocampus P28
P-value <0.001 <0.001 <0.001 0.005
r 0.467 0.441 0.575 -0.006

Putamen P28
P-value <0.001 <0.001 <0.001 0.960
r 0.392 0.399 0.344 -0.153

Thalamus P28
P-value <0.001 <0.001 0.002 0.170
r 0.192 0.186 0.151 -0.063

Hypothalamus P28
P-value 0.084 0.094 0.174 0.576
r 0.210 0.234 0.081 -0.237

AHN P28
P-value 0.058 0.035 0.467 0.032
SN P28 r 0.569 0.558 0.502 -0.116
P-value < 0.001 <0.001 <0.001 0.300
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Figure 17 Scatter plots showing the correlation between absolute and relative weight gain from PO-
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room air, AHN; anterior hypothalamic nucleus, PO; postnatal day 0, P15; postnatal day 15.
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Figure 18 Scatter plots showing the correlation between the absolute and relative weight gain from
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Figure 19 Scatter plots showing the correlation between absolute and relative weight gain from PO-
P15 and P15-P28 and the volume of cortex at P28. Black lines represent the fittet linear regression
lines for all subjects, grey lines represent the individual 95% confidence intervals. Volumes are
shown in units of mm3. Abbreviations: IHH; intermittent hyperoxia hypoxia, RA; room air, AHN;
anterior hypothalamic nucleus, PO; postnatal day 0, P15; postnatal day 15, P28; postnatal day 28.

Animals in the RA group had a higher brain volume to BW ratio compared with animals in the
IHH group at both P15 and P28 (Figure 20A). This increased volume:BW ratio was present only
in litter size 16 (Figure 20B). Animals in litter size 16 had higher volume:BW ratios compared with
animals in litter size 8 in both the IHH and RA groups, and at both time points (Figure 20B). The
IHH12 group also had higher volume:BW ratios than the IHHg group at both time points, but there
was no difference in ratio size between IHH1> and IHH16 (p1s = 0.157, p2g = 0.105). Box plots of

the volume:BW ratio for cortex are representative for the variations in volume:BW in all structures.

Overall, the brain volumes of all structures at both P15 and P28 varied inversely with litter size
(Figure 21).

4.2.3 The additive effect of IHH and BW on brain volumes

Animals in the IHH group had a positive correlation between BW and volumes in all structures at
both time points P15 and P28 (Table 2, Table 3). Animals in the RA group had a positive correlation
between BW and volumes in all structures, except thalamus, hypothalamus and AHN at both P15
and P28 (Table 2, Table 3), and in substantia nigra at P15 only (Table 3). Additionally, all structures
with a correlation between BW at P28 and brain volumes at P28 also had a correlation between
BW at P15 and brain volumes at P28, within both the IHH and RA groups (Table 3).
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is shown in units of mm?/g. Circles and stars represent outliers and extreme outliers, respectively.
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There was a large degree of overlap between the IHH and RA group when looking at the correlation
between BW and brain volumes, as seen in the scatter plots (Figure 15, Figure 16). However, data
from the IHH group was more clustered together around higher values of BW, especially at P15,
whereas data from the RA group was more spread out (Figure 15). The large spread in data in the

RA group was mainly due to the small size of animals in the RA1s group (data not shown).

The distribution in brain volume according to absolute and relative weight gain appeared to be the
same for both exposure groups at all time points, except in terms of the relative weight gain from
P15-P28, where the IHH group retained a large brain volume despite having a smaller relative
weight gain (Figure 19).

4.3 The influence of gender on BW and brain volumes

There was no difference in BWs between males and females at either time point P15 or P28,
although males had a larger absolute weight gain from P15-P28 compared with females (p = 0.012).
Males also had larger volumes than females in all structures, except AHN and substantia nigra, at
both P15 and P28 (Figure 22). There was no difference in gender distribution between animals in
the IHH and RA group.
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Figure 22 Box plots showing differences in brain volumes according to gender at time points P15
and P28. Volumes are shown in units of mm3. Circles and stars represent outliers and extreme
outliers, respectively. fp-value < 0.05 between males and females. Abbreviations: AHN; anterior
hypothalamic nucleus.
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5 Discussion

5.1 Methodological considerations

5.1.1 The animal model

A less severe oxygen paradigm

The IHH paradigm was chosen as it provides a clinically relevant profile of the fluctuations in
tissue oxygen concentrations that may occur in premature and/or growth restricted children during
the perinatal period®. Studies have shown that more frequent fluctuations and larger extremes in
the air oxygen concentrations produce more severe pathological changes in retinal vasculature
when compared with longer lasting episodes of high or low air oxygen concentrations®"°. As the
retina may be considered a window to the brain, it is conceivable that such fluctuations in oxygen
concentrations also have a negative effect on brain vasculature®, and possibly other structural

components in the brain as well.

In this study we did not obtain the IHH profile that we first intended. The long ramping times
between high and low air oxygen concentrations caused a shorter exposure time to the low oxygen
levels, and hence also a less severe exposure profile. As newborn rats have higher levels of arterial
oxygen concentrations compared with preterm infants’t, they most likely also tolerate lower air
oxygen levels before becoming oxygen deprived. The reduced severity in the IHH profile combined
with the resilience of neonatal rats could therefore explain the subtleness of our results. The IHH
profile used in this study was however more severe than the IHH profile used by Morken et al.*,
where animals were exposed to 12% O- every six hours, instead of every three hours . Despite this,

the degree of inflicted damage did not appear to be more severe.

Rats as a model organism

Rats were used as a model organism for several reasons. First, rats are ideal models in studies on
brain development, as they are altricial animals born with an underdeveloped brain. A significant
part of the brain development occurs postnatally during the weaning period, and therefore the
maturity of a rat brain at birth is comparable to that of a human brain at 22-23 weeks of gestation’?.
After 10-14 days, the maturity of the rat brain is comparable to that of a full-term born baby’3. This

delay in brain development make rats exceptionally useful as a model in studies on brain
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development in preterm born children. Second, rats are generally a beneficial model organism used
in research concerning human physiology”. Although some studies point out that small-animal
models are not able to replicate the full scope of pathology and behavioural outcomes observed in
relation to brain damage in humans’™, as a complex higher order organism, rats do provide a good
system for the modelling of more specific, intricate events within neurological research. Rats are
also cost and time-effective compared with larger model organisms. Third, most research
concerning the influence of variations in oxygen concentrations on brain development is performed

with rats. Using the same species as other studies opens up for comparison of result.

Possible variations in methodology between the experimental groups

The majority of the experimental parameters in this study were similar between the experimental
groups. Points of variation between and within the experimental groups were limited to housing
conditions during the first two weeks, duration of exposure to the IHH profile and duration of stay

in the MR animal room.

The housing of animals in the IHH group was different from the housing of animals in the RA
group, as animals in the IHH group were kept in lidless cages placed in A-chambers. This allowed
the animals in the IHH group to have slightly more contact with the external environment, both in
terms of physical parameters such as smells, sounds and variations in temperature and humidity,
and in terms of social interactions between the two litters located in the same A-chambers.
However, as animals in the RA group were housed in the same room as animals in the IHH group,
they also experienced the same external protrusions, only to a lesser degree due to the IVC. There
could also have been variations in the speed of fluctuations in oxygen concentrations between
different litters in the IHH group. As one litter always was placed closer to the gas output in the A-
chambers, it could have experienced more rapid changes in oxygen fluctuations and a higher noise
level from the pressurised oxygen as it was released from the gas output. As a counteractive
measure, cage positions within the A-chambers were frequently, but not regularly, altered between
the two litters. Changes in the position of single cages in the A-chambers were however not
performed, and these litters were therefore continuously placed directly under the gas output. Still,
the effect of differential position in the A-chambers on the BW and brain volume outcomes has
been evaluated to be very small, as the A-chambers were made to alter the oxygen levels evenly in

the entire box, and as the distance between the litters was minimal.
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The time period before animals in the IHH group were put into the A-chambers varied both within
and between litters. Some litters had to wait around twelve hours before being exposed to the IHH
regime, while other litters only had to wait around one hour. The difference in time before exposure
was simply due to litter culling, where births occurred at different time points during the day,
causing some animals to wait in RA before two litters could be put together. However, as twelve
hours made up only a fraction of time compared with the two weeks long exposure to IHH, the
variation in time before being exposed is considered to be of little importance. Also the three
occasions where the air oxygen concertation was unable to reach 12% O due to system failure
would have reduced the exposure of rats to low oxygen levels. The time without exposure to low
oxygen levels was estimated to be around twelve hours per occasion. However, as the three
occasions were spread out in time, and as thirty-six hours in total made up only a minor part of the
entire IHH profile duration, the reduced exposure to low oxygen levels therefore most likely did

not affect the experimental outcomes.

Differences between the litters regarding how long the animals stayed in the animal room in the
MR centre could have led to different levels of stress. Animals that arrived at the same day of
scanning, instead of the night before, could have had a slightly increased stress level due to the
additive effect of stress from the transportation and being prepared for scanning. Also, some litters
were kept in the MR animal room for a longer time period, as it took longer to scan larger litters
compared with smaller litters. Longer duration of stay in the animal room during scanning would
have led to more exposure to noise from the MR scanner, smells from the anaesthesia and smells
from the dissection at P28. However, the duration of stay in the animal room did not appear to have
any impact on neither the animals nor the experiment outcomes. An increasing level of stress in
the animals of larger litters was however noticed with the gradual removal of animals for
euthanization at P28. The increased stress level could have affected BW outcomes in animals in
litter size 16, as more stress could have caused less feeding towards the end. It was not possible to
measure how much influence this stress had on weight differences, but the influence of one or two
missed feedings on the total BW of the animal would not have been enough to drastically alter the

weight results.
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5.1.2 Uncertainties related to the MR scanning

The main point for variation during MR scanning was the positioning of animals in the water-
heated bed, and the positioning of the MR slice pack. These procedures had to be individually
prepared for each animal, and were performed by three different persons at alternating time points
due to a shift rotation in the work. Furthermore, the varying size of animals according to the litter
size introduced a variation in the position of the head on the water-heated bed and a variation in
the position of the slice package between different litters. To counteract variation, positioning of
animals on the bed was performed according to a set routine, and anatomical markers were used

for slice positioning.

There was also a change in the size of the head coil between scanning at P15 and at P28, where the
head coil at P15 had to be exchanged for a larger one at P28 due to the growth in the rats. The
larger coil introduced a lower signal-to-noise ratio, giving a slightly lower overall quality of the

MR images.

5.1.3 Uncertainties related to the data analysis

Some measurement uncertainties were also present regarding the drawing of brain volumes.
Differential positioning of animals in the water-heated bed and of the slice package made it
impossible to draw according to a set template, and the brain volumes of each animal had to
individually be drawn by hand. Also, despite a good general image quality, some images were of
poorer quality and contained image artefacts, making it hard to distinguish the true boarders of the
structures. To assure as much standardization between each drawing as possible, simple and easily
identifiable anatomical markers were used, allowing for the same volumetric measures to be drawn
of each structure in each animal. Despite some structural integrity being compromised because of
this, the assurance of a high level of replication in drawing between each animal was more
important than attaining the exact brain volume. The anatomical markers were also set to

encapsulate as much of the true structural volumes as possible.

In terms of the statistical analysis, one major point of inconsistency was the number of litters in
each experimental group. There were only two litters consisting of 16 animals, and each litter
belonged to a separate exposure group. There was also only one litter consisting of 12 animals. All
the statistical measures including data from litter size 12 and 16 could therefore have shown

reflections of litter differences, in addition to showing results from the actual experimental
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parameters. Possible litter differences were taken into consideration when evaluating and
interpreting the results, and any conclusions based on litter size 16 were formed cautiously, and
preferably with the backup of additional results.

5.2 Growth of animals varies with litter size and oxygen exposure

The inverse relationship between weigh and litter size confirms that an increased litter size induces
postnatal growth restriction. Animals that were raised in larger litters became more growth
restricted and had lower average BW than their peers raised in smaller litters. Lower BW and
reduced growth in animals that have experienced postnatal food restriction has also been found in
other studies’®®, Growth restriction probably occurred as a result of the limited milk availability
being divided across more individuals. Growth restriction could also have occurred independently
of nutrient availability, where maternal behaviours varied with different litter sizes®. There is more
grooming time and heat transfer from the dam to the pups in smaller litters, which again improves
growth as the pups receive more maternal care and use less energy in thermoregulation. The
thermoregulatory advantages are most prominent during the early postnatal period, as rats have a

limited ability to regulate their body temperature during their first postnatal days®?.

The differences in BW and weight gain between animals in the two exposure groups coincided
with the timing of the IHH paradigm. For the first two weeks, animals in the IHH group were
exposed to IHH. During this time, they grew faster and weighed more compared with the animals
kept in RA. For the next two weeks, animals in both the IHH and RA group were exposed to the
same oxygen concentrations. During this time, animals in the RA group grew faster than animals
in the IHH group. This trend indicates that the IHH paradigm had a direct influence on growth
promotion, as the growth advantage in animals from the IHH group was concluded upon their
removal from the IHH paradigm. Previous studies investigating the separate effects of hyperoxia
and hypoxia on growth have however found results that show the opposite to what was discovered
in this study. Rats and mice exposed to intermittent hypoxia demonstrated an early growth
restriction and a later catch-up growth to controls, both while still under hypoxic exposure®, and
three weeks after completed exposure®3. Moromisato et al.®* also found reduced BW in rats exposed
to hypoxia, where the weight reduction was correlated with total dam food consumption. Also
hyperoxia alone has been found to decrease BW. Mice exposed to 100% O for different periods

of time showed a daily weight loss of about 4% of the initial BW®®, and increases in leptin levels
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in the lungs® and in the blood®® were found in mice following 100% O exposure. High leptin
levels stimulate a reduction in food intake and an increase in energy expenditure, which together
lead to weight reductions®’. Although the pathology inflicted by the use of 100% O is not directly
comparable to the outcomes in our study, hyperoxic insults are in general promotive towards
forming reactive oxygen species®®, inflammatory responses®® and a variety of other pathologies, all
of which could contribute towards reduction in BW. Despite hyperoxia and hypoxia separately
having a negative effect on weight gain, the combination of both hyperoxia and hypoxia as done
in this study may have promoted an increase in BW. Perhaps the interchangeability in tissue oxygen
concentrations lead to irregularities in the levels of growth hormones, which again stimulated an
uncontrolled growth pattern and increased weight gain. Clustered episodes of hypoxia (12% O)
during chronic hyperoxia (50% O2) have been found to cause an upregulation of retinal vascular
endothelial growth factors, resulting in uncontrolled growth in the retinal vasculature in rats®,
while chronic exposure to hyperoxia (95% O) for ninety hours has been found to cause a
significant increase in the levels of insulin-like growth factor 1 (IGF)-1%. IGF-1 is implicated in
the regulation of normal physiology, and plays a role in the promotion of cell proliferation and in
the inhibition of cell death®*. Another explanation for higher BWs in response to IHH could be that
the larger oxygen availability in tissues during hyperoxia could have led to an increased cellular

metabolism, thereby simulating cellular growth and increase in BW over time.

The large difference in absolute and relative weight gain from PO-P15 between the exposure groups
in litter size 16 compared with litter size 8 suggests that variations in oxygen levels had a greater
positive influence on growth in the smaller, more growth restricted individuals. The influence of
IHH on the smaller animals was also apparent when considering that the average BWs of the IHHs
and IHHz1s groups were much more similar compared with the RAs and RA1s groups. Again,
opposite trends have been found in previous research. Nutritional growth restriction was found to
intensify the negative effects of hyperoxia on the pulmonary growth and architecture in rabbits®?,
and on bone mass and bone load-carrying capacity in male rats®®, and hypoxia induced cerebral
apoptosis in piglets was found to be increased in animals that had been exposed to intrauterine
growth restriction compared with animals born with normal BW®. Why growth restriction
therefore intensified the positive effect of IHH on BW in this study is difficult to explain. Perhaps
the reduced growth in the smaller animals simply made them more vulnerable towards becoming

influenced by the experimental factors.
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The IHH46 group had higher average BW at P28 and larger absolute weight gain from P15-P28
compared with the RA1 group, despite animals in the RA group growing faster than animals in the
IHH group, as indicated by their larger relative weight gain. One explanation for this could be that
the IHH paradigm promoted growth enough for the animals to maintain a weight advantage even
two weeks after the end of the IHH paradigm. The already large size of animals in the IHH group
at P15 would have prompted a continuously high increase in BW over time, leaving the smaller
animals in the RA group with an even greater amount of catch-up growth in order to equalize in
BW. Furthermore, as the difference in BW between exposure groups was greater in litter size 16
than it was in litter size 8, it could have taken longer for the RA1s group to catch up with the IHH16
group then if would have taken the RAs to catch up with the IHHs. Another explanation could be
that the large size in animals in the IHH group allowed for an earlier weaning process, where they
could supplement their food intake with pellets in addition to being fed with milk, thereby
maintaining a growth advantage. BW at weaning has been found to be a good indicator of post-
weaning growth and efficiency of converting milk into BW in rabbits®. Also litter differences
between the two litters of 16 animals could have caused the animals in the IHH group to maintain
a higher average BW than animals in the RA group. As the IHH1s and RA16 groups were made up
of only one litter each, inter-litter differences, such as genetics, level of maternal care®, length of
nursing or social interactions®” could have created the differences in BW between the two litters.
However, litter differences were most likely not the cause of the observed BW differences, as the
involvement of IHH in growth regulation was clear. First, the smaller relative weight gain from
P15-P28 in animals within the IHH group compared with animals in the RA groups coincided with
the ending of the IHH paradigm. Second, the smaller relative weight gain from P15-P28 was also

present in IHHg, which’s measures were based on multiple litters.

The RAsg group had much higher average BWs at P28 and larger weight gains from P15-P28
compared with the IHHg group. One explanation for this could been that the change in oxygen
conditions that occurred for animals within the IHH group at P14 caused enough reduction in
oxygen uptake to alter the animal’s BWs. Whereas the RA animals remained exposed to the same
air oxygen levels throughout the experiment, the IHH animals experienced a change from
fluctuating high and low levels of oxygen to a constant medium level of oxygen at P14. The
adaptation of animals to the IHH paradigm could have caused a reduced oxygen uptake and changes

in the metabolic processes when exposed to constant RA levels of oxygen®, negatively affecting
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their growth rate. Furthermore, the critical periods for when changes in the air oxygen
concentrations can induce long-lasting adaptive changes in an animals’ respiratory physiology are
during the first and second postnatal weeks®*1%, which is exactly when the animals in this study
were exposed to IHH. Another explanation could be that the changes in housing conditions for
animals in the IHH group increased the animal’s stress levels, causing a reduced milk production
and/or maternal care in the dam, again reducing the weight gain in pups. The transition of animals
in the IHH group from being kept in lidless IVC in a large plexiform A-chamber to being kept in
closed IVC appended to a cage rack undoubtedly brought with it changes in a range of other factors,
such as noise levels from the surroundings, availability of smells from the environment, social
interactions, air delivery method, etc.. However, as animals were still kept in the same room, and
therefore not exposed to a completely new environment, the change in housing conditions most
likely did not have a tremendous impact on the animal’s welfare. Both the change in the oxygen
paradigm and in the housing conditions probably contributed towards decreasing the growth rate
in animals in the IHH group, although determining their exact influence on the weight reduction is
difficult.

5.3 Influence of oxygen exposure and BW on brain volumes

5.3.1 Exposure to IHH leads to an increase in brain volumes

The volumes of brain structures in animals that had been exposed to IHH were generally larger
than the volumes of animals exposed to RA. This trend was especially prominent in structures that
had a large increase in brain volumes from P15-P28. The large increase in volumes most likely
allowed for the IHH to have more influence, hence creating a difference in volumes between

exposure groups.

The structure which had the largest increase in volume from P15-P28, and in which the effect of
IHH on brain volume was most enhanced, was the hippocampus. At P15, the IHH16 group had
volumes that levelled those of the IHHg group. The IHH therefore appeared to have promoted
volumetric increase enough to even overcome the growth restrictions induced in litter size 16. The
effect of IHH on hippocampal volume was further supported by the equalization of volumes
between the IHH16 and RA16 groups at P28 coinciding with the removal of animals from the IHH
paradigm into RA. Studies investigating the effect of variations in oxygen concentrations on

hippocampal volume have however found opposite results. Both hyperoxia?®1°192 and hypoxial®®
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have been found to lead to neuronal injury and hippocampal atrophy, which in turn lead to reduced

hippocampal volume.

The effect of IHH on volumetric increase was to a lesser extent present in cerebrum and cortex. In
these structures, IHH did promote a volumetric increase in animals in litter size 16 at P15, although
this increase was not enough to level with the volumes of animals in litter size 8. At P28, the IHH 16
group still had a greater volume than the RA1s group. One explanation for these results could be
that the IHH paradigm provided the animals with a large enough momentum to maintain an
increased volumes compared with the RA group up until P28. There are many studies that have
investigated the effect of hyperoxia and hypoxia on cortical neurogenesis and volumes, and that
have found different results. In vitro hypoxic exposure of rat cerebral cortical cells was found to
increase the cell proliferation rate and reduce cell death*®*1% and in in vivo exposure of neocortical
neurons to chronic hypoxia (9.5% O2) from P3-P30 led to a 30% increase in the neuronal
numbers'®, Despite the increase in neuronal numbers, the exposure of animals to chronic hypoxia
(9.5% 0O2) was found to cause lower body and brain weight, as well as decreased cortical
volumes?®19.107  Acute hyperoxia (80% O2) at P6 in rats has also been found to increase apoptotic
tendencies in cortical neurons'®. On the other hand, Woodrow et al.X®® found that impaired cortical
growth in growth restricted rats exposed to variable levels of hyperoxia did not affect the total brain

volume or neuronal numbers.

Despite having a close to no difference in volume between P15 and P28, the volumes of
hypothalamus and AHN also appeared to be influenced by IHH. At P15, the IHHg group had larger
volumes than the RAg group, while animals in litter size 16 did not appear to be affected. Why
oxygen variations would affect the hypothalamic volumes in the larger and stronger animals and
not in the growth restricted more vulnerable animals is unclear. On possible explanation is that the
increase in volumes in litter size 8 only occurred by chance. This is however not likely as both
hypothalamus and AHN showed similar results, and as the measures of volume in litter size 8 were
based on animals from several different litters. The literature also contradicts the findings in this
experiment, as hyperoxia has been found to cause increased apoptotic tendencies in
hypothalamus'®. At P28 the trend reversed, and the RAs group appeared to have larger volumes
than the IHHg group. This result is according to the general volume trend at P28, where the halted
volumetric development in animals in the IHH group results from the loss of the growth advantage
provided by IHH.
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Our hypothesis was that the IHH paradigm would have a negative effect on brain volumes. It is
however unclear if the increase in brain volumes in animals in the IHH group reflected a healthy
growth in brain tissue or if it was a consequence of pathologies. As the majority of studies
investigating the effects of hyperoxia and hypoxia on brain volume have found an impaired
neuronal growth, it is more likely that the increase in volumes resulted from pathological processes.
One pathology that could have caused the increased brain volumes is cerebral edema. Morken et
al.%® found increases in the T relaxation times and mean diffusivity in cortex, hippocampus and
thalamus in rats following IHH exposure, indicating an increased grey matter water content. They
also found a long-term increase in vascular density and albumin leakage, hypothesizing that IHH
could lead to alterations in angiogenesis and blood brain barrier (BBB)-formation. Also Julia Anna
Adrian, another master student involved in this present study, found a correlation between mean
diffusivity in cortex, hippocampus, thalamus and striatum and the BW of animals exposed to IHH,
hypothesizing that the correlation resulted from increased extracellular water content (personal
communication). The mean diffusivity was measured in the same animals as used in this study.
LaManna et al.1!% investigated the cerebrovascular compensation responses of rats successfully
adapted to three weeks of constant moderate hypoxia, and found an increase in angiogenesis
leading to higher microvessel densities in the brain. Increased BBB permeability and cerebral
edema has also been discovered following hypoxia (6% O) and reoxygenation at RA (21% O)*!.
Increase in vascularization and extracellular water content in grey matter within the brain could
therefore be explanatory for the increase in brain volumes in response to IHH exposure as observed
in this study. However, as the duration of cerebral edema is usually set to hours and days!*?, it is
doubtful that the increase in brain volumes in IHH animals two weeks after the end of the IHH
exposure could have stemmed from increased water content. Furthermore, Bigdeli et al.'*3 found
that both intermittent and prolonged hyperoxia had a protective effect on brain tissue and the BBB
against cerebral edema. In addition, it remains questionable if cerebral edema itself could have led
to the large increase in BW that was found in IHH animals compared with RA animals, or if both
the increase in BW and increase in brain volumes together result from a general promotion in
growth induced by IHH.
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5.3.2 BW: s positively correlated with brain volumes

The positive correlation between the animals’ BW and the brain volumes at both P15 and P28 was
expected according to our hypothesis, as smaller animals naturally are less developed and have
smaller brains. Reduced cerebral volume in rats has previously been found in response to reduced

114 and smaller brain volumes are a common

BW during the first twenty postnatal days
consequence of low birth weight in children'®>1'7. The inverse variation between litter size and

brain volumes was also expected, as BW reflects the litter size.

The positive correlation between brain volumes at P15 and the speed and amount of growth during
the first two weeks, as shown by the absolute and relative weight gain from P0-P15, means that
animals with the largest early growth had the highest BWs, and consequently also the largest brain
volumes at P15. Similar results have also been found in the literature. For instance, the long-term
effect of early excess weight gain was found to increase the risk of obesity in adulthood in both
rats!*811% and humans'?°. Also a correlation between birth weight and pre-weaning growth within
litters has been found in rabbits, where animals with a higher birth weight had a higher milk intake
and more efficient conversion of milk into body mass®. Since weight gain from P15-P28 also
correlated with brain volumes at P28, the influence of the growth in animals on brain volumes was

most likely present throughout the entire first four postnatal weeks.

Interestingly, the volume of hypothalamus at P28 did not correlate with neither BW at P28 nor
absolute and relative weight gain from P15-P28, despite the volume at P15 correlating with both
BW at P15 and absolute and relative weight gain from P0-P15. Also the volume of AHN did not
correlate with any weight measures at any time point. The lack of correlation found in
hypothalamus was most likely due to the five extreme outliers that fell outside the main volumetric
range and disrupted the correlative significance. The reduced volumes in the five outliers most
likely resulted from poor drawing, as three of the five outliers originated from litters raised in RA,
and therefore in theory should not have had any pathological damage. The lack of correlation
between the volume of AHN and the BW and weight gain of animals was however much more
consistent to have arisen only by chance. Based on the scatter plots, the large spread in the volume
of AHN occurred independently from the animal’s BW at both P15 and P28, indicating that the
volume of AHN had to be influenced by other factors. One plausible explanation is that the volume

of AHN naturally varies between individuals, where differences in genetics between the animals

45



lead to a differential development of the AHN. In the arcuate nucleus of hypothalamus, the brain-
derived neurotrophic factor (BDNF) is a potent regulator of neuronal development, and plays a
crucial role in neuronal survival, synaptic plasticity, and neural circuit development!?, Factors with
similar traits could have been active within AHN and individually regulated the volume of AHN
across the animals. Another explanation could be that activity dependent plasticity in the AHN
changed the density and amount of neurons between individuals. Conformation of neurons in
various hypothalamic nuclei have been found to vary with different external and internal
protrusions, such as hormonal and synaptic input, photo-stimulation and body water content'?2, and
similar variations could have occurred in AHN. As AHN is involved in thermoregulation and sleep,
one could imagine that animals with a more developed thermoregulatory or sleep pattern could
have required more involvement of the AHN, leading to an increase in the AHN volume.
Thermoregulation has however also been coupled to BW, where larger animals are able to both
secure themselves more central positions in a litter huddle!?® and have a more favourable
conversion of milk to body mass instead of heating processes'?*. Following the same logic, the
influence of BW on thermoregulation should have altered the AHN volume according to its
frequency of use. However, the lack of correlation between BW and AHN volume in this

experiment argues against a variation in AHN volume based on thermoregulatory plasticity.

Surprisingly, almost no brain volumes at P28 had a correlation with relative weight gain from P15-
P28 when considering animals from all the experimental groups. The lack of correlation was most
likely a result of the reduced relative weight gain in the IHHg group, where the brain volumes
maintained a large size despite a smaller weight gain. This caused a larger spread in the data
distribution and an offset in the correlation for all animals. The possible causes for the smaller
relative weight gain have been discussed previously, and include changes in oxygen paradigm and
housing conditions. The only volumes that had a correlation with relative weight gain from P15-
P28 were those of hippocampus and AHN. However, there is a high likelihood that these

correlations just occurred by chance, as the correlations are quite weak.

All structures that had a correlation between brain volume at P28 and BW at P28 also showed a
correlation between brain volume at P28 and BW at P15, both when considering all animals
together and animals in the separate IHH and RA groups. It therefore appears that the animal’s BW
throughout the first four weeks after birth was fairly connected with the volumes of some structures
at later time points. This also seems to be in accordance with previous studies, which have found
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that a low early BW results in subtle white matter changes and poorer long-term neurodevelopment
in rats*’, and that a lower birth weight results in smaller hippocampal volumes and poorer

neurocognitive outcomes in young adult humans?>-127,

Interestingly, the trends in volume:BW ratios mirrored the trends in BW for all groups of animals
at all time points. For instance, the large difference in volume:BW ratio between the exposure
groups in litter size 16 reflected the large difference in BW between the exposure groups in litter
size 16, both at P15 and P28. Also, the reversal in BW between the exposure groups in litter size
8, where animals in the IHH group went from having higher BWs at P15 to having lower BWs at
P28, was also reflected in the volume:BW ratios. It therefore appears that the variations in the
volume:BW ratios only demonstrate the variations in BW, and that brain volumes therefore are
spared from being affected by growth restrictions. The same compensatory mechanism for
conservation of the brain during reduced growth has been found in hypoxia exposed mice with

very low BW81%7 and in growth restricted rats’®.

5.3.3 Brain volumes are indirectly influenced by IHH through its effect on growth

The large degree of overlap in BW and brain volume distribution between the IHH and RA groups
at both P15 and P28, as shown in the scatter plots, indicates that that there was essentially no
difference in brain volume between the two exposure groups. The only difference between the
exposure groups appeared to be the degree of spread in BW among the animals, where animals in
the IHH group had more similar weights, and where animals in the RA group had less similar
weights. The large spread in BW in animals in the RA group was caused by the exceptionally small
size of animals in litter size 16, which again also reduced the group’s overall average BW.
Furthermore, as BW was correlated with brain volume, animals in the RA group necessarily also
had smaller brain volumes compared with animals in the IHH group. The differential spread in BW
within the exposure groups could therefore explain the differences in brain volume between the
exposure groups. This also appears to be in accordance with the finding that the trends in

volume:BW ratios mirrored the trends in the animal’s BWS.

IHH therefore appeared to affect the growth of animals through a three-step cascade, where IHH
first influenced the BW, and where animals with higher BWSs had larger brain volumes: IHH >
BW - volume.
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5.3.4 Do the experimental factors influence postnatal neurogenesis?

There is one central question that remains unanswered by the variations in IHH and BW, and that
is why the effects of the experimental parameters on brain volumes appeared to be dependent on
the location of the structures within the brain. The vulnerability of a structure towards becoming
affected by external parameters depends on how accessible the structure is to the parameters during
the time when they are active. Therefore, any changes occurring in the brain after the start of the
experiment could have become influenced by the experimental factors, which in turn could have
affected the brain volumes. One such change is postnatal neurogenesis, and its timing with the
exposure to IHH and growth restriction during the first two postnatal weeks could possibly offer
an explanation for the anatomically dependent variations in brain volumes between animals in the
IHH and RA groups.

Postnatal neurogenesis in the dentate gyrus occurs mainly during the first postnatal week, but
neurogenesis can continue until adulthood®®2, The lengthy postnatal generation of cells in
hippocampus fits well with the results obtained in this study, where the effect of experimental
factors on hippocampal volumes were observed up until P28. Hippocampus also had a large
increase in volume from P15 to P28, where neurogenesis in dentate gyrus could have made up a

large part of this.

Cortical volume could have been influenced by neurogenesis and/or gliogenesis in the neocortex>,
piriform cortex®” and the olfactory bulb®. The lengthy generation of interneurons in the olfactory
bulb over the first postnatal weeks would have allowed the experimental factors to influence the
growth process, explaining both the increase in cortical volume from P15 to P28, and the
volumetric difference between the IHH and RA groups. The volume of cortex could also partially
have been determined by the experimental factors influencing other growth processes occurring
during the first postnatal weeks, such as for instance the ingrowth of thalamocortical axons'?8. The
volumetric changes observed within the cerebrum were most likely a reflection of changes within
the cortical volume, as cortex is the largest telencephalic structure®, and to some extent also the

hippocampal volume due to its peripheral location.

Also putamen has a postnatal neurogenesis occurring between P0-P4%°, However, due to the small
amount of neurogenesis, and the fact that it occurs for such a short amount of time so early in the

postnatal development, it is questionable if the experimental factors would have had a possibility
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to influence the volume of putamen. A reduced amount of influence by the experimental factors on
the volume of putamen is also reflected in the subtleness of the differences in volume between the

exposure groups.

The only two deep grey matter structures with a postnatal neurogenesis are thalamus and
hypothalamus. The large scale neurogenesis in the ventrobasal thalamic nuclei during P3-P21%°
could have become influenced by the experimental factors. However, despite the large amount of
neurogenesis occurring during the first three postnatal weeks, the difference in volume between the
exposure groups at P15 was smaller compared with the other structures. One possible explanation
for the subtle results could be that the influence of neurogenesis on volume of the ventrobasal
nucleus was too small to have an extensive impact on the total thalamic volume. The postnatal
neurogenesis in hypothalamus during the first postnatal week® could however have become
influenced by the experimental factors, resulting in the difference in volume between the exposure
groups in hypothalamus at P15.

Variations in the degree of postnatal neurogenesis between the individual structures could explain
why the experimental factors influenced the volumes of only some structures and not others.
However, not all structures with a large postnatal neurogenesis appeared to be influenced by the
experimental factors, such as thalamus, and likewise not all structures that showed a difference in
volume between exposure groups had a postnatal neurogenesis, such as AHN. The experimental
factors therefore most likely influenced brain volumes through other pathways instead of, or in

addition to, neurogenesis. Which pathways these might be requires further investigation.
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6 Conclusion

This study investigated the effects of weight and intermittent hyperoxia hypoxia (IHH) on brain
development in neonatal rats. Animals that had been exposed to IHH during the first fourteen
postnatal days were found to have a higher average body weight (BW) compared with the room air
(RA) controls, where the difference was greatest among the most growth restricted individuals.
This suggests that IHH may have a positive effect on postnatal weight gain. It was also found that
animals exposed to IHH had larger brain volumes compared with RA controls, and that this
difference varied with different brain structures. This suggests that IHH had a positive effect on
brain growth. The simultaneous increase in both BW and brain volumes in response to IHH
exposure could be a sign of a general promotion in growth. We therefore hypothesize that IHH

exposure causes an increase in body growth, which again leads to an increase in brain volumes.

The study could however not determine if the increase in brain volumes was a result of positive
growth or if it was related to pathology. A potential explanation for the increase in brain volumes
could be cerebral edema, as indications of extracellular water content have been found in both this

and previous similar studies.

In order to fully understand what effects fluctuations in air oxygen level have on brain development
in preterms, future studies should aim to investigate the mechanisms behind how exposure to IHH
may lead to increased brain volumes. Future studies should also investigate which other parts of

brain development, in addition to brain volumes, that may be affected by IHH
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