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Summary

SUMMARY

Fetal hypoxia contributes significantly to the pathogenesis of permanent perinatal brain injury.
Cerebrovascular pathology following hypoxia can lead to devastating and debilitating brain
injury, such as that seen following stroke and haemorrhage, but the effect of in utero fetal
hypoxia on the developing cerebrovasculature is not well understood. In the adult brain, robust
up-regulation of vascular endothelial growth factor (VEGF) occurs following hypoxia and
cerebral ischemia which results in the formation of new blood vessels, as an adaptive response
to protect and repair the brain from hypoxic injury. However, newly-formed blood vessels are

fragile and prone to rupture.

The aims of the studies described in this thesis were to determine how a single brief, but severe
episode of fetal hypoxia in late gestation in sheep affects VEGF expression and the cerebral
vasculature. We also determined the effects of this global hypoxia on fetal and neonatal
behaviour to determine if the fetal brain can repair itself following a single brief hypoxic insult.
The results show that 48 h after an in utero hypoxic insult, produced by 10 min of complete
umbilical cord occlusion, the distribution of mean blood vessel size is greater in white matter
but not gray matter, and there was greater blood vessel-associated VEGF expression white
matter compared to gray matter. This was associated with disruption in blood brain barrier
(BBB) permeability seen by increased extravasation of plasma albumin in white matter. When
the fetuses were left in utero (5 — 10 days following UCQ) until the onset of labour, increased

VEGFR-2 expression was again seen in white, not gray matter.

These studies highlight the importance of assessing VEGF/VEGFR system following in utero
hypoxia in the developing fetal brain. Studies assessing both fetal and newborn behaviour
following in utero global hypoxia showed that fetal electrocortical (ECoG) activity and
breathing movements were disturbed throughout late gestation, and after birth there were delays

in the newborn lamb achieving important behavioural milestones such as the ability to stand,

X



Summary

use all four legs, and find the udder and suckle. Therefore, it is concluded that an antepartum
hypoxic event late in gestation does not result in the fetal brain being able to recover fully,
resulting in persistent and profound changes in brain structure and pre- and post-natal

behaviour.

Xi



Acknowledgments

ACKNOWLEDGMENTS

My deepest and sincere thanks must first go to my supervisors David and Margie for their
continued guidance, advice, friendship and enthusiasm. DW, who would have thought that a
coming into the lab as a summer research student at the start of third year (in 2005), would land
us here, 7 years on? Your continual support, patience, understanding and the endless
opportunities that you have given me through the years has truly been exceptional. Many chats
over coffee about life, cricket and science, along with your “inspirational” and at times quirky

anecdotes, has given me a real passion and excitement for research.

Margie, massive thank you for all the knowledge, support and opportunities you have given me
over the last few years. Right from the beginning your enthusiasm for the exciting, new and
unknown was contagious. The last few years have been an extremely enjoyable, at times crazy,
experience. You have taught me many invaluable lessons about science and life, too many of

which to list, all of which | am grateful for.

Edwin, always a source of important yet quirky facts. The lessons (both good and bad) you
taught me all the way back in Honours, are still priceless. Thank you. Alex Satragano — Thank
you for the many lessons you taught me during surgery. The many conversations we also had
will always remind me to live for the moment. Physiology Animal House Staff (Lily, Jade and
Erin), many thanks for your time and effort in helping to look after and take care of our sheep,
including the numerous ‘in labour’ phone calls. Jan Loose, for your assistance in the lab and
with Cortisol RIA. Camden Lo (MMI), massive thank you for your advice, assistance and

expertise.

Ree, my little guardian angel, can’t thank you enough for the endless chats, hugs and coffees,
not to mention valuable advice you gave me along the way. My immediate support crew — Tam,
Burcu and Amy; you guys have always been there and I’'m sending out a massive thanks your
way!! Whether it was helping with sheep emergencies, being free for a coffee break, always
ready for a chat about science, life or other and forever prepared with some motivating words
with a shoulder to lean on - couldn’t have done it without your support. Kel, can’t thank you
enough — always ready for a chat, coffee and a pep up, the advice and feedback have been

invaluable.

To the Walker Lab all past and present: Edwin, Ree, Hayley, Lisa, Bobbi, Zoe, Tam, Dave C,

Tracey, Udani, Bree, Carlos, Icha, Wani, Daphne, Karin; to have a lab environment that was

Xii



Acknowledgments

always full of chatter and laugher, made it an extremely enjoyable place to work in. The Fetal
and Neonatal/Ritchie Centre Group - Veena, Kel, Graeme (GP), Suzie, Tim, Ali, Val (for all the
help and assistance with RT-PCR), Lise, Karyn and Tash — great group of people to work with,
and a big thank you for your help, advice and assistance.

The Honours 06 crew — Paps, Annie, Cheryce, Siewy, Scott and Micka, through tough times,
happy times, muffin top Fridays, countless lunches and quizzes have really made the last 6 years
together extremely memorable. Your friendship and support mean a lot and I couldn’t ask for a
better crew to experience this rollercoaster with. Fellow PhD students, also past and present;
Tam, Bobbi, Zoe, Mandy, Bubba, Turps, Lean-Anne, Kath, Dana, Trish, Kirsty (Biochem) and
especially the group from the Rice Bowl Corner — Charmaine, Hong, Louie and Annie. In it
together, we were proof that food and laughter are really the best medicine in any situation.

Over the years I couldn’t ask for a better group of people to work with on weekends then the
team at Myer Knox. Keenly asking how Ana the “scientist” was progressing, I am so grateful
for the support of the ‘Old School Myer Crew’ (Celeste, Renee, Marnie, Ang, Wendy, Ash &
Benoy) and the Miss Shop/Basement team (Raelene, Monica, Julie, Mary, Anna G, Kristal,
Jodie, Ruth and Deb). The crew from school - Kristin, Eliska, Rach and Amanda thank you.
Celeste, Renee, and Kate — for the many countless dinners, coffees, emails and chats, they were
always a welcomes source of distraction, and greatly motivating. Ekluv & Anchal — for helping

me print.

Quigley, at my most stressed and irrational you always found a way to laugh at me, reminding
me to not take things too seriously. Thanks buddy for the many chats, cricket breaks,
encouraging words and understanding especially when | had to bail at the last minute. To my
besties/extended family; Cara and Jess (Denise and Mary), since primary school you both have
been there as a source of encouragement, inspiration and distraction. Together we always found
something to laugh about and always knew what to say; be it a ‘Friends’ marathon, coffee or a
few (too many) brews at the Harrods’ bar or down at Derrick. I can’t thank you both enough for

always understanding and being there — you girls are amazing.

Kaush and Carol, 1 miss you both incredibly, and are always so supportive, positive and
encouraging. Kaush, to this day | am certain you have no idea what | do, forgiven as only a big
brother would respond to a text at any hour of the day/night, know exactly what “quotes” could
make me laugh, what irritates me most and most importantly how to inspire me with endless

advice. Thanks for being so annoyingly awesome!!

Xiii



Acknowledgments

My amazing Mum and Dad (& Chachi); you are both incredibly inspirational and have always
taught me that hard work, dedication and a positive attitude are the key to success. Your endless
love, support and advice (and constant reminder that these things take time) are simply
invaluable. Dad, you are such a valuable source of knowledge and advice, thank you for always
being able to calm me down. Mum, a.k.a.”Super-Woman” in our eyes, even though you scared
us for a while there you have always been a pillar of strength, and been prime example of what
hard work and determination can achieve. Although you are to blame for my strong ability to
always keep talking, | thank you for always teaching me to dream big, reach for the stars and

that everything is possible.

Xiv



Publications and Presentations

PUBLICATIONS & PRESENTATIONS

PUBLICATIONS

1. Polglase GR, Nitsos I, Baburamani AA, Crossley KJ, Slater MK, Gill AW, Allison BJ,
Moss TJ, Pillow JJ, Hooper SB, Kluckow M. Inflammation in utero exacerbates
ventilation induced brain injury in preterm lambs.(2011) J Appl Physiol. Nov 3. [Epub
ahead of print]

2. Yan EB, Baburamani AA, Walker AM, Walker DW. Changes in cerebral blood flow,
cerebral metabolites and breathing movements in the sheep fetus sheep following
asphyxia produced by occlusion of the umbilical cord. (2009) American Journal of

Physiology- Regulatory Integrative and Comparative Physiology, 297 (1) R60 — R69

PUBLISHED ABSTRACTS

1. Baburamani AA, Crossley KJ, Allison BJ, Chalmers D, Hooper SB, Walker DW,
Castillo-Melendez M. (2010) What effect does ventilation have on the preterm ovine
brain? Journal of Paediatrics and Child Health, 46 (S1), p14 — A026.

2. Baburamani AA, Walker DW, Castillo-Melendez M. (2009) Cerebro-vascular
responses to brief global asphyxia in late gestation fetal sheep: evidence for vascular re-
modelling? Journal of Cerebral Blood Flow and Metabolism, 29 (S1), pS538-9.

3. Baburamani AA, Yan EB, Walker DW. (2009) Prolonged decrease in cerebral blood
flow following a transient severe hypoxia in late gestation fetal sheep. Journal of
Cerebral Blood Flow and Metabolism, 29 (S1), pS102.

4. Castillo-Melendez M, Baburamani AA, Alwis D, Walker DW. (2009) Temporal-
Spatial expression of VEGF and Ki67 in the germinal matrix of mid to late gestation
fetal sheep. Reproductive Sciences, 16(3), p323A.

5. Baburamani AA, Cabalag C, Castillo-Melendez M, Hutton LC, Walker DW. (2009)
Effect of prenatal asphyxia on pregnancy outcome, brain and behaviour in newborn

sheep. Developmental Medicine and Child Neurology, 51(2), p20.

XV


http://apps.isiknowledge.com.ezproxy.lib.monash.edu.au/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=1E13IM9PPci87nkFd55&page=1&doc=1&colname=WOS
http://apps.isiknowledge.com.ezproxy.lib.monash.edu.au/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=1E13IM9PPci87nkFd55&page=1&doc=1&colname=WOS
http://apps.isiknowledge.com.ezproxy.lib.monash.edu.au/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=1E13IM9PPci87nkFd55&page=1&doc=1&colname=WOS

Publications and Presentations

6. Castillo-Melendez M, Baburamani AA, Walker DW. (2009) Endothelial cell
proliferation and neovascularisation in the late gestation fetal sheep brain is associated
with increased VEGF expression. Developmental Medicine and Child Neurology, 51(2),
p59.

ABSTRACTS

1. Baburamani AA, Walker DW, Castillo-Melendez M. Cerebrovascular response to
brief hypoxia in fetal sheep: Contribution to selective vulnerability of white matter in
the developing brain? - XXVth International Symposium on Cerebral Blood Flow,
Metabolism and Function - Barcelona — Spain, 2011 (May)

2. Polglase GR, Hooper SB, Gill AW, Wong F, Allison BJ, Moss TJW, Baburamani AA,
Kluckow M. Resuscitation of preterm lambs with high tidal volumes causes cerebral
haemodynamic disturbance and related brain injury. Pediatric Academic Society —
Asian Society for Pediatric Research (PAS/ASPR) — Denver, USA, 2011 (April)

3. Polglase GR, Hooper SB, Gill AW, Wong F, Allison BJ, Moss TJW, Baburamani AA,
Kluckow M. Resuscitation of preterm lambs with high tidal volumes causes cerebral
haemodynamic disturbance and related brain injury. PSANZ 15" Annual Congress —
Hobart, Australia, 2011 (April)

4. Walker DW, Baburamani AA, Lo C, Castillo-Melendez M Consequence of umbilical
cord occlusion in late gestational fetal sheep on the developing cerebrovasculature.
PSANZ 15" Annual Congress — Hobart, Australia, 2011 (April)

5. Baburamani AA, Walker DW, Castillo-Melendez M. Cerebrovascular responses
following in utero umbilical cord occlusion in late gestation fetal sheep. — International

Anatomical Sciences and Cell Biology Conference (IASCBC) — Singapore, 2010

6. Baburamani AA, Crossley KJ, Allison BJ, Chalmers D, Hooper SB, Walker DW,
Castillo-Melendez M. What effect does ventilation have on the preterm ovine brain?-
PSANZ 14" Annual Congress — Wellington, New Zealand, 2010

7. Baburamani AA, Cabalag C, Witjaksono A, Walker DW, Castillo-Melendez M. Could
early upregulation of VEGF following hypoxia predetermine post-natal bleeding in the
brain? — NGED Forum, Palm Cove, Australia, 2009

XVi



Publications and Presentations

10.

11.

12.

13.

14.

15.

16.

Baburamani AA, Walker DW, Castillo-Melendez M. Cerebro-vascular responses to
brief global asphyxia in late gestation fetal sheep: evidence for vascular re-modelling?-
XXIVth International Symposium on Cerebral Blood Flow, Metabolism and Function -
Chicago - USA, 2009

Baburamani AA, Yan EB, Walker DW. Prolonged decrease in cerebral blood flow
following a transient severe hypoxia in late gestation fetal sheep. - XXIVth
International Symposium on Cerebral Blood Flow, Metabolism and Function - Chicago
- USA, 2009

Castillo-Melendez M, Baburamani AA, Alwis D, Walker DW. Temporal-Spatial
Expression of VEGF and Ki67 in the Germinal Matrix of Mid to Late Gestation Fetal
Sheep. — Society for Gynaecological Investigation — Glasgow, United Kingdom, 2009

Baburamani AA, Cabalag C, Castillo-Melendez M, Hutton LC and Walker DW. Effect
of prenatal asphyxia on pregnancy outcome, brain and behaviour in newborn sheep. —

International Cerebral Palsy Conference — Sydney, Australia, 2009

Castillo-Melendez M, Baburamani AA and Walker DW. Endothelial cell proliferation
and neovascularization in the late gestation fetal sheep brain is associated with
increased VEGF expression. - International Cerebral Palsy Conference — Sydney,
Australia, 2009

Castillo-Melendez M, Baburamani AA and Walker DW. Early Cerebro-vascular
Responses to a Brief Global Asphyxia in Late Gestation Fetal Sheep. — Society for
Neuroscience — Neuroscience 2008, Washington DC, USA, 2008

Baburamani AA, Cabalag C, Castillo-Melendez M, Hutton LC and Walker DW.
Consequences of a brief, prenatal asphyxia on pregnancy outcome, brain development,
and newborn behaviour in sheep. - 35" Annual Fetal and Neonatal Physiological
Society, Maastrict, The Netherlands, 2008

Baburamani AA, Walker DW and Castillo-Melendez M. Vasculogenic responses after
umbilical cord occlusion in late gestation fetal sheep. — 35" Annual Fetal and Neonatal

Physiological Society, Maastrict, The Netherlands, 2008

Baburamani AA, Walker DW and Castillo-Melendez M. Induction of vascular

endothelial growth factor in the late gestation fetal brain following intrauterine hypoxia

XVii



Publications and Presentations

produced by umbilical cord occlusion, - Sixth Hershey Conference on Developmental

Brain Injury, Paris, France, 2008.

17. Cabalag C, Baburamani AA, Castillo-Melendez M, Hutton LC and Walker DW.
Consequences of a prenatal asphyxial insult on pregnancy outcome, neonatal behaviour
and brain development in sheep,- PSANZ 12" Annual Congress, Gold Coast, Australia.

18. Baburamani AA, Yan EB, Walker DW. Changes in regional cerebral blood flow
following transient severe hypoxia in late gestation fetal sheep, - Healthy Start to Life:
A Wintour’s Tale, Melbourne Australia 2007.

AWARDS FROM CONFERANCE MEETINGS

1. Young Investigator Travel Bursary, XXVth International Symposium on Cerebral
Blood Flow and Metabolism and Function, 2011

2. 2" Prize (4" year Category)— Oral Presentation, MIMR Postgraduate Symposium, 2010

3. Conference Participation Award, ARC/NHMRC funded Network in Genes and
Environment in Development (NGED), 2009

4. Young Investigator Travel Bursary, XXIVth International Symposium on Cerebral
Blood Flow and Metabolism and Function, 2009

5. Best Oral Presentation, 35" Annual Fetal and Neonatal Physiological Society Meeting
(Maastricht, The Netherlands), 2008

6. Conference Participation Award, NGED - 2008

7. Postgraduate Travel Grant Award, Monash Research Graduate School (MRGS) - 2008

xviii



Symbols and Abbreviations

SYMBOLS AND ABBREVIATIONS

% Percent

* Plus or minus

* Significance (p < 0.05)
/ Per

~ Approximately

< Less than
= Equal
> Greater than
°C Degrees Celsius
ACTH Adrenocorticotropic hormone
Angpt-1 Angiopoietin-1
Angpt-2 Angiopoietin-2
Angptl-1 Angiopoietin like-1
ANOVA Analysis of variance
BBB Blood brain barrier
BPM Beats per minute
Brdu Bromodeoxyuridine
BSA Bovine serum albumin
CBF Cerebral blood flow
cm Centimetre
CREB/AKUERK CAMP re_sponse element-binding/ protein kinase /extracellular signal
related kinase
d Day
DAB Diaminobenzidine
dH,O Distilled water
DPX Distyrene, plasticizer and xylene
ECoG Electrocorticogram
EMG Electromyogram
EO Ethylene Oxide
EOG Electro-oculogram

XiX



Symbols and Abbreviations

Epo
Epo-R
ERR-a

FBM

GA
GM-IVH

H.0O;
HIF-1a
HR
HRP
HV
Hz

i.v.

1gG
IHC

MAP
MCAO
Mg
min
mL
mm
mmHg

MMP

Erythropoietin
Erythropoietin Receptor
oestrogen related receptor-o
Fetal breathing movements
Gram

Gestational age

Germinal matrix-intraventricular haemorrhage
Hour

Hydrogen peroxide
Hypoxia inducible factor-1la
Heart rate

Horseradish peroxidise
High voltage

Hertz

Intravenous

Inner diameter
Immunoglobulin G
Immunohistochemistry
Interleukin

International Units

Litre

Low voltage

Molar

metre

Mean arterial blood pressure (fetal)

Middle Cerebral Artery Occlusion

milligram
Minute
millilitre
millimetre

Millimetres of mercury
Matrix metalloproteinase

Sample size

XX



Symbols and Abbreviations

N, Nitrogen
NaCl Sodium chloride
NGS Normal goat serum
NO Nitric oxide
NOS Nitric oxide synthase
NREM Non rapid eye movement
NRS Normal Rabbit Serum
oD Outer diameter
PBS Phosphate buffered saline
pCO, Partial pressure of carbon dioxide
PEG Polyethylene glycol
PET Positron emission tomography
PFA paraformaldehyde
PG prostaglandin
PGC-1a peroxisome-proliferator-activated receptor-y coactivator-1a
pH Potential of Hydrogen
PM Post mortem
pO, Partial pressure of oxygen
Pty Ltd Propriety limited
PVL Periventricular leukomalacia
REM Rapid eye movement
RIA Radioimmunoassay
ROS Reactive oxygen species
rpm Rotations per minute
SD Standard deviation
SEM Standard error of the mean
SO, Oxygen saturation
SOD2 Superoxide dismutase
SSbfv Sagittal Sinus blood flow velocity
TBS Tris Buffered Saline
uco Umbilical cord occlusion
USA United States of America
VEGF Vascular endothelial growth factor

XXI



Symbols and Abbreviations

(VPF) Vascular permeability factor
VEGFR-2 Vascular endothelial growth factor receptor -2
(KDR/FIk-1) (kinase insert domain receptor/fetal liver kinase 1)
Z0 Zona Occludin

XXIii



Chapter 1

INTRODUCTION

©o o




Chapter 1

TABLE OF CONTENTS
L0 -0 (=] SRS 1
INEFOTUCTION ...t bbbttt bbb bt bttt e b reneas 1
1.1 PERINATAL HYPOXIA ..ottt sttt st enasn e snena e 4
111 Defining fetal aSphyXia .......cccooviveiiiiiiciic e e 4
112 Patterns of Brain iNJUrY........c.cocv oo 5
1.1.3 The influence of gestational age on brain iNJUIrY ... 7
114 Animal models investigating the effect of hypoxia during pregnancy.............. 7
115 Pathophysiology of hypoxia-ischemia in the neonatal brain................c..c......... 9
116 Contribution of the cerebrovasculature to perinatal brain injury .................... 13
1.2 FETAL CEREBROVASCULAR DEVELOPMENT ....ccvciiiieiiiesiesiesieseeseesessasressesaesnesseneens 15
121 Cerebrovascular deVelopMENt...........cccoiiiiiiiiiiie e e 15
1.2.2 ANGIOGENESIS ...ttt 17
1.2.3 The blood-brain DArtier ..o s 23
1.3 CONSEQUENCE OF HYPOXIA ON THE CEREBROVASCULATURE .....ccoiviverirrerenrenennens 30
131 Hypoxia induced angiogenesiS.........cceieiviiieiecieie s sre e 31
1.3.2 Degradation of basal [amina............cccooeiiiiiiiiie e 38
1.3.3 Compromise of the blood brain barrier ... 38
1.4 CEREBRAL BLOOD FLOW ..cooiiiiiiiiiiciciecces ettt 40
141 Cerebral autoreguIatioN ...........coeiiiiiec e 40
14.2 Modulators of cerebral blood FIOW..........c.ccovviieiiiii e 41
1.4.3 Consequence Of NYPOXIA ......c.ccviiiiiiicc e 44
1.4.4 Fetal behavioural StAtES ............cviriiereice e 44
1.4.5 Hypoxia and fetal behavioural States ..o 47
1.5 SUMMARY .ooiiiiieiiieiesie ettt ettt s et st e s et s et ne et e et e e nre e ne s 48
1.6 RATIONALE. ...t ititiietisietestettsie ettt ettt et e st e ne st e se st e s e ssenestesease e ese e anens 48
1.6.1 A 112 SR 50
1.6.2 HYPOTNESES .. e 50




Chapter 1

As clinicians attempt to understand the underlying reasons for inherent vulnerability of brain
regions which result in brain injury, little is known as to how hypoxia-ischemia affects the
cerebrovasculature in the developing infant. Most of the research investigating the pathogenesis
of perinatal brain injury following hypoxia-ischemia has focussed on excitotoxicity, oxidative
stress and inflammatory response, with the response of the developing cerebrovasculature being
vastly overlooked. This is surprising as the presentation of devastating and permanent injury
such as germinal matrix-intraventricular haemorrhage (GM-IVH) and perinatal stroke are of
vascular origin. Even the incidence of periventricular leukomalacia (PVL) is thought to occur
due to poor perfusion of the white matter. Inadequate functioning cerebrovascular and vascular
injury following hypoxia could be primarily responsible for the injury seen in all these

conditions.

Interestingly the response of blood vessels could also explain both the regional protection and
vulnerability due to the highly dynamic nature of the cerebral blood vessels in the fetus, and
also the fluctuations of cerebral blood flow and metabolic demand that occur following hypoxia.
However research into how blood vessels respond following hypoxia-ischemia have mostly
been conducted in adult models of ischemia or stroke, further highlighting the need to
investigate how the developing cerebrovasculature responds and contribution to perinatal brain

injury following hypoxia.

This literature review will detail the current concepts on the pathogenesis of perinatal brain
injury, the development of the fetal cerebrovasculature and the blood brain barrier (BBB), key
mediators involved with the response of cerebral blood vessels to hypoxia. The key modulators
of cerebral blood flow will also be reviewed to understand how these may contribute to

pathogenesis of perinatal brain injury.
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1.1 PERINATAL HYPOXIA

The occurrence of intrapartum asphyxia is present in up to 25 per 1000 live births in term
deliveries (Low, 2004). However the incidence of antepartum and/or intrauterine (occurring
before birth) asphyxia is much more difficult to determine. Post mortem studies indicate that
hypoxic-ischemic and asphyxic episodes that occur during pregnancy significantly contribute to
brain injury, morbidity and mortality (Sims et al., 1985; Low et al., 1989; Low, 2004).
Intrauterine asphyxia also contributes to cognitive impairment, developmental delay, epilepsy,
motor deficits and cerebral palsy (Low et al., 1989; Cowan et al., 2003; Low, 2004; Glass et al.,
2009). The Australian Cerebral Palsy Foundation states that the incidence of cerebral palsy
(approximately 1 in 400 live births) has remained relatively unchanged over the last 40 years,
despite the rate of perinatal morbidity reducing (Stanley & Watson, 1992). This highlights the
importance of understanding the contribution of intrauterine events, such as asphyxia, to the

pathogenesis of brain injury.

Common causes of asphyxia and hypoxia that result in reduced blood flow and oxygen to the
fetus include maternal infection, hypertension, diabetes and placental insufficiency. Fetal factors
can range from multiple births, growth retardation, and umbilical tangling (Figure 1.1 A). The
extent of injury that can occur as a consequence of hypoxia are dependent on the duration,
degree and frequency of the insult. The gestational age (GA) at which hypoxia may occur also

affects the brain regions involved (Figure 1.1 B).

1.1.1 Defining fetal asphyxia

Asphyxia describes an insufficiency to exchange respiratory gases (Blair, 1993; Parer, 1998).
The severity of asphyxia and hypoxia-ischemia are thereby defined as a series of responses;
including hypoxia (decreased pO,), hypercapnia (increased pCO,), hypoxemia, metabolic
acidosis (increased lactate), impaired blood gas exchange and ischemia (decreased oxygen to

tissue). Some argument exists over whether “asphyxia” is an accurate definition when occurring
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during gestation, as in the adult, asphyxia describes deficient oxygen supply arising from the
inability to breathe (such as seen during strangulation). In utero the fetus does not breathe, but
fetal asphyxia does arise from insufficient umbilical or uterine blood flow resulting in impaired
blood gas exchange (Parer, 1998; Low, 2004). However without measurement of blood gases
and cardiovascular parameters defining asphyxia accurately is difficult. In this literature review
to describe the pathophysiology of both neonatal asphyxia and hypoxia, the terms hypoxia or

hypoxia-ischemia will be used.

R + Periventricular Leukomalacia
Maternal Factors Brain « Intraventricular Haemorrhage
Infection Injur + Hypoxic-Ischemic
Smoking jury Encephalopathy
Hypertension Prolonged Severe Chronic
Diabetes
Placental Factors
] Placental insufficiency
Premature rupture of membranes Short fiiid Fedts
Fetal Factors Duration || Degree . Frequency
Umbilical cord compression
""""" Multiple births ASPHYXIA
Growth retardation

Figure 1.1: Factors contributing to brain injury. Maternal, placental and fetal factors can all contribute
to brain injury in the developing fetus (A). The duration, degree and frequency of asphyxia all contribute

to the pathogenesis of hypoxic-ischemic injury (B).

1.1.2 Patterns of brain injury

Hypoxia is one of the most common causes of neonatal brain injury, and it still remains to be
well understood as to why some brain regions are more vulnerable to injury than others. From
human infant autopsy tissue it was found the most prominent injury that occurred was
haemorrhage and areas of necrotic tissue, with exacerbated injury seen in neonates that had
suffered hypoxia-ischemia or a complicated pregnancy. To understand the impact hypoxia had

on the developing brain, the most prominent types of brain injury are explained below.
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1.1.2.1 Germinal Matrix — Intraventricular Haemorrhage

The source of GM-IVH was classified by Takashima and Tanaka (1978b), Wigglesworth and
Pape (1978) and Volpe (1989) who described bleeding occurring around the subependymal
germinal matrix (around the lateral ventricle) extending into the white matter. PVL is
characterised by hemorrhagic necrosis of the white matter surrounding the lateral ventricles. It

can be diffuse or focal and commonly occurs in the preterm infant. (Reviewed by Volpe (1998).

1.1.2.2 Perinatal Stroke

Perinatal stroke is defined as a cerebrovascular event that can occur between 28 weeks gestation
to 28 days postnatal age. The incidence of perinatal stroke (thromboembolism) is approximately
1 in 4000 live births, with < 5 % also being associated with asphyxia (Estan & Hope, 1997,
Lynch et al., 2002). An increase in the incidence of neonatal seizures is also associated with
perinatal asphyxia resulting in worse neuro-developmental outcome (Miller et al., 2002; Glass
et al., 2009). Clinical studies from full term neonates that have experienced perinatal arterial
stroke, also show a greater incidence of cerebral palsy, epilepsy, language delay, behavioural
abnormalities, and brain injury to the basal ganglia, internal capsule Broca’s and Wernicke’s
area. Increased stroke size also further increases the incidence of cerebral palsy (Lee et al.,

2005).

Clinical manifestation of infants who have experienced stroke include seizure activity and
apnoea from the second postnatal day (Koelfen et al., 1995; Perlman, 2004), this can also persist
to neonatal encephalopathy (Ramaswamy et al., 2004). Focal stroke in the term infant is most
common with the presentation of seizure activity without associated encephalopathy. However
if neonatal encephalopathy also occurred, neurodevelopmental outcome was significantly worse

(de Vries et al., 1997; Perlman, 2004; Ramaswamy et al., 2004).
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1.1.3 The influence of gestational age on brain injury

Premature neonates who are also of a low birth weight are at the highest risk of PVL and GM-
IVH. Term neonates who undergo hypoxia-ischemia late in gestation tend to have injury in the
hippocampus, cortical and thalamic regions. PVL and haemorrhage tend to occur at a lower but
still significant incidence (Wigglesworth & Pape, 1978; Inder & Volpe, 2000; Periman, 2004).
Cellular immaturity (such as oligodendrocytes) is also thought to significantly contribute to
regional vulnerability of white matter (Alvarez-Diaz et al., 2007, Back et al., 2007). This
“selective vulnerability” governs the responses and subsequent manifestation of injury. Cowan
et al., (2003) studied MRI and post mortem tissue of full term infants and found that the
perinatal period immediately preceding birth was most important in contributing to neonatal

encephalopathy and brain injury.

From studies in fetal sheep it was found that younger fetuses can tolerate longer periods of
complete cessation of umbilical blood flow, up to 25 minutes, however near-term fetuses can
only withstand up to 10 minutes (Mallard et al., 1994; Keunen et al., 1997). The differing
tolerance across gestation to duration is suggested to be due to differing metabolic maturity

hence response (Bennet et al., 1999).

1.1.4 Animal models investigating the effect of hypoxia during
pregnancy

The use of animal models has been widely employed to understand the pathophysiology of
brain injury that occurs following hypoxia and/or ischemia. Numerous considerations are made
before choosing an adequate animal model including pattern of brain development, length of
gestation, body size (both maternal and fetal) and organ development. Following this, the type
of insult and duration is an important consideration. Each model has its strengths and

weaknesses.
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Smaller animal models, such as rats and mice are commonly used. Rodents are “postnatal brain
developers” (Dobbing & Sands, 1979) due to their short gestation, so the timing of insults are
usually given ex-utero or after birth. This allows for post natal behavioural measurements to
also be conducted. The effects of global hypoxia can be investigated by hypobaric chambers
that allow for differing concentrations of oxygen and both acute and chronic studies to be
conducted (Kaur et al., 2006a). Another global insult has also been done in the Spiny Mouse
using a model of birth asphyxia (Hutton et al., 2009; Ireland et al., 2009). The most common
models for studying hypoxia-ischemia in rats and mice is one developed by Rice-Vannucci, in
which unilateral ligation of the carotid artery with subsequent hypoxia at postnatal day 7 results
in severe brain injury (Rice et al., 1981). Many variations of this model are commonly used:;
however this is a focal insult, comparable to neonatal stroke (Derugin et al., 1998; Vexler et al.,
2006). Rabbit kits have been used in a model of uterine ischemia which results in a cerebral

palsy like condition (Derrick et al., 2004).

Larger animal models (such as pigs, sheep, llamas) are used due to their long gestation,
tolerance to surgical intervention and being perinatal brain developers (similar to humans)
allowing for a greater opportunity to closely monitor responses to an insult (Foster et al., 2001).
Brain development in the ovine fetus has been characterised as mature at birth (146 days GA);
0.65 GA and 0.9 GA are deemed equivalent to 24 — 26 weeks and 37 — 42 weeks in the human,
respectively (McCrabb & Harding, 1995; Hagberg et al., 2002; Back et al., 2006). In fetal sheep
a model of cerebral ischemia is achieved by unilateral carotid artery occlusion (McClure et al.,

2008).

Occlusion of the umbilical cord, single or repeated, in mid and late gestation has been widely
used to investigate the consequence of acute global asphyxia (Bocking, 1992; Mallard et al.,
1994; Richardson et al., 1996; Ikeda et al., 1998b; Bennet et al., 1999; Castillo-Melendez et al.,
2004; Duncan et al., 2004). Chronic hypoxia, leading to growth restriction has also been

conducted in guinea pigs by uterine artery ablation (McKendry et al., 2010) and pregnant sheep
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by single umbilical artery ligation (Miller et al., 2007). Studies in the non-human primate were
some of the foundation studies used to investigate perinatal brain injury following hypoxia
(Myers, 1975), however the cost and ethical difficulties make these a rarely used model. For the
studies conducted in this thesis, late gestation fetal sheep were used to investigate the effects of
a single in utero hypoxic insult, produced by umbilical cord occlusion (UCO) for the study of

fetal and newborn behaviour and the analysis of the fetal (near term) brain.

1.1.5 Pathophysiology of hypoxia-ischemia in the neonatal brain

The developing brains’ response to global hypoxia-ischemia is a multi-step process. Within the
first few hours a regional increase followed by a decrease in cerebral blood flow and subsequent
excitotoxicity, energy depletion and generation of free radicals collectively result in increased
apoptotic and necrotic cell death (Wigglesworth & Pape, 1978; Shalak & Perlman, 2004). A
secondary phase of injury occurs in subsequent hours to days resulting in a neuroinflammatory
response, reperfusion and a loss of cerebral autoregulation which can also lead to increased free
radical production (Inder & Volpe, 2000; Hamrick & Ferriero, 2003; McLean & Ferriero, 2004;

Leonardo & Pennypacker, 2009). These are briefly explained below.

1.1.5.1 Cardiovascular response

The systemic and haemodynamic responses following a severe hypoxic-ischemic insult have
been studied using chronically catheterised fetal sheep. Both immature and mature ovine fetuses
when subjected to complete UCO subsequently resulted in severe hypoxia (decreased pO,),
hypercapnia (increased pCO,), academia (decreased pH) and metabolic acidosis (increased
lactate), measured from systemic arterial blood samples. These fetuses then fully recover to pre-
occlusion values (Bennet et al., 1999; Yan et al., 2009). Mean arterial blood pressure initially
increases resulting in hypertension and subsequently hypotension at the end of occlusion.

Initially, bradycardia occurs when the cord is occluded, followed with tachycardia. All
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parameters return to pre-occlusion values within 2-3 hours (Bennet et al., 1999; Yan et al.,

2009).

In response to partial or complete UCO redistribution of cardiac output occurs; increased blood
flow to the brain, heart and adrenal glands and decreased blood flow to the lungs, kidneys,
intestines and carcass (muscle and skin) (Figure 1.2). Increased blood flow through the ductus
venosus also results in decreased blood flow to the liver (ltskovitz et al., 1987; Ball et al., 1994;
Jensen et al., 1999). Similar responses in cardiac output also occur following maternal

hypoxemia and reductions in uterine blood flow (reviewed by (Jensen et al., 1999; Low, 2004).

Placenta

- Umbilical artery (blue)
AMHeart Umbilical Carries deoxygenated
blood from
fetus to placenta

Umbilical vein (red)
Carries oxygenated
blood from
placenta to fetus

PAdrenal Glands

<V Kidney
J Liver
W Skin & Muscle

Figure 1.2: Fetal physiological responses to umbilical cord occlusion. Redistribution of blood flow
occurs following UCO. Increased blood flow to the brain, heart and adrenals while decreased blood flow

to the kidney, liver, skin and muscles occur (Jensen et al., 1999).

1.1.5.2 Excitotoxicity and energy failure

Excitotoxicity refers to neuronal cell death that occurs due to excitability of amino acid

receptors (Beal, 1992). Neurons are more vulnerable than glial cells to hypoxic induced injury

10
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due to their high dependence on oxygen. Neuronal glutamate release, re-uptake and resynthesis
is a tightly regulated metabolic pathway that is closely coupled with cerebral glucose oxidation
demand. There is high density and activity of glutamate receptors during perinatal development,
so any severe fluctuations, such as those resulting from hypoxia can have devastating
consequences (Low, 2004; McLean & Ferriero, 2004). Oxygen and glucose deprivation can

then lead to energy failure.

Prolonged neuronal depolarisation increases neurotransmitter release resulting in excitotoxicity.
Astrocytic re-uptake of glutamate is restricted due to low availability of ATP, so
overstimulation of glutamate receptors occurs by the presence of excess extracellular glutamate
(McLean & Ferriero, 2004). Overstimulation of receptors can result in damage to neurons,
particularly seen in the hippocampus, this increased excitability can also lead to neonatal seizure
activity (Jensen et al., 1998). NMDA, important in excitatory neurotransmission and adenosine,
whose receptors are expressed on excitatory neurons are both implicated in excitatory mediated
injury following hypoxia (McLean & Ferriero, 2004). Energy depletion, mitochondrial
dysfunction and accumulation of cytosolic calcium all caused by excitotoxicity lead to the

development of free radicals (McLean & Ferriero, 2004).

1.1.5.3 Oxidative stress

The developing brain has high lipid content, with the amount of polyunsaturated fatty acids
increasing during gestation; this leaves the term brain extremely vulnerable to free radical
damage (O'Brien & Sampson, 1965; Mishra & Delivoria-Papadopoulos, 1999; McLean &
Ferriero, 2004). During normal metabolism, reactive oxygen species (ROS) are produced in low
concentrations acting as signalling molecules to modulate vasodilatation and cerebral blood
flow (Paravicini et al., 2004). The generations of ROS induces the production of highly reactive
molecules such as nitric oxide (NO), superoxide dismutase (SOD) and hydrogen peroxide

(H20,). Increased production of hydroxyl radicals, lipid peroxidation and DNA fragmentation

11
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occur following in utero UCO in the near term fetal sheep (lkeda et al., 1998b; Castillo-

Melendez et al., 2004; Miller et al., 2005).

In response to hypoxia-ischemia, and involved in both excitotoxicity and oxidative stress, the
biosynthesis of NO from nitric oxide synthase (NOS) occurs. NO and NOS are involved in
hypoxic-ischemic induced programmed cell death (Parikh et al., 2003; McLean & Ferriero,
2004; Kaur et al., 2006a) and important for modulation of cerebral blood flow (Section 1.4.2.2).
Three well know isoforms exist; neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible
NOS (iNOS). Each serve a different function; iNOS is produced in macrophages, microglia,
endothelial cells and astrocytes, eNOS in endothelial cells and nNOS in neurons (McLean &
Ferriero, 2004; Kaur & Ling, 2009). Increase in intracellular calcium results in active nNOS and

eNOS, whereas iNOS is calcium independent (Kaur & Ling, 2009).

1.1.5.4 Response of inflammatory cells

Cell death that is mediated by a neuroinflammatory response is complex. Resident microglia are
some of the first cells to become “activated”. Amoeboid microglial cells, important for
phagocytosis in the developing brain, are found in clusters in the periventricular white matter
and are in close association with blood vessels in many brain regions (Fujimoto et al., 1989;
Kaur et al., 2007). Microglia are the resident immune cells in the nervous system, whose
presence is also related to vascularisation, particularly in the early developmental stages of the
human brain (Fujimoto et al., 1989). Microglia are also associated with active myelination
during development (Hutchins et al., 1992; Ling & Wong, 1993; Kaur et al., 2007; Kaur &
Ling, 2009). Activated microglia are known to produce inflammatory cytokines interleukin-1
(IL-1B), IL-6 and tumour necrosis factor-o. (TNF-a), as well as ROS and reactive nitrogen

species (Kaur & Ling, 2009).

Activated microglia and astrocytes migrate to necrotic regions and attempt to clean up cellular

debris (Leonardo & Pennypacker, 2009). Following hypoxia-ischemia, compromise of the BBB

12
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(Section 1.3.3) allows the entry of macrophages and cytokines into the circulation (Alvarez-
Diaz et al., 2007; Leonardo & Pennypacker, 2009). Circulating cytokines can then exacerbate

excitotoxicity by again stimulating glutamate, free radicals and NO (McLean & Ferriero, 2004).

1.1.6 Contribution of the cerebrovasculature to perinatal brain injury

The most devastating permanent injury that occurs in the developing fetus is GM-IVH.
Although the incidence is greater in premature and low birth weight babies, term infants are
more susceptible to breakdown of the BBB and impaired metabolism (Wigglesworth & Pape,
1978). Volpe (1989) suggests that consequences and subsequent neuropathology that originate
from GM-IVH include destruction of the germinal matrix, periventricular haemorrhagic
infarction (possibly of venous origin), PVL, hydrocephalus and pontine neuronal necrosis.
Analysis of neonates with PVL suggest that this area of infarct contained poorly perfused
vessels of an irregular capillary shape, suggesting a relationship between vascular supply to this
region and the pathology of PVL (Takashima & Tanaka, 1978a). Figure 1.3 shows the main

vascular supply to the germinal matrix and white matter.

Clinicians have long sought to understand the inherent vulnerability of the sub-ependymal
germinal matrix to haemorrhage and periventricular white matter to necrosis. Observations of
infarctions in these periventricular areas were seen to occur in watershed vascular or border
“end zones” (areas where long and penetrating arteries end). These areas were deemed more
vulnerable to poor perfusion and less capable of tolerating fluctuations of cerebral blood flow
and cerebral venous pressure especially following hypoxia-ischemia and/or reperfusion (De

Reuck, 1971; Takashima & Tanaka, 1978a, b; Wigglesworth & Pape, 1978; VVolpe, 1989).

Ballabh (2010) also suggests that the germinal matrix may have an inherent fragility during
development deeming it vulnerable to haemorrhage, which may be further exacerbated
following hypoxia. Interestingly, Volpe (1989) also highlights that many thin walled cerebral

blood vessels are the source of bleeding. This finding was also seen in the beagle puppy model
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of germinal matrix haemorrhage (Trommer et al., 1987; Ment et al., 1991) but not in the rhesus
monkey (Lenn & Whitmore, 1985). The observation of thin walled blood vessels could be
indicative of structural immaturity or ongoing angiogenesis. However, Back and colleagues
believe injury occurring in periventricular white matter is more likely due to cellular immaturity
especially of oligodendrocyte progenitors than of vascular end zones (Back et al., 2007;

McClure et al., 2008).

Subventricular Zone

Corpus Callosum

Subependymal — Germinal Matrix

Terminal Vein

Stria Terminalus

Figure 1.3: Coronal schematic of venous drainage of cerebral white matter. Medullary veins drain
into the terminal vein that runs along the subependymal-germinal matrix. Adapted from (Volpe, 1998). A

Licence Agreement from the publisher (Elsevier) for permission to adapt this figure has been attained.

The response of the cerebrovasculature following hypoxia-ischemia and how this may
contribute to perinatal brain injury is not well investigated. The response of blood vessels
including blood flow and the expression of proteins by the vasculature could influence the
processes of excitotoxicity and oxidative stress which are already known to be closely inter-
related. It is not known whether developmental vulnerability or the functionality of blood
vessels are the underlying reasons for the pathogenesis of brain injury. However the prominent
occurrence of injury such as haemorrhage and leukomalacia highlight that the response of the
vasculature is pivotal. Understanding the development of the cerebrovasculature, important
processes such as angiogenesis and BBB development and key mediators, could reveal reasons

for regional vulnerability.
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1.2 FETAL CEREBROVASCULAR DEVELOPMENT

1.2.1 Cerebrovascular development

Vascularisation occurs for the entire duration of gestation and well into the newborn period. For
optimal development and function, the formation of blood vessels by vasculogenesis and
angiogenesis is a tightly regulated process. In the human embryo, intra-cerebral blood vessels
begin to appear from 7 weeks GA, this is when the basement membrane of the capillary network
also forms (Korzhevskii & Otellin, 2000). The developing cerebrum contains cerebral arteries
that originate from the peripheral system and branch within the cortex, and both a superficial
and deep (Galenic) vein system (Wigglesworth & Pape, 1978). Early in development the
formation of large blood vessels occurs by vasculogenesis, followed by angiogenesis where
endothelial cells differentiate and proliferate into avascular tissue (See Section 1.1.2)
(Yancopoulos et al., 2000). Up to 35 weeks gestation, the process of neovascularisation is

equivalent to white matter growth but more rapid than cortical expansion (Mito et al., 1991).

The subependymal germinal matrix (also referred to as the area surrounding the lateral
ventricle) is the source of neuroblasts from 10 — 20 weeks gestation, and of glioblasts in the
third trimester (to become oligodendrocytes and astrocytes) (Wigglesworth & Pape, 1978;
Volpe, 1989). Heubner’s artery is a main blood vessel that provides nutrients to the germinal
matrix (shown in Figure 1.4), while the matrix is also a terminal area for the medullary artery
which extends into deep white matter (Takashima & Tanaka, 1978b; Wigglesworth & Pape,

1978; Volpe, 1989).

During gestation the matrix undergoes a decrease in size from 2.5 mm at 23 — 24 weeks when
basal ganglia regions have a well developed circulation. By 36 weeks the germinal matrix is
nearly involuted, at this time cortical regions are undergoing vascular development
(Wigglesworth & Pape, 1978; Volpe, 1989). The progression of arterial development is shown

in Figure 1.4. The time when the germinal matrix is undergoing change could reveal a window
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of vulnerability. During development, the caudate and thalamus have a fine, circular capillary
network in comparison to white matter and subependymal regions where vessels run

perpendicular to the ventricle and have an elliptical shape (Takashima & Tanaka, 1978b).

Lateral Ventricle

branches from

Heubners-arteny middle cerebral artery

24 weeks 30 weeks 34 weeks

Figure 1.4: Arterial development in the human fetal brain. Figure shows the arterial development
from the human fetal brain at 24 weeks (A), 30 weeks (B) and 34 weeks (C) gestational age. With
increasing gestation, increasing branching of the arterial network also occurs. The Heubner artery is the
main arterial supply to the lateral ventricle. From Wigglesworth and Pape (1978). A Licence Agreement

from the publisher (Elsevier) for permission to reproduce this figure has been attained.

During development, blood vessels have a large diameter, irregular shape and are permeable to
hydrophillic substances (Stonestreet et al., 1996). As development continues vessels becomes
thinner with a regular shape and endothelial tight junctions become more interconnected
(Engelhardt, 2003). The vascular density of tissue is closely correlated with cerebral blood flow
and metabolic demand (Miyawaki et al., 1998). During normal development in the human fetal
brain, as GA increases so does vascular density in the putamen, germinal matrix and cortex.
There is some conflicting findings about the vascularisation of the white matter, Mito et al.,
(1991) found no change of vascular density during gestation, but others suggest a smaller
increase across gestation, and a lower blood vessel density compared to the above brain regions

(Gould & Howard, 1988; Mito et al., 1991; Miyawaki et al., 1998; Ballabh et al., 2004a).
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1.2.2 Angiogenesis

Angiogenesis describes the sprouting of new vessels from pre-existing ones into avascular
tissue (Yancopoulos et al., 2000; Carmeliet, 2003). Vascular remodelling can occur when the
existing vascular network is modified by pruning and vessel enlargement to form
interconnecting branching (Yancopoulos et al., 2000). Angiogenesis begins by basement
membrane dissolution (which is facilitated by the presence of proteases such as matrix
metalloproteinase (MMP). Mitogens (such as vascular endothelial growth factor (VEGF) are
then activated to enhance endothelial cell migration and proliferation. Finally, tube and
basement membrane formation occur triggering vessel maturation processes which involve the
recruitment of pericytes by endothelial cells (Tomanek & Schatteman, 2000). See Figure 1.5.

Pericyte
Basement Membrane 4 Endothelial cell

W -
i
1. Degradation of /o\ 3 /\
basement membrane 2. Endothelial cell ~

migration

3

3. Endothelial cell
proliferation

4. Formation of new basement
membrane & vessel maturation;
pericyte recruitment

Figure 1.5: Angiogenesis. The process of angiogenesis occurs firstly by degradation of the basement
membrane, followed by endothelial cells migration and proliferation. The formation of a new basement
membrane and recruitment of pericytes occurs allowing vessel maturation Adapted from Tomanek &
Schatteman (2000). A Licence Agreement from the publisher (John Wiley and Sons) for permission to

adapt this figure has been attained.

Initiation of angiogenesis occurs by the extensive interplay between a variety of cells and
numerous growth factors. These include fibroblast growth factor (FGF; both acidic and basic),
VEGF, platelet derived growth factor (PDGF), transforming growth factor (TGF) and the

angiopoietins (angpt) (Tomanek & Schatteman, 2000). In vitro models have provided further
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understanding of the importance of neurovascular structures during cerebrovascular and BBB
development. Astrocytes induce endothelial cell and pericyte differentiation, but pericytes
appear to migrate and cover capillary like structures faster than astrocytes (Ramsauer et al.,
2002). Interestingly, hypoxia is also a key regulator of angiogenesis and effects the expression

of key angiogenic proteins (See Section 1.3).

1.2.2.1 Vascular endothelial growth factor and receptors

VEGF is a key regulator of vasculogenesis and angiogenesis (Breier et al., 1992; Breier &
Risau, 1996). Being a potent, secreted angiogenic mitogen, VEGF was first described as
vascular permeability factor (VPF), and is closely related to PDGF (Keck et al., 1989; Leung et
al., 1989). During angiogenesis, endothelial cells that express VEGF produce plasminogen
activators and MMPs to initiate extracellular matrix degradation (the first step in angiogenesis,
Figure 1.5 (1)). Subsequently, VEGF is also important in stimulating the proliferation of

endothelial cells (Breier et al., 1992).

VEGF has six homologous family members - VEGF-A, placental growth factor (PIGF), VEGF-
B, VEGF-C, VEGF-D and VEGF-E. Three high-affinity tyrosine kinase receptors also exist -
VEGFR-1 (FIt-1), VEGFR-2 (fetal liver kinase (FIk-1) in the mouse/ kinase insert domain
receptor (KDR) in the human) and VEGFR-3 (Flt-4) (Breier, 2000). VEGF-A is the most active,
involved in blood vessel growth, endothelial cell mitogenesis, vasodilatation (via NO dependant
pathways) and vascular permeability (Leung et al., 1989; Breier et al., 1992; Breier, 2000).
VEGF and VEGFR-2 activation is important for promoting neuronal growth, migration,
maturation, survival as well as axonal and dendritic outgrowth (Hermann & Zechariah, 2009;
Sentilhes et al., 2010). Figure 1.6 summaries the actions of both VEGF family members and
associated receptors. There are also four VEGF isoforms; 121, 165, 189 and 206 (Dvorak et al.,

1995).
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Figure 1.6: Schematic representation of VEGF/VEGF receptor system. The specific binding of the
VEGF isoforms (A, B, C, D, E and placental growth factor (PIGF) and their associated tyrosine kinase
receptors (VEGFR-1, -2, -3) (Breier, 2000; Dimberg et al., 2009).

VEGF has been implicated in embryogenesis and normal development of organs as well as
tumour growth. During embryogenesis, the formation of new blood vessels is guided by the
actions of VEGF. VEGF is expressed by the embryonic neuroectoderm, the epithelium of the
stem cell and progenitor region of the brain (i.e., ventricular zone). All of these are important
for vascularisation and brain development, while VEGF receptors are expressed mainly on

endothelial cells (Breier et al., 1992; Carmeliet & Storkebaum, 2002).

During development it is predominantly VEGF-A, through binding with VEGFR-2, that is
responsible for both vascular and neuronal development (Carmeliet, 2003). It is suggested that
during development VEGFR-1 may act as a decoy receptor, but this isoform becomes
functionally important following hypoxia, in the adult rodent at least (Marti & Risau, 1998).
VEGF-B and VEGF-C isoforms are present in the brain early in embryonic life (Lagercrantz et
al., 1998), but in the adult brain VEGF-B appears to have greater expression in neurons (Boer et
al., 2008). Importantly, VEGF-C through the binding with VEGFR-3 has recently been shown
to be important in mice from E15.5 to E18.5, by stimulating growth of progenitor cells, such as

oligodendrocyte progenitors in the optic nerve (Le Bras et al., 2006). While several VEGF
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isoforms are clearly important during development, this thesis focused on the expression of
VEGF-A in the late gestation fetal sheep brain as it is the most characterized isoform, important

for vascular development and responses to hypoxia.

In the developing brain, the temporal and spatial expression of VEGF is correlated closely with
vascularisation and endothelial cell growth (Breier et al., 1992). In studies from the human fetus
and postnatal rat, it was found that VEGF protein is expressed by many cell types including
neuroblasts, neuroepithelial, radial glia, pericytes, neuronal and endothelial cells (Virgintino et
al., 2003; Rosenstein & Krum, 2004; Sentilhes et al., 2010). Early in development neurons
express VEGF, possibly a signal that initiates angiogenesis and also coincides with increasing
neuronal metabolism. Increased glial VEGF expression occurs as stabilisation of the
cerebrovasculature is reached, when glial end-feet ensheath blood vessels (Ogunshola et al.,

2000).

From 9 weeks gestation, VEGF is strongly expressed in the developing human telencephalon
(Virgintino et al., 2003). From 14 to 34 weeks there is strong expression of VEGF and VEGFR-
2 by neurons, glia and blood vessels throughout the brain and cerebellum. During 21 — 34 weeks
VEGF is also strongly expressed in the cortex and white matter (Arai et al., 1998). By 34
weeks, neurons, astrocytes and endothelial cells weakly express VEGF which is thought to
correspond with a functioning blood brain barrier (BBB) (Sentilhes et al., 2010). Figure 1.7

summaries the numerous suggested physiological actions of VEGF.
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Figure 1.7: Diagram summarising the actions of VEGF. VEGF is involved in numerous important
physiological processes. Angiogenesis is the main function of VEGF, however it also has protective
actions (shown in blue) which include neurogenesis and involvement during development, and
detrimental actions (shown in red) including being a pro-inflammatory mediator, vascular permeability

factor and involved in tumour growth.

1.2.2.2 Angiopoietins

Working in close conjunction with VEGF are angpt and their ligand receptor Tie (-1 and -2),
part of the tyrosine receptor kinases. There are four members of the angpt family, although
angpt-1 and angpt-2 are the most understood (Yancopoulos et al., 2000; Carmeliet, 2003;
Otrock et al., 2007; Hansen et al., 2008). Their actions are mediated by binding to Tie-2
receptors on endothelial cells in a concentration dependant manner (Mustonen & Alitalo, 1995;
Bogdanovic et al., 2006). From studies in tumour growth the significance of angpt-1 and angpt-

2 have been elucidated.

Angpt-1 is important for stimulating vessel growth, branching, maintenance and stabilisation,
and is expressed by endothelial cells, astrocytes and pericytes (Yancopoulos et al., 2000;
Carmeliet, 2003; Kim et al., 2008). Angpt-1 knockout mice develop a normal vasculature
however they are incapable of adequate vascular remodelling. Whereas, over-expression leads

to a functional vasculature that is resistant to being permeable (Suri et al., 1996; Thurston et al.,
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1999; Yancopoulos et al., 2000), highlighting that angpt-1 is important for inhibiting vascular

permeability.

Angpt-1 also exhibits anti-inflammatory effects, particularly inflammatory mediated vascular
leakage and more recently has been shown to inhibit neuronal apoptosis (Thurston et al., 1999;
Thurston et al., 2000; Valable et al., 2003; Hansen et al., 2008). Increased expression of angpt-1
promotes the “tightening” of vessels by increasing expression of tight junctional proteins and
thereby resulting in decreased permeability with vessels that are resistant to plasma leakage
(Thurston et al., 1999; Thurston et al., 2000; Valable et al., 2005). Increased expression is also
implicated in promoting endothelial cell survival, migration and enhancing the interaction
between endothelial cells and neighbouring cells such as the recruitment of pericytes (Suri et

al., 1996).

Angpt-2, important in initiating vascular remodelling, has both agonistic and antagonistic
actions to angpt-1 when binding to Tie-2. The presence or absence of VEGF may dictate the
function of angpt-2, whether vessel remodelling or destabilisation and subsequent vessel
regression occur (Maisonpierre et al., 1997; Beck et al., 2000; Yancopoulos et al., 2000; Gale et
al., 2002). Over-expression of angpt-2 can also lead to vascular discontinuity, embryonic death
and pathology similar to angpt-1 knockout mice and an inability for vascular remodelling
(Maisonpierre et al., 1997). In the adult mouse brain the presence of angpt-2 and VEGF resulted
in increased microvascular density, increased MMP-9 and a decrease in zona-occludin
expression, leading to increased permeability (Zhu et al., 2005). However high angpt-2
expression in the absence of VEGF can result in vessel regression, seen to occur following
hypoxia and in tumour growth (Holash et al., 1999; Beck et al., 2000). Expressed mostly by
endothelial cells, angpt-2 has been seen to degrade the extracellular matrix and disrupt junctions

between endothelial cells in tumour vessels (Gale et al., 2002; Carmeliet, 2003).
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1.2.3 The blood-brain barrier

The cerebral microvascular system has two functional and anatomical barriers to protect
surrounding tissue; the BBB and the basement membrane (Scholler et al., 2007; Burk et al.,
2008). The three major functions of the mature BBB include protection of the brain from the
chemical environment of blood, selective transport of substances into and out of the brain, and
metabolism of blood and brain substances (Risau & Wolburg, 1990). The structure of the BBB
is composed of capillary endothelial cells, tight junctions, astrocytes, pericytes, and the

basement membrane (detailed below; Figure 1.8).

The maturity of the BBB and corresponding permeability characteristics are a consequence of
changes in endothelial cell morphology and function (Risau & Wolburg, 1990). However, there
is some argument over the correlating maturation and permeability of the BBB. Permeability to
large molecules is consistently restricted in both the fetus and adult, although smaller molecules
can enter the younger, fetal brain more readily (Keep et al., 1995; Engelhardt, 2003). BBB
development has been investigated in rats and results indicate that invasion of blood vessels is
associated with neurogenesis and development of tight junctions which occur prior to astrocyte
end-feet development (Stewart & Hayakawa, 1994; Ballabh et al., 2004b; Kaur & Ling, 2008).
In fetal sheep, BBB permeability to small molecules was greatest earlier in gestation (0.6), and
decreased as GA increased, with regional heterogeneity observed that was consistent with that

seen in the adult brain (Stonestreet et al., 1996).

1.2.3.1 Endothelial cells

Endothelial cells are thin and elongated interacting readily with the extracellular matrix and
have the capability of sensing change in blood flow and pressure (Carmeliet, 2003) (Figure 1.8).
The high density of mitochondria and a high capacity for sodium/potassium pumps are key
characteristics of endothelial cells (Bradbury, 1984). During development, the differentiation of

endothelial cells is important for the maturation of the BBB. Endothelial cell proliferation and
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growth is strongly influenced by VEGF, which is highly expressed in these cells in the

developing brain (Breier et al., 1992).

Basement Membrane
Composed of:
Laminin, Collagen IV & Fibrin
Endothelial
Cell
Express: VEGF,
NO, Epo,
Angpt-1, Angpt-2,

VEGFR2
(VEGFR-1, Tie-1,-2)

Pericyte
Express: VEGF,
Angpt-1

Tight Junction

Include:
Occludins, Claudins,
JAMSs, ZOs.

Astrocyte endfeet
Express: VEGF, Angpt-1

Figure 1.8: Schematic diagram of a coronal cross section of the neurovascular unit. Tight junctions
form between endothelial cells. Separating endothelial cells and astrocyte end-feet is the basement
membrane. Pericytes are also enclosed by the basement membrane. Adapted from Balabanov and Dore-
Duffy (1998) and Kaur & Ling (2008). A Licence Agreement from the publisher (John Wiley and Sons

and Bentham Science) for permission to adapt this figure has been attained.

1.2.3.2 Tight junctions and adheren junctions

A tight junctional complex exists within the BBB between endothelial cells (Figure 1.8 and 1.9).
They provide an important structural component that impedes the diffusion of molecules from
the blood vessel lumen across the brain parenchyma and are composed of cytoplasmic and
transmembrane proteins (Ballabh et al., 2004b; Ballabh et al., 2005; Kaur & Ling, 2008).
Adheren junctions are located near endothelial cells and form a continuous barrier holding
neighbouring cells together. They are composed with cadherin-catenins complex and their

associated proteins (Schulze & Firth, 1993).
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Ballabh et al., (2005) have closely studied the expression of tight junctional molecules claudin-
1, -5, occludin and JAM-1, -2 and -3 in the germinal matrix, cerebral cortex and white matter of
16 — 40 week old babies. Their findings suggest that key tight junctional proteins may develop
and mature early, their observations are detailed below. Important in controlling paracellular
permeability, disruptions of tight junctions can occur following pathological conditions such as

hypoxia-ischemia.

Blood

Endothelial Endothelial

Cell Cell
Actin . . Claudin
Tight Junction
\. .............

Brain

Figure 1.9: Schematic diagram of tight junctional complex between endothelial cells. Key
components of the tight junction include claudin (blue), occludin (grey), zona-occludin-1 (ZO-1; green)

junctional adhesion molecules (JAM; yellow) and actin (purple).

Claudins

The claudin family consists of 24 members that bind to each other on adjacent endothelial cells
to form a primary seal of tight junctions (Figure 1.9) (Furuse et al., 1999). Claudin-1 and
claudin-5 are highly expressed in cerebral capillaries (Furuse et al., 1999). Claudin-5 is
expressed as early at 12 weeks gestation in the telencephalon of the human fetus (Virgintino et
al., 2004), and only claudin-5 (not claudin-1) is consistently expressed from 16 — 40 weeks

gestation in the developing human brain (Ballabh et al., 2005).
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Occludins

Occludins are highly expressed by brain capillary endothelial cells, and their presence is related
to increased electrical resistance across the barrier. Occludins appear to be able to alter
paracellular permeability with increased expression being indicative of greater barrier properties
(Furuse et al., 1993; Hirase et al., 1997). Occludin is expressed as early as 12 weeks gestation in
the developing human brain with no change in expression for the duration of pregnancy

(Virgintino et al., 2004; Ballabh et al., 2005).

Junctional adhesion molecules and Cytoplasmic accessory proteins

Junctional adhesion molecules (JAM) are important for tight junctional integrity and
permeability (Martin-Padura et al., 1998). Three JAM proteins exists; JAM-1, JAM-2 and JAM-
3, although JAM-2 has not been seen to be expressed in cerebral blood vessels to date (Aurrand-
Lions et al., 2001). Ballabh et al., (2005) found JAM-1, but not JAM-2 or JAM-3, was
expressed from 16 weeks, with no change of expression across gestation. The most abundant
cytoplasmic accessory group of proteins are the zona occludins (ZO), important for the

structural support of tight junctions (Stevenson et al., 1986).

1.2.3.3 Astrocytes

Astrocyte end-feet that ensheath blood vessels in the brain (Figure 1.8) are in close proximity to
endothelial cell plasma membrane and are separated by the basement membrane (Risau &
Wolburg, 1990; Risau, 1991; Bernstein & Karp, 1995; El-Khoury et al., 2006). This “glial
sheath” that surrounds cerebral blood vessels is thought to be important for vascular structure
and function and can express tight junctional proteins (Bradbury, 1984; Willis et al., 2004).
Perivascular astrocytes have the important function of enhancing the development of endothelial
tight junctions (Janzer & Raff, 1987; Brightman, 1991; Nagy & Martinez, 1991). Regions that
have a discontinuous ensheathment of astrocytes also show a disintegrated basement membrane

in vitro (Wolff et al., 1974). An absence of the endothelial cell-astrocyte interaction, seen in the
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hypothalamus and brainstem, produces areas that are highly permeable with an opening of tight

junctions (Coomber & Stewart, 1984; Goldstein, 1988; Hamm et al., 2004).

El-Khoury and colleagues (2006) investigated astrocyte end-feet coverage in the germinal
matrix, white matter and cortex of human fetuses from 16 — 40 weeks gestation using glial
fibrillary acidic protein (GFAP; cytoskeleton protein forming the intermediate filament), S-10083
(cytosolic calcium binding protein) and aquaporin-4 (AQP4; water channel protein). Most
remarkably they found that in the germinal matrix, a region vulnerable to haemorrhage; only
few end-feet and processes were labelled (with GFAP or S-100f3) but this increased across
gestation. The cortex and white matter showed strong perivascular coverage from 16 weeks

gestation.

1.2.3.4 Pericytes

Pericytes are cells that wrap around endothelial cells (Figure 1.8) and provide structural support,
stability and integrity to the vessel wall (Ballabh et al., 2004b; Nakagawa et al., 2007; Kaur &
Ling, 2008). Important in vasculogenesis, pericytes are recruited by endothelial cells and
involved in the processes of blood vessel and BBB development (Balabanov & Dore-Duffy,
1998). Pericytes and endothelial cells communicate via gap junctions and their interaction is
important for maintenance and maturation of the vasculature and contractile function to aid in
modulating cerebral blood flow (Cuevas et al., 1984). Pericytes that are in close association
with endothelial cells are also more resistant to apoptosis (Ramsauer et al., 2002). For detailed
reviews on pericytes see (Hirschi & D'Amore, 1996; Balabanov & Dore-Duffy, 1998; Bergers

& Song, 2005; Dore-Duffy, 2008).

The pluripotency of perciytes make them quite a mystery, as they exhibit multipotential stem
cell activity, phagocytic activity and even express macrophage markers (Balabanov et al., 1996;
Dore-Duffy et al., 2006). Pericytes may also be involved in autoregulatory processes as they

express receptors and are modulated by catecholamines, endothelin-1 and vasopressin (van
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Zwieten et al., 1988; Elfont et al., 1989; Dehouck et al., 1997; Balabanov & Dore-Duffy, 1998;
Ballabh et al., 2004b). Pericytes and their modulation of capillary diameter is reviewed by

Hamilton et al., (2010) and is further detailed in Section 1.4.2.1.

Pericytes are present in the cerebrovasculature from as early at 10 weeks gestation, however in
comparison to the cortex and white matter the germinal matrix has fewer pericytes present
during gestation (Povlishock et al., 1977; Braun et al., 2007). Importantly, decreased pericyte
expression could help explain the regional vulnerability of the germinal matrix to haemorrhage,
particularly in pre-term neonates. Al Ahmad and colleagues (2010) set up an in vitro model to
reproduce the interaction of cell types during BBB development. They found, consistent with in
vivo studies, pericytes play an important role in the development and maintenance of the BBB.
Hori et al., (2004) also suggest that in vitro pericyte expression of angpt-1 in important for

maintaining BBB integrity via increased expression of occludin.

1.2.3.5 Basement membrane

The basement membrane (also commonly referred to as the basal lamina) exists between
endothelial cells and astrocytes (del Zoppo & Mabuchi, 2003). Functionally, it is important in
protecting the brain from extravasation of protein rich fluids and blood components into the
parenchyma (Hamann et al., 1996; Scholler et al., 2007). The basement membrane is composed
of collagens, non-collagen glycoproteins (including laminin, fibrinogen), glycosamineglycans
and proteoglycans (heparin sulphate). A direct consequence of the binding of collagen IV and
laminin is the tissue support it provides the basement membrane (Charonis et al., 1985;
Yurchenco & Schittny, 1990; Hamann et al., 1995; Lukes et al., 1999; Jakobsson et al., 2008).
Ment et al., (1991) suggested that basement membrane proteins (laminin and collagen 1V) are
important in providing structural integrity to blood vessels, particularly in the germinal matrix
(subventricular zone) to prevent rupture. Changes in expression are also seen to occur following

ischemia (Section 1.3.2).
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Laminin

Laminin is a non-colleganous constituent of the basement membrane and during development is
an indicator of vascular maturation (Timpl et al., 1979; Risau & Lemmon, 1988). It separates
endothelial cells from other brain cells and is made up of a family of heterotrimeric
glycoprotein, containing one of 5a, 3 or 3y chains, with a-chains being highly bioactive and
important in vascular development (Veltkamp et al., 2006; Jakobsson et al., 2008). Normally
laminin expression is confined to the basement membrane; however during development
laminin expression is induced by endothelial cells and precursors of neurons and glia and in
response to injury by reactive astrocytes (Liesi et al., 1984; Liesi, 1985; Wagner et al., 1997).
Maturation of blood vessels is also associated with an up-regulation of laminin signalling and
expression during angiogenesis (Risau & Lemmon, 1988; Milner & Campbell, 2002). Xu et al.,
(2008) measured laminin a1, 04 and a5 isoforms in germinal matrix, gray and white matter of
both human tissue and rabbit pups and found regional, developmental regulation of expression

for each isoforms (germinal matrix greater expression for al).

Collagen IV

Collagen IV is derived from a triple helical molecule, [al(IV), ,02(IV)] and is present at similar
levels to laminin (Sanes et al., 1990; Yurchenco & Schittny, 1990; Ment et al., 1991). Collagen
IV plays a fundamental role in the maintenance of integrity and function particularly when there
is increased metabolic demand (Poschl et al., 2004). Studies from knockout mice suggest
collagen 1V does not appear to be important until embryonic day 10, while other studies indicate
it is important earlier in development, possibly influencing neurite outgrowth (Laurie et al.,

1980; Poschl et al., 2004).

Fibronectin

Fibronectins are a family of glycoproteins that are another important constituent of the basement

membrane and promote endothelial cell adhesion, migration and organisation of the
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cytoskeleton (Wang & Milner, 2006). Integrins are extracellular matrix receptors, aSp1
(important postnatally) and avp3 are important during angiogenesis and in fibronectin signalling
(Wang & Milner, 2006). Fibronectin is expressed highly during developmental angiogenesis

and is essential during embryogenesis (George et al., 1993).

1.2.3.6 Blood-brain barrier transport

Glucose transporter-1 (GLUT-1)

Glucose transporter (Glut)-1 is one of the earliest markers of a functionally competent BBB,
expressed once blood vessels begin sprouting, and is strongly expressed in endothelial cells with
low expression seen in pericytes (Virgintino et al., 1998; Virgintino et al., 2000; Engelhardt,
2003). Glucose transport is mediated by a family of glucose transporter proteins (Glut) 1 — 7. In
the brain, Glut-1 and Glut-3 mediate glucose transport (Pardridge et al., 1990; Pessin & Bell,
1992; Maher et al., 1993). Early in human fetal development, between 12 to 18 weeks of
gestation, Glut-1 expression increases (Virgintino et al., 1998). Dermietzel et al.,(1992) also
suggests as the BBB matures, endothelial Glut-1 expression decreases and non-vascular Glut-1
and Glut-3 (neuronal) increase expression to allow for adequate glucose utilisation, as seen in

the postnatal rat (Vannucci et al., 1994).

1.3 CONSEQUENCE OF HYPOXIA ON THE CEREBROVASCULATURE

During development any perturbations, such as hypoxia, can significantly alter the expression of
key angiogenic genes and could result in an inadequately functioning vasculature. This can
contribute to the pathogenesis of brain injury, however the response could also be
neuroprotective. The consequence of hypoxia on the cerebrovasculature in the developing fetus
has not been widely investigated. Much of what we know is from adult rodent studies and is

detailed below.
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1.3.1 Hypoxia induced angiogenesis

In the adult, hypoxia induced angiogenesis occurs in an attempt to increase vascularisation to
increase oxygen supply to deprived tissue (Shweiki et al., 1993). This process occurs in tumour
growth (Kim et al., 1993; Breier & Risau, 1996; Banerjee et al., 1997; Breier, 2000) as well as
during wound healing (Bates & Jones, 2003; Otrock et al., 2007), diabetic retinopathy (Boulton
et al., 1998; Aiello, 2005) and following stroke (Krupinski et al., 1994; Zhang et al., 2000; del
Zoppo & Mabuchi, 2003). Neovascularisation and vascular remodelling is a tightly regulated
process and in the brain, there is a complex interplay of multiple genes (hypoxia inducible
factor-1 (HIF-1a), VEGF and erythropoietin (Epo) expressed by different cell types (Marti et
al., 2000b). Following stroke, regions of high angiogenesis have also been correlated with
increased neuronal survival (Krupinski et al., 1994). Although hypoxic induced angiogenesis is
thought to be a protective response, in many cases, there are associated detrimental effects that
can occur (such as alterations in BBB permeability, discussed in 1.3.3). Widely investigated in
the adult, the consequence of this occurring in the neonatal brain and whether it could explain

possible regional protection or vulnerability are yet to be determined.

1.3.1.1 Hypoxia inducible factors

In response to hypoxia, HIF-1, a key regulator of oxygen homeostasis is transcriptionally
activated to improve oxygen availability (Semenza, 2009b). Increased HIF-1a also contributes
to increased expression of angiogenic genes including; VEGF, angpt-2, PDGF-B and placental
growth factor (Fan et al., 2009; Semenza, 2009b). Composed of o and B subunits, once in the
nucleus, HIF-1a dimerises HIF-1p and binds to target genes (including Epo and VEGF) at the
hypoxia response element (Semenza, 2009b). Three alpha isoforms exist; HIF-1a, HIF-2a, HIF-
3a although less is known about the actions of the latter 2. HIF-1a is expressed in many cell
types throughout the body whereas expression of HIF-2a is restricted to vascular endothelial

cells (Wiener et al., 1996; Semenza, 2009b; Skuli et al., 2009).
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During embryonic and brain development physiological hypoxia stimulates vasculogenesis and
angiogenesis, this is mediated by HIF (Trollmann & Gassmann, 2009). HIF-1a knockout mice
exhibit an open neural tube, impaired erythropoiesus and are embryonic lethal by embryonic
day 8.5 (lyer et al., 1998; Semenza, 2009a) HIF-2a endothelial deletion shows normal
development but increased vascular permeability, and decreased angpt-2 expression and
angiogenesis (Skuli et al., 2009). It is therefore suggested that in endothelial cells, HIF-1o may
be important for proliferation, metabolism and survival, HIF-2a could trigger cell migration,

adhesion and vascular integrity (Skuli & Simon, 2009), summarised is Figure 1.10.

Following hypoxia in the neonatal brain, HIF-1a predominantly accumulates in neurons first as
they are oxygen sensing cells and most sensitive to fluctuations in oxygen. This can result in
apoptotic and/or necrotic neuronal death, but sustained high expression of HIF-1a in neurons
has been shown to be protective and anti-apoptotic (Fan et al., 2009; Trollmann & Gassmann,
2009). Inhibiting HIF-1a soon after hypoxia-ischemia has been shown to decrease infarct size,

attenuate BBB permeability changes and neuronal death in neonatal rats (Chen et al., 2008).

HYPOXIA

HIF-1a HIF-2a

N 2 W el s

VEGF Angpt-1 | Angpt-2 VEGFR-1
VEGFR-2

Proliferation Migration

Metabolism Adhesion
Survival Vascular Integrity

Figure 1.10: Schematic diagram of endothelial cell responses to hypoxia. Suggested responses of
HIF-1o and HIF-2a in endothelial cells from studies in the lung, heart and brain. Adapted from Skuli et
al., (2009), Skuli and Simon (2009).

1.3.1.2 Implications of VEGF

The response of VEGF following hypoxia and/or hypoxia-ischemia has been widely studied in

the adult (Cobbs et al., 1998; Lennmyr et al., 1998; Plate et al., 1999; Marti et al., 2000b;
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Zhang et al., 2000; Zhang et al., 2002b; Sun et al., 2003) and to a lesser extent in the developing
fetus (Arai et al., 1998; Mu et al., 2003; Kaur et al., 2006a; Aly et al., 2009). As previously
described, a potent stimulator and key transcriptional regulator of VEGF expression is HIF-1a
(Forsythe et al., 1996; Marti & Risau, 1998). However, it was recently observed that following
hypoxia astrocytic expression of VEGF is not entirely HIF-1a dependant (Schmid-Brunclik et
al., 2008). Up-regulation of VEGF following hypoxia has also been seen to be mediated by
peroxisome-proliferator-activated receptor-gamma coactivator-lalpha (PGC-1a), and this is
independent of HIF-1a (Arany et al., 2008). Hypoxia induced VEGF expression in the brain can
have both neuroprotective and neurotoxic actions (Figure 1.11; this has been reviewed by
several authors (Carmeliet & Storkebaum, 2002; Skold & Kanje, 2008; Hermann & Zechariah,

2009) and is briefly summarised below.

Neurotoxic actions of VEGF

Increased circulating serum VEGF from umbilical cord blood of infants who had experienced
birth asphyxia was strongly correlated with hypoxic-ischemic encephalopathy and lower Apgar
scores (Aly et al., 2009). Arai et al., (1998) also found increased astrocytic and endothelial
expression of VEGF in the foci of necrosis in infants who suffered PVL. From postnatal rat
studies of either hypobaric (chronic or acute) hypoxia or middle cerebral artery occlusion
(MCAO), increased VEGF expression was seen as quickly at 3 hours following the insult to
being sustained for up to 7 days (Ment et al., 1997; Ogunshola et al., 2000; Mu et al., 2003;
Kaur et al., 2006a). Following hypobaric hypoxia, high VEGF expression is seen with high
eNOS, iNOS and, nNOS expression suggesting vasodilation and possibly excitotoxicity (Kaur
& Ling, 2009). Astrocytic and neuronal expression of VEGF is high following hypoxia when
compared to normoxic controls, high neuronal VEGF expression following hypoxia is also seen

in the adult (Marti & Risau, 1998; Ogunshola et al., 2000).

The most profound consequence of increased VEGF expression is the increased permeability

that leads to the leakage of harmful substances into the brain parenchyma and possible
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vasogenic oedema (Schoch et al., 2002; Kaur et al., 2006b). In adult models of global hypoxia,
focal cerebral ischemia and brain trauma, increased BBB leakage was associated with acute up-
regulation of VEGF (Nag et al., 1997; Zhang et al., 2000; Schoch et al., 2002; Zhang et al.,
2002b; Kaur et al., 2006b). Astrocytic expression of VEGF is suggested to contribute to BBB
leakage (Schmid-Brunclik et al., 2008). This is discussed in further detail in Sections 1.3.3 and

Figure 1.12.

Intravenous administration of VEGF in the newborn mouse has also shown to open the BBB
within 2 h (Young et al., 2004). VEGF has a direct action on endothelial cells and pericytes,
where by pericytes have been implicated in exacerbating disruption of the BBB (Hippenstiel et
al., 1998; Yamagishi et al., 1999; Al Ahmad et al., 2009; Thanabalasundaram et al., 2010).
Following hypoxia pericytes are the first cells to respond by migrating and producing factors
such as VEGF which are thought to contribute to vascular instability (Gonul et al., 2002; Al
Ahmad et al., 2009; Thanabalasundaram et al., 2010) The involvement of VEGF and tight
junctions, Z0O-1 and occludin has been investigated in vitro. In brain microvascular endothelial
cells, disruption and disassembly of tight junction proteins occluding and ZO-1, and regulation
of occludin is VEGF mediated (Wang et al., 2001). Fischer et al., (2002) also found that VEGF

mediates changes in ZO-1 expression following hypoxia.

Neuroprotective actions of VEGF

Hypoxia induced angiogenesis occurs in an attempt to increase vascularisation, to increase
cerebral blood flow and oxygenation in ischemic tissue. VEGF can increase the survival of
endothelial cells as well as stimulate and sustain neurogenesis and inhibit apoptosis (Gora-
Kupilas & Josko, 2005). Schmid-Brunclik and colleagues (2008) also found that following

hypoxia VEGF contributes to astrocyte proliferation and survival.

Experimental studies from the adult brain suggest that the ‘early’ up-regulation (between 1 - 3 h

post-MCAO) of VEGF could be associated with alterations in BBB permeability and contribute
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to exacerbating injury. The neuroprotective actions of VEGF including neovascularisation and
neuronal protection are more likely to occur in the days (after 48 h) following hypoxia
(MCAO), when both VEGF and VEGFR-2 have been shown to be up-regulated (Marti et al.,
2000b). Most interestingly it is studies that use VEGF treatment that show the best
neuroprotective outcome. In both neonatal and adult models following hypoxia,
intracerebroventricularly injection of VEGF resulted in reduced gross brain injury, subsequently
alleviating the decrease in brain weight (i.e. decreased infarct volume), decreased apoptotic cells
without increasing BBB permeability. Both studies suggest this is related to the activation of the

Akt/ERK pathway (Kaya et al., 2005; Feng et al., 2008).

HYPOXIA
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Figure 1.11: Schematic diagram of the effects of VEGF following hypoxia. Following hypoxia,
increased VEGF expression stimulated angiogenesis leading to increase vascularisation. Increased VEGF
expression can have detrimental effects (shown in red) which can lead to oedema and haemorrhage
formation. Beneficial effects of increased VEGF (shown in blue) help stimulate neurogenesis, decrease

apoptosis and are neuroprotective.
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Studies from the neonatal rat following hypobaric hypoxia (Kaur et al., 2006a) and MCAO (Mu
et al., 2003) have found that VEGF is unregulated leading to increased vascular permeability as
well as being a possible neuroprotectant. The response of VEGF following an in utero hypoxic
insult such as UCO in late gestation fetal sheep has not been investigated. One of the primary
aims of this thesis is to investigate VEGF following UCO and the implications (protective or
detrimental) this can have on the developing fetal brain. More specifically, the response of the
vascular morphology (Chapter 3), and VEGF hours (24 and 48 h — Chapter 4) to days (up to 14

days — Chapter 5) after UCO in the late gestation fetal sheep brain.

1.3.1.3 Erythropoietin

Another key hypoxia inducible gene is Epo which, following hypoxia, is increasingly important
for regulating red blood cell production to increase the capacity of red blood cells to transport
and ultimately increase oxygen supply (Marti, 2004; Fan et al., 2009). Hypoxic up-regulation of
Epo is regulated by HIF-1a, however, growing evidence suggests HIF-2a may also play a
significant role is transcriptionally regulating Epo expression in the brain in vivo and in cultured
astrocytes in vitro (Chavez et al., 2006; Yeo et al., 2008; Fan et al., 2009). Epo is widely
expressed in the brain by astrocytes, neurons, microglia and endothelial cells (Bernaudin et al.,
1999; Marti, 2004; Castillo-Melendez et al., 2005). Following cerebral ischemia, endothelial
cells are the first to increase Epo expression (Bernaudin et al., 1999), which could implicate
Epo as being important for the vasculature following hypoxia. More recently it has been
reported that Epo mediated angiogenesis can occur by stimulating the expression of VEGF and
its’ receptor on endothelial cells (lwai et al., 2007; Hermann & Zechariah, 2009). In vitro, Epo
can modulate angiogenesis by stimulating endothelial cell migration and proliferation

(Anagnostou et al., 1990; Yamaji et al., 1996).

Suggested to be neuroprotective following hypoxia, increased Epo expression has also been
shown to increase anti-apoptotic genes and promote survival in oligodendrocytes, neurons,

astrocytes and microglia (Marti, 2004; Fan et al., 2009). Treatment with recombinant human
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Epo following focal hypoxia-ischemia in neonatal rats results in enhanced revascularisation,
neurogenesis, endothelial cell and neuronal survival and increased Glut-1, Tie-1 and angpt-2
expression which resulted in enhanced neurovascular unit repair (lwai et al., 2007; Keogh et al.,

2007).

1.3.1.4 Angiopoietins

There is a close interaction between VEGF and angpt (-1 and -2) expression following hypoxia.
Down regulation of angpt-1, important for blood vessel stabilisation occurs in response to
hypoxia, and this correlates with increased BBB permeability and vascular leakage (Zhang et
al., 2002b; Valable et al., 2005). Whether vascular remodelling or regression occurs following
cerebral ischemia in the adult (rat) is dependent upon the presence of VEGF. Increased angpt-2
and VEGF expression by blood vessels promotes vascular growth; however regression occurs in
the absence of VEGF (Beck et al., 2000). Persistent up-regulation of Tie-1 and Tie-2, the angpt
receptors, occurs for up to 2 weeks following MCAO and this correlates closely with increased
angpt-1 and angpt-2 expression resulting in neovascularisation (Lin et al., 2000; Lin et al.,
2001). However, increased angpt-2 expression can also persist with no change in angpt-1 or
Tie-2 expression seen to occur following MCAO or chronic hypobaric hypoxia in the adult rat

(Beck et al., 2000; Pichiule & LaManna, 2002).

Interestingly, treatment with dexamethasone in vitro was seen to increase angpt-1 expression
and decrease VEGF in astrocytes and pericytes. However, endothelial cells showed no change
in expression following dexamethasone treatment in angpt-1, -2 or VEGF expression (Kim et
al., 2008). The implications of this study suggest that dexamethasone, a glucocorticoid routinely
used to mature preterm lungs (Halliday et al., 2009) could possibly have beneficial effects for

the premature and vulnerable brain.
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1.3.2 Degradation of basal lamina

Degradation of laminin is consistent with disruptions of the BBB (Figure 1.12) and can
contribute to oedema formation and haemorrhage (del Zoppo & Mabuchi, 2003; Veltkamp et
al., 2006). Degradation of the basal lamina following hypoxia (Figure 1.12) is due to
plaminogen-plasmin system and matrix metalloproteinase (MMP) 2 and 9. MMPs belong to a
family of proteins that control tissue degradation (Hamann et al., 1995; Burk et al., 2008).
Following hypoxia-ischemia, MMP-9 is upregulated, and being a substrate of laminin, is
thought to correlate with laminin degradation (Zalewska et al., 2002). Following ischemia,
decreased collagen 1V is associated with increased infarct volume and changes in BBB
permeability (Hamann et al., 1995; Hamann et al., 2002; Scholler et al., 2007). However
another basement membrane constituent fibronectin and its’ a5B1 integrin receptor are seen to
be upregulated by endothelial cells following hypobaric hypoxia in the adult, possibly

highlighting its angiogenic role (Milner et al., 2008).

1.3.3 Compromise of the blood brain barrier

The severity of oxygen deprivation contributes to the rate of BBB function loss during acute
hypoxic exposure (Al Ahmad et al., 2009). In newborns that developed hypoxic-ischemic
encephalopathy due to perinatal asphyxia, increased BBB permeability was seen to be
correlated with increased malondialdehyde (a marker of lipid peroxidation) and nitrate/nitrite
levels (Kumar et al., 2008). Increased BBB permeability was also observed within 24 h and
persisting for up to 7 days following hypoxia-ischemia in neonatal rats (Yang et al., 2009;
Ferrari et al., 2010). However in a model of hypoxia in the newborn piglet BBB integrity,
measured as permeability to small ions, was maintained (Stonestreet et al., 1992). Interestingly,
maternal treatment with glucocorticoids such as dexamethasone has shown to up-regulate key
tight junctional proteins and decreases BBB permeability in the ovine fetus (Stonestreet et al.,
1999; Sadowska et al., 2010), consistent with in vitro studies that also show endothelial up-

regulation of angpt-1 for treatment with dexamethasone (Kim et al., 2008).
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As previously mentioned (Section 1.3.1.2), increased VEGF expression following hypoxia-
ischemia results in a compromise of BBB permeability. Figure 1.12 summarises the
consequence of hypoxia on the neurovascular unit. Synthesis and release of soluble guanylate
cyclase, NO, tissue type plasminogen activator, prostaglandins (PG) and increased calcium
influx all contribute to changes in vascular permeability (Bates & Curry, 1997; Murohara et al.,
1998; Mayhan, 1999; Yang et al., 2009). Following hypoxia and brain injury (trauma), BBB
leakage triggers the activation of astrocytes, corresponding with an increase in AQP4, an
astrogilal water channel which facilitates water in and out of the brain, this response could
contribute to formation of oedema (Papavassiliou et al., 1997; Kaur et al., 2006b; Ferrari et al.,

2010).
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VEGFR-1,-2
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Figure 1.12: Schematic cross section of the consequence of hypoxia on the neurovascular unit.
Following hypoxia, astrocyte end-feet become swollen, basement membrane degradation occurs,
pericytes may migrate away and the opening of tight junctions occur resulting in the changes in BBB
permeability leading to extravasation of serum albumin into the brain parenchyma (Kaur & Ling, 2008).
A Licence Agreement from the publisher (Bentham Science) for permission to adapt this figure has been

attained.
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Disruptions in BBB permeability, elevation in mean arterial blood pressure and subsequent
accumulation of water content into the brain parenchyma all contribute to the formation of
vasogenic oedema (Kuroiwa et al., 1985; Klatzo, 1987). Two forms of oedema exist; cytotoxic
oedema and vasogenic oedema. Cytotoxic oedema is swelling of cellular elements and is
suggested to occur in severe cardiovascular and hypoxic collapse seen following pneumothorax
(Temesvari et al., 1984; Klatzo, 1987). Vasogenic oedema is associated with increased vascular
permeability, retention of water and entry of serum proteins into the brain parenchyma (Klatzo,

1987).

1.4 CEREBRAL BLOOD FLOW

In response to hypoxia, angiogenesis ultimately attempts to improve oxygen supply by
providing a greater vascular network to allow for increased cerebral blood flow. Interestingly,
during reperfusion regions of increased cerebral blood flow have also been seen to correlate
closely with areas undergoing angiogenesis (Lin et al., 2001). It is therefore important that
whilst understanding the pathogenesis of brain injury we also understand the alterations of
cerebral blood flow that may occur that can either contribute to or protect against injury.
Cerebral blood flow is closely coupled with metabolic demand, and the delivery of oxygen is
dependent on the rate of cerebral blood flow, oxygen content and consumption (Ashwal et al.,
1984; Pearce, 2006). Glucose is a major metabolite of the brain and provides 50 — 70% of

oxidative metabolic needs in the fetus (Richardson & Bocking, 1998).

1.4.1 Cerebral autoregulation

Cerebral autoregulation refers to the ability to regulate and maintain a constant cerebral blood
flow despite fluctuations in mean arterial blood pressure (Papile et al., 1985). Immature fetal
sheep (92 days gestation) show a decreased capacity to regionally autoregulate in response to

increased intracranial pressure and cerebral perfusion pressure. However, by the last third of
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gestation fetal sheep appear to have a better cerebral autoregulatory capacity, between 30-78

mmHg (Ashwal et al., 1984; Helou et al., 1994).

1.4.2 Modulators of cerebral blood flow

Cerebral blood vessels are innervated by both extrinsic and intrinsic neurons. Extrinsic
innervation originates from the peripheral nervous system and makes synaptic contact with
large blood vessels. Sympathetic nerves release noradrenaline and neuropeptide Y to elicit
contractile effects and shift the upper limit of cerebral autoregulation. Parasympathetic nerves
release vasoactive intestinal peptide, acetylcholine and NOS to dilate blood vessels. Trigeminal

nerves are also important in restoring vascular tone following ischemia (Hamel, 2006).

Numerous factors contribute to the modulation of cerebrovascular tone. In response to neural
activity astrocytes and interneurons can regulate cerebral blood flow (Hamel, 2006).
Neurotransmitters, peptides and free radicals that can control cerebral blood flow include; PG,
NO, adenosine, catecholamines and potassium induced vasodilation (endothelium derived
hyperpolarising factor), some of these are discussed below. Figure 1.13 details the interplay

between ROS generation and modulation of cerebral vascular tone.

1.4.2.1 Pericytes

Pericytes are sensitive to alterations O, and CO, levels suggesting they have the capacity to
modulate capillary diameter, however this is a relatively new concept that has been very
recently reviewed by Hamilton et al., (2010). Briefly, pericytes act as contractile cells and based
on their morphology and location (close contact with the basement membrane and endothelial
cells) has the capability to modulate vascular tone. In vitro, decreased pH can result in pericyte
dilation and in the presence on noradrenalin, pericyte constriction can occur (Chen & Anderson,

1997; Peppiatt et al., 2006; Hamilton et al., 2010).
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Pericyte contraction is suggested be controlled by intracellular calcium (depolarisation), and
dilation can occur by hyperpolarisation of potassium channels (Sakagami et al., 1999; Sakagami
et al., 2001; Hamilton et al., 2010). Finally, following ischemia (and traumatic brain injury)
pericytes have been seen to migrate away from the vessel wall, coinciding with hypoperfusion
(Takahashi et al., 1997; Dore-Duffy et al., 2000; Gonul et al., 2002; Melgar et al., 2005;
Hamilton et al., 2010). What is known about the role that pericytes play in modulating
cerebrovascular tone is limited, most studies have been done in vitro and in the retina, so the

implications this could have in the brain following hypoxia need to be further investigated.

1.4.2.2 Nitric Oxide

The activity of NOS is developmentally regulated during gestation (from studies in sheep), with
close correlation to neuronal and metabolic activity and in close correlation with increases in
cerebral blood flow (Northington et al., 1997). The production of NO by eNOS has a
fundamental role in regulating blood flow by causing vasodilatation (Figure 1.13), to increase
cerebral blood flow, seen to occur following hypoxia-ischemia (Bolanos & Almeida, 1999;
Rodrigo et al., 2005; Kaur & Ling, 2009). It has also been suggested that increased vascular

permeability induced by VEGF, may be mediated by eNOS (Fukumura et al., 2001).

1.4.2.3 Prostaglandins

Prostaglandins are suggested to mediate NO induced vasodilatation. From in vitro studies,
astrocytes have been seen to express PG and NO, particularly following hypoxia (Mollace et al.,
1997). Blocking PG resulted in no change in cerebral blood flow despite increased NO
production, suggesting PGs are more important in mediating NO vasodilatory effects than NO

production (VanBel et al., 1997).
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Figure 1.13: Reactive oxygen species (ROS) involved in the stimulation of cerebral vasodilation and
vasoconstriction. Superoxide (0O2e-) is produced by nicotinamide-adenine dinucleotide phosphate
(NADPH) and xanthine in the mitochondria. O2e- itself has vasodilatory effects, and can form many
reactive molecules following further reactions, These molecules have predominate vasodilation effects,
including isoprostanes, hydrogen peroxide (H,0,), hydroxyl radical (OHe=-) and perioxinitrite (ONOO-).
To a lesser extent (shown by dotted lines), O2- can cause vasoconstriction. arachidonic acid (AA);
superoxide dismutase (SOD); glutathione peroxidise (GPx); endothelial NOS (eNOS). (Faraci & Heistad,
1998; Paravicini et al., 2004).

1.4.2.4 Adenosine

Adenosine is a neuroprotective vasodilator, important in maintaining oxygen supply to oxygen
demand. In response to hypoxia and during periods of decreased nutrient supply adenosine
(both plasma and cerebral) concentrations increase (Kubonoya & Power, 1997; O'Regan, 2005).
Adenosine is also involved in the suppression of cortisol production (Chau et al., 1999; Jensen
et al.,, 2010) From studies in near-term fetal sheep, adenosine has been shown to increase
cerebral blood flow following hypoxia and inhibit fetal breathing movements (FBM; Section
1.4.4.1) (Koos et al., 2001; Blood et al., 2002; Koos et al., 2002; Watson et al., 2002; Blood et

al., 2003). Meininger et al., (1988) also suggest that following hypoxia in vitro, adenosine
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stimulates endothelial cell proliferation and migration thereby also acting as a stimulator of

angiogenesis.

1.4.3 Consequence of hypoxia

Although brain regions develop a greater oxygen sensing ability with advancing gestation,
studies in the near term fetal sheep brain suggest regional responses exist, and white matter
vulnerability may still have an incomplete autoregulatory capacity (Szymonowicz et al., 1988).
Following hypoxia or hypoxemia, initially cerebral blood flow increases in an attempt to sustain
oxygen supply and demand, and this is seen in both immature and near term fetal sheep (Ashwal
et al., 1980; Ashwal et al., 1984; Bocking et al., 1988; McCrabb & Harding, 1995; Bennet et
al., 1998). Hypercapnia also results in increased cerebral blood flow, however it has been
suggested that the effects of hypoxia and hypercapnia are independent rather than synergistic
(Shapiro et al., 1966; Ashwal et al., 1984; Massik et al., 1989). Studies using near infrared
spectroscopy in near term fetal sheep suggest that during asphyxia blood flow drops, and then
increases once asphyxia (10 min UCO) has completed (Bennet et al., 1998), however when
using microspheres, an increase in regional cerebral blood flow occurs during UCO (Yan et al.,

2009).

Ischemia occurs when there is decrease of available oxygen to the tissue. It is complex and
involves a multi-factorial physiological response, where the ischemic core can respond
differently to the surrounding ischemic tissue (Kulik et al., 2008). During ischemia in preterm
fetal sheep, regional cerebral blood flow decreases and during reperfusion cerebral blood flow
increases (McClure et al., 2008). Figure 1.14 summarises how fluctuations in cerebral blood

flow can contribute to brain injury in the developing fetus.

1.4.4 Fetal behavioural states

Cerebral blood flow and electrocortical (ECoG) activity are closely linked; a 22% increase in

cerebral blood flow occurs during low voltage (LV) activity when compared to high voltage
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(HV). Increased cerebral temperature is also associated with HV activity (refer to Table 1.1;

(Rankin et al., 1987; Abrams et al., 1990; Abrams et al., 1991).
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Figure 1.14: Schematic diagram of proposed contributing factors to cerebral haemorrhage and
ischemia. Systemic hypoxia (decreased pO,), hypercapnia (increased pCO,) and hypertension contribute
to increased cerebral blood flow (CBF), leading to haemorrhage. Increased venous pressure, hyperoxia
(increased pO,), hypocapnia (decreased pCO,) and hypotension leading to decreased CBF result in
ischemia. Adapted from (Wigglesworth & Pape, 1978). A Licence Agreement from the publisher

(Elsevier) for permission to adapt this figure has been attained.

Fetal behavioural states describe the FBM, ECoG, electro-ocular (EOG) and postural (nuchal)
muscle activity (EMG - nuchal) that develop during gestation. They are present before birth in
species that have significant in utero brain development, such as humans, monkeys and sheep
(Clewlow et al., 1983; Lamblin et al., 1999; Morrison et al., 2005; Andre et al., 2010).
Electrocortical activity is electrophysiologically similar to rapid and non-rapid eye movement
states characterised in the human (Morrison et al., 2005). Much of the research into the
understanding into the development and responses to in utero stressors of fetal behavioural

states has been conducted in monkeys and chronically catheterised fetal sheep.

Clewlow et al., (1983) investigated the maturational changes and relationship between these
four parameters from 95 — 135 days GA (term is ~145 days) in fetal sheep. It was found that by

120 days ECoG activity was differentiated into HV and LV states. LV amplitude was also
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associated with relaxation of nuchal muscles, rapid EOG and diaphragm activity (Jost et al.,

1972; Clewlow et al., 1983). Table 1.1 summarises activity in each state.

Table 1.1: Fetal behavioural states. Comparison of LV/REM and HV/NREM in fetal sheep (Jost et al.,
1972; Clewlow et al., 1983; Rankin et al., 1987; Abrams et al., 1990)

Low-Voltage/REM High-Voltage/NREM
ECoG - Amplitude Low-Voltage High-Voltage
ECoG - Frequency Fast Slow
EOG Present Absent
Nuchal Muscle Atonia Tone
FBM Present Absent
Cerebral Blood Flow Increase Decrease
Cerebral Metabolism Increase Decrease
Cerebral Temperature Decrease Increase
Mean Arterial Pressure Low High
Heart Rate Low High

During pregnancy numerous factors can influence ECoG activity and the incidence of fetal
behavioural states including hypoxia (see Section 1.4.5) and hormones. Suppression of arousal
occurs during increased maternal progesterone and increased expression of progesterone
metabolites such as allopregnanolone, that works on the GABAA receptor (Crossley et al., 1997;

Nicol et al., 1997; Yawno et al., 2010).

1.4.4.1 Fetal breathing movements

Studies from the fetal sheep have shown that FBM readily occur in the presence of LV ECoG
and ocular muscle activity (Table 1.1). With advancing gestation, FBM become episodic,
vigorous and longer in duration, however no change in amplitude of breathes are seen. FBM are
also seen to readily occur in the presence of LV ECoG and ocular muscle activity (Dawes et al.,

1972; Boddy et al., 1974; Clewlow et al., 1983; Baier et al., 1992). Breathing activity is also
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closely associated with increase fetal O, demand (Rurak & Gruber, 1983). Control of FBM
occurs at the level of the brainstem, the upper pons is associated with controlling the incidence

of FBM and co-ordinating with LV-ECoG (Dawes et al., 1983).

1.4.5 Hypoxia and fetal behavioural states

From experiments in fetal sheep, severe hypoxia results in a suppression of ECoG activity
following UCO (Kawagoe et al., 1999a; Yan et al., 2009). Reduction in uterine blood flow and
hypercapnia also result in cessation of nuchal and ocular activity (Boddy et al., 1974; Bocking
& Harding, 1986). Hypoxia and hypoxemia also change the incidence and amplitude of FBM,
which indicate possible injury in the brainstem regions that control FBM (Clewlow et al., 1983;
Dawes et al., 1983; Bocking & Harding, 1986; Gluckman & Johnston, 1987; Bissonnette et al.,
1989). However the subsequent consequences of these alterations following birth have not been

well investigated.

Fetal monitoring techniques are limited to assessing heart rate variability with fetal body and
breathing movements (Bocking, 2003). Therefore investigating the fetal and newborn
behavioural responses in late gestation unanaesthetised fetal sheep provides a functional

assessment of the consequence of UCO; this is the aim for the studies detailed in Chapter 6.
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1.5 SUMMARY

Many of the previous studies have focussed on the consequences of a focal ischemic insult
(such as MCAO) on the cerebrovasculature of the adult. These studies have adequately detailed
the complex but increasingly important influence of blood vessels, in particular the implications

of VEGF, on the pathogenesis of injury following hypoxia-ischemia.

Currently the understanding of the pathogenesis of perinatal brain injury has concentrated on
excitotoxicity, oxidative stress and the neuroinflammatory response, with the contribution of the
vasculature being vastly overlooked. The response of the cerebrovasculature, including the
expression of growth factors such as VEGF, changes in BBB permeability, angiogenesis and
alterations in blood flow could explain both the reasons for regional susceptibility and the
mechanisms that contribute to neuroprotection or injury. The response of cerebral blood vessels
may also influence other cells such as neurons, astrocytes or oligodendrocytes. However,
whether the developing fetal brain, which has an inherent regional vulnerability, responds in
such a way, has not been well investigated. Importantly the studies in this thesis aim to
investigate the response of the cerebrovasculature following a ‘global’ hypoxic insult and the

consequences this may contribute to the incidence of brain injury in late gestation.

1.6 RATIONALE

In the term fetal brain cortical injury is more common than white matter injury, with the
occurrence of haemorrhage presenting predominantly in subcortical regions, in comparison to
intraventricular haemorrhage in the preterm neonate (Van den Broeck et al., 2007). Clinical
studies of full term infants have found that the perinatal period is the most important in
contributing to the presentation of hypoxic-ischemic encephalopathy (p7, para 1). Obstetric
complications that result in a global fetal hypoxia that may lead to fetal brain damage are

difficult to detect, and the incidence of such in utero complications may be significantly
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underestimated. Furthermore, the contribution of such complications to neonatal brain injury are

not well understood.

Following hypoxia-ischemia in the adult brain, VEGF, a key hypoxia-responsive angiogenic
factor, has been suggested to play a role in instigating cerebrovascular injury, as well as having
possible neuroprotective actions. However, whether VEGF is important in the highly dynamic
developing fetal brain following a hypoxic insult has not been well investigated (p14 para 2).
Clinical evidence showing high VEGF expression in the foci of necrosis in neonates presenting
with PVL (Arai et al., 1998), and studies by Ballabh et al., (2004a, b; 2010) in pre-term
newborn humans and rabbits strongly suggest that understanding the response of cerebral blood
vessels during development will increase our understanding of why there is a regional

vulnerability of the brain to injury.

The use of mid gestation fetuses would be optimal to investigate preterm brain injury, however
for this thesis the late gestation fetal sheep was chosen which has brain development
comparable to the near term human fetal brain (p7). As mentioned above, the term infant is
vulnerable to cortical injury and subcortical haemorrhage following hypoxia. Therefore, a
model of global fetal hypoxia in pregnant sheep was also chosen, where a single bout of
reversible umbilical cord occlusion (UCO) for 10 minutes results in a systemic response on the
grounds that this is an event that can happen in utero in the third trimester. Previous studies
using a single UCO for 10 minutes in late gestation fetal sheep have found significant
alterations in cerebral blood flow, cerebral metabolite and lipid peroxidation production
(Mallard et al., 1994; Miller et al., 2005; Yan et al., 2009). Epo, a hypoxia sensitive gene was
also seen to be up-regulated following UCO (Castillo-Melendez et al., 2005), thereby
continuing on from these findings we wanted to investigate the expression of another hypoxic
sensitive gene, VEGF and the possible consequences it may also have in the near term brain.
These previous studies were also relatively a short-term follow up (up to 48 h) following UCO.

Therefore, some of the experiments in this thesis allowed for investigation of the impact this

49



Chapter 1

may have had on the fetal brain (p36 para 1), up to term, and also investigated the effects on

both fetal and postnatal behaviour (p47).

1.6.1 Aims

Specifically, it is the aims of this thesis to:

e Characterise changes in cerebral vascular morphology in the late gestation fetal sheep
following UCO.

o Investigate the expression and distribution of VEGF in the fetal brain in the hours (24 h
and 48 h) and days prior to birth following UCO.

o Determine if changes in VEGF expression in the near term fetal sheep brain are
associated with an angiogenic response and/or alterations in the blood-brain barrier
(BBB) permeability.

e Investigate whether a consequence of brief UCO has a profound or persisting effect on

both fetal and postnatal behaviour.

1.6.2 Hypotheses

(1) From previous studies in the adult and neonatal rodent, it is hypothesized that following a global
fetal hypoxia that cerebral blood vessels will show regionally-specific morphological changes and
expression of key angiogenic proteins, that could better contribute to the understanding of the

pathogenesis of perinatal brain injury.

(2) The effect of a brief global hypoxia on the fetal brain will be to significantly change CNS

activity, and this will be revealed by changes in both fetal and neonatal behaviour.
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GENERAL METHODS
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To help understand the pathogenesis of clinical conditions in humans, animal models are widely
used to overcome ethical and technical issues. Animal models are commonly used in fetal and
neonatal physiology to understand normal brain development, and the mechanisms which
underlie perinatal brain injury and these include mice, rats, rabbits, pigs, sheep and monkeys.
Any animal one may choose for experiments has strengths and limitations, and is dependent on
the question one aims to answer. Length of gestation, maternal and fetal body size, organ

development and basic physiology all need to be taken into consideration.

The use of rodents in perinatal research allows for a large sample size and provides a wide
availability of antibodies to be used; however mice and rats are “postnatal brain developers”
(Dobbing & Sands, 1979) so the timing of insults is usually given after birth. Recently, rabbit
Kits have been used; utilising imaging and behavioural measurements to investigate brain injury
that results in a cerebral palsy like condition (Derrick et al., 2004). Larger animal models (pigs,
sheep and llamas) are used as they have a long gestation and are perinatal brain developers

(similar to humans), however smaller group sizes are usually obtained.

Chronically instrumented fetal sheep are a widely characterised and used model to study the
developing fetus. The pregnant ewe tolerates surgery well, the fetus can be catheterised and
implanted with blood flow probes and electrodes, and these allow for long term experiments to
be conducted. Although there are anatomical and physiological differences with humans, fetal
sheep allow for both insult (e.g. infection, hypoxia or growth restriction) and responses (e.g.

blood pressure, blood flow and electrocortical activity) to be investigated in utero.

Brain development in the ovine fetus has been characterised as mature at birth (~146 days
gestational age (GA); 0.65 GA and 0.9 GA are deemed equivalent to 24 — 26 weeks and 37 — 42
weeks in the human, respectively (McCrabb & Harding, 1995; Hagberg et al., 2002; Back et al.,
2006). Fetal sheep also develop clear patterns of electrocortical activity late in gestation, similar

to humans. For these reasons, the pregnant sheep model has been used in this thesis.
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2.1 ETHICS CLEARANCE AND ANIMAL WELFARE

All animal experimentation obtained prior approval from the School of Biomedical Sciences
Animal Ethics Committee. All animal handling, care and use of animals for experimentation
followed the National Health and Medical Research Council (NHMRC) Australia Code of
Practice for the Care and Use of Animals for Scientific Purposes. Procedures associated with
minimum pain and/or distress were used. Any abnormal physical or physiological symptoms

were inspected by a veterinary specialist and treated under specific instructions.

Time mated Merino/Border Leicester cross breed pregnant ewes (117 + 3 days GA, term is
~146 + 1 days) were obtained from an approved animal supplier and transported to the
department animal housing facility (Department of Physiology, Monash University) a week
before surgery. This allowed ewes time to adapt to the new environment. Each pregnant ewe
was housed in individual metabolic cages, fed daily with ~ 1 kg of Lucerne-chaff mix and water
provided ad libitum. Food intake and general wellbeing of animals were monitored and
recorded daily. Ewes were kept under a constant environment of 22°C and 45 — 55% humidity

with a 12-hour light/dark cycle (lights on at 0700 h, lights off at 1900 h).

Any ewe that did not make a rapid recovery following surgery, or showed signs of severe pain
(such as tooth grinding or altered posture) received additional analgesics and was monitored
closely for the next 24 — 48 h. Any ewe that failed to eat, was deteriorating in condition or not
responding to treatment was assessed by a veterinary specialist and if necessary was humanely
Killed (Section 2.8.1). Since this project was designed to examine fetal responses late in

gestation, all pregnant ewes were closely monitored for signs of labour (Section Ofor details).

55



Chapter 2

2.2 CATHETER PREPARATION

Polyvinyl tubing (Outer diameter (O.D.) 1.52 mm; Inner diameter (1.D.) 0.86 mm, Microtube
Extrusions, Australia) were used as fetal catheters, and cut to 1.5 m length. At one end of the
catheter, a 20 gauge blunt needle (Sherwood Davis and Geck, USA) was inserted after
temporary expansion of the catheter with chloroform (Merck, Germany). Catheters for maternal
vessels and to measure fetal tracheal and amniotic pressures were prepared the same way, but
using a thicker polyvinyl tubing (O.D. 2.5 mm; 1.D. 1.5 mm) and a 15 gauge blunt needle. All
catheters were packaged into a heat sealed sterilisation bag and sterilised by Ethylene Oxide

(EO; Steritech, Australia).

2.3 ELECTRODE PREPARATION

2.3.1 Electrocorticogram

Electrocorticogram (ECoG) electrodes were made prior to surgery and sterilised by EO. A
single length (1 m) of polyvinyl tubing (O.D. 2.5 mm; I.D. 1.5 mm) was cut and threaded with
three strands of insulted stainless steel wire (1.2 m, Cooner Wire Co., Chateworth, CA, USA).
Approximately 5 cm of each length of wire was left extending from one end of tubing, and 15
cm at the other (Figure 2.1 A). The lengths of the wires were secured in the tubing by injecting
silastic sealant (Silastic 732 RTV Sealant; Dow Corning Corporation, Midland, USA) using an
18 gauge needle with a 5 ml syringe. The silastic sealant was left to set overnight. The short end
(5 cm) of each wire was stripped of ~1 cm of insulation using a soldering iron, and soldered into
small gold pins (1 mm diameter; D Crimp pins; RS Components, Clayton, Australia). Two
wires from the long end (15 cm) had a rubber disc (1 mm thick, 5 mm diameter) threaded ~ 2
cm, using an 18 gauge needle, and secured. The ends of these wires were exposed (~ 0.5 cm)
using a soldering iron. The third wire, which was to serve as a ‘common’ electrode, also had ~ 1

cm section exposed so that it would be in contact with the tissue when sewn into the skin.
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2.3.2 Electromyogram and Electro-oculogram

Two strands of insulated stainless steel wires were cut and threaded into the polyvinyl tubing as
described above. The short ends were prepared with gold pins (as above) and the long ends of
electromyogram (EMG) wires were prepared the same as the ground wire of the ECoG (Figure
2.1 B). Two, Two lead EMG electrodes were used to measure nuchal muscle activity and eye

movements (electro-oculargram; EOG).

2.3.3 Piezoelectric ultrasonic probe

A piezoelectric ultrasonic probe (Imm x 1mm, Frequency: 20 mHz, Model: F, lowa Doppler
Products, lowa, USA) were pre-made and ordered from lowa Doppler Products. The probe was
attached to two intertwined stainless steel wires, these were threaded into 1 m of polyvinyl
tubing, and each end was secured with silastic sealant and left to dry overnight. The other end

were prepared with gold pins (as ECoG and EMG electrodes; Figure 2.1 C).
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Figure 2.1: Schematic diagram of electrodes and doppler probe. Three wire ECoG (A), Two wire
EMG (B) electrodes and piezoelectric ultrasonic doppler probe (C). All wires were inserted into polyvinyl

tubing, both ends secured with silastic sealant and gold pins placed on one end to connect to amplifiers.
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2.4 ANIMAL SURGERY

2.4.1 Surgical preparation

Surgery was performed under strict aseptic conditions. Fetal surgery occurred at 125 + 1 days
GA under aseptic conditions for the chronic implantation of catheters and electrodes. Ewes were

fasted for approximately 24 hours prior to surgery, with unrestricted access to water.

Immediately prior to surgery, the ewe’s right flank and underside neck region were shaved to
skin using clippers and the ewe was given 1g of prophylactic antibiotics (Ampicillin sodium
i.v.; Aspen Pharmcare Pty Ltd, Australia) in sterile water by injection into the jugular vein, to
minimize the chance of infection. At surgery, both the ewe and fetus were anesthetized by a
bolus injection (20 ml of thiopentone sodium dissolved in water (50 mg/ml, Pentothal, Jurox Pty
Ltd., Australia) into the jugular vein of the ewe. Anesthetic was maintained throughout surgery
using positive ventilation (8 breathes per min; 800 — 1000 ml per breath) of 1 - 2.5% isoflurane
(Isoflow, Merial, Australia) in 70:30% oxygen-nitric oxide (BOC Gases, Australia) gas mixture
using an automatic anesthetic ventilator (Campbell Anaesthetic Ventilator, UCLO Engineering,
Australia). Following intubation with an endotracheal tube (Size 8-9, O.D. 10.9mm; I.D.
8.0mm, Portex Ltd., London), the ewe was ventilated mechanically in a closed circuit apparatus

(CIG Midget 3 Medishield, Australia) for the duration of surgery.

While under anesthesia, the ewe was placed in a supine position and wool on the ventral
abdominal and ventral neck were shorn. These areas were thoroughly cleaned with
chlorohexadine antiseptic solution (1:10 dilution of 4% w/v chlorohexadine gluconate, Johnson
& Johnson, Australia) in water, followed by 3 — 4 applications of Betadine Surgical Scrub
(7.5% wi/v povidone-iodine, Faulding Pharmaceuticals, Australia). All shorn areas were cleaned
in a circular motion, beginning at the centre of the abdomen and extending outwards. The skin
was then wiped clean and sprayed with lodine antiseptic solution (10% povidone-iodine;

Faulding Pharmaceuticals, Australia). The animal was then moved into the operating theatre and
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placed on the operating table. Finally, the incision sites were wiped by a mixture of 10%
Hibitane-Alcohol solution (Chlorhexidine gluconate 5% wi/v, isopropyl alcohol 4% vlv;
Hibitane, Zeneca Pharmaceuticals Australia Pty Ltd, Australia) just before the commencement

of surgery.

All surgical instruments, drapes and gowns were sterilized prior to surgery by autoclaving.
Maternal and fetal catheters, ECoG, EMG, EOG electrodes and a piezoelectric ultrasonic
doppler probe to be used for measuring sagittal sinus blood flow velocity (SSbfv) were all
previously sterilized by EO gas. An inflatable silastic cuff to be used for occluding the umbilical
cord was sterilized by autoclaving. The hands and arms of each surgeon were thoroughly
scrubbed with Hibiclens antiseptic solution (4% w/v chlorohexidine gluconate; 4% isopropyl
alcohol; ICI Pharmaceuticals, Australia). Surgeons wore surgical caps, facemasks, sterile gowns

and gloves (Ansell International, Australia) throughout surgery.

2.4.2 Fetal surgical procedure

Sterile plastic sheets and drapes were used to cover the ewe, except for the surgical incision site,
leaving only the area immediately surrounding the incision site exposed. A longitudinal midline
incision, approximately 15-20 cm long, was made on the skin of the ewe’s abdomen, between
the umbilicus extending to the udder. Care was taken to avoid superficial mammary and other
major veins. A diathermy (LCC200, Erbe, Germany) was used to coagulate bleeding from small
vessels. Subcutaneous tissue was moved aside and an incision was made on the linea alba and
peritoneum to expose the uterus. The fetal head and position of the fetus was identified by
palpation and part of the uterus with fetal head within, was brought out of the abdomen. On the
uterus, a small incision was made using the diathermy, parallel to the uterine vessels, to expose
the fetal head, carefully avoiding blood vessels and cotyledons. The fetal head and both front
legs were brought out of the uterus through the incision site. Uterine muscle and the membranes
(amnion and chorion) were clamped with Babcock clamps to minimize loss of amniotic fluid.

Fetal skin was kept moist with sterile saline (0.9% NaCl, pH 7.4; Baxter, Australia).
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2.4.2.1 Insertion of brachial catheter

An incision was made on the lateral anterior axilla at the level of the first rib to expose by blunt
dissection the brachial artery of the right forelimb. Once identified, tissues were separated from
the brachial artery for a length of 1 — 1.5 cm with care taken to avoid damage to adjacent
vessels. Two silk sutures (Size 2.0; Dynek Pty. Ltd., Australia) were loosely tied around the
vessel approximately 1cm apart; the artery was then occluded by securing the suture on the
extremity side. A bulldog clip was placed distal to the suture on the brachial artery, a small
incision was made on the arterial vessel wall and a small diameter (O.D. - 1.52mm and 1.D. -
0.86mm; Critchley Electrical, NSW, Australia) fetal catheter filled with heparinised (50 000
IU/L; Heparin, Pharmacia, Australia) saline (0.9% NaCl, pH 7.4, Baxter, Australia), was
inserted 3cm into the brachial artery, guided by forceps and secured into place by tying the
suture outside the vessel and removing the bulldog clip. The catheter was tested for patency and
flushed with heparinised saline to prevent the blood clotting. The skin incision was closed using

a continuous suturing pattern with silk suture size 3.0 (Dynek Pty Ltd, Australia; Figure 2.2 A).

2.4.2.2 Insertion of tracheal and amniotic catheter

A large bore catheter (OD — 2.7 mm and ID — 1.5 mm; Critchley Electrical, NSW, Australia)
was inserted into the fetal trachea (Figure 2.2 A) to measure pressure changes associated with
fetal breathing movements (FBM). A large bore catheter filled with saline with a perforated end
was attached to the fetal chest to measure amniotic pressure. This was electronically subtracted
from fetal mean arterial blood pressure (MAP) and fetal tracheal pressure to correct for any

pressure changes due to uterine activity and movement of the ewe.

2.4.2.3 Implantation of electrocorticogram and piezoelectric ultrasonic

probe

The top of the fetal skull was exposed by a medial incision (~ 5 cm) using a diathermy. The

underlying tissue was scraped clean from the bone by a scalpel blade, to expose the cranial and
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sagittal sutures. Two holes (0.5 mm in diameter) were drilled in the skull with co-ordinates of
5mm forward of the coronal suture and 10 mm lateral of either side of the sagittal suture, into
which the bare ends of the insulated wires were inserted to measure the bi-parietal ECoG
(Clewlow et al., 1983). The electrodes were inserted and secured with cyanoacrylate glue
(Vetabond, 3M, St Paul MN, USA). A common (reference-earth) electrode was attached under

the fetal skin. (Figure 2.2 B)

A small piece (2x5mm) of parietal bone was removed in the midline by surgical drill to expose
the dura mater (Figure 2.2 C). The piezoelectric ultrasonic probe was placed on the dura mater
directly above the sagittal sinus (Figure 2.2 D) to measure blood flow velocity using a
Directional Pulsed Doppler Flowmeter (Bioengineering, University of lowa, USA). The
ultrasonic crystal was secured with Vetabond and covered with dental acrylic (Orthodontic
Resin (Power and Liquid), LD Caulk Company, Milford, Delaware, USA) (Figure 2.2 E). The

fetal skin was closed with silk suture.

2.4.2.4 Implantation of nuchal electromyogram and electro-oculogram

The nuchal muscles (located bilaterally of the midline of the neck) and the ocular muscles
(located above and below the eye) were exposed (nuchal; ~5 cm. ocular; ~1 cm). A pair of
insulated stainless steel EMG (2 lead) electrodes were sewn around two nuchal muscles, and
another 2 lead EMG (will be referred to as EOG) were sewn around the ocular muscles, where
the bared portion lay within the muscle. EMG electrodes were sewn under the skin and the skin

incision was sutured closed with a silk tie (Figure 2.2 F, G).

2.4.2.5 Umbilical cord cuff

The fetus was gradually pulled out of the uterus until the umbilical cord was visible. A sterile
inflatable vascular occlude cuff (outer circumference 16 HD; In Vivo Medical, Ukiah, CA,
USA) was placed around the umbilical cord (Figure 2.2 H). The size of the occluder was

carefully selected so it would cause complete cessation of umbilical flow when it was inflated
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with 2 -3 ml of sterile water, but as to not impede blood flow when not in use. The occluder was
secured to the fetal abdomen using silk suture to prevent any movement or obstruction of

umbilical flow.

2.4.2.6 Exteriorising the fetal catheters and electrodes

Upon completion of instrumentation of the fetus, all catheters and electrodes were run to the
back of the fetal neck and secured to the skin to prevent catheter tangling and blockage on the
fetal body. The fetus was gently placed back into the uterus, avoiding loss of the amniotic fluid.
The uterus and uterine membranes were closed using absorbable suture (Size 2.0; Chromic
Surgical Gut, Dynek Pty Ltd, Australia) and interlocking stitches to prevent leakage of amniotic
fluid. A second layer of Cushing pattern was applied to invert the incision within the uterus to
avoid a raw edge being exposed. The uterus was placed back into the abdominal cavity and all
the leads and catheters were placed into a sterile conical tipped tube. The tube was passed along
the inside of the abdominal cavity to the right flank of the ewe, where a small incision was
made. The tube was then passed out through the incision and all of the catheters and electrodes
exteriorized. The small incision was closed with stitches between the catheters and electrodes,
to prevent leaking of abdominal fluids. Sterile three-way stopcocks (Discofix-3, Braun,
Germany) were attached to the exposed end of each of the three catheters and antibacterial spray

(2 mg/g oxytetracyclin hydrochloride, Terramycin, Pfizer, Australia) was applied liberally.

The maternal abdominal linea alba was closed with individual stitches, approximately 1 cm
apart, made with absorbable suture (Chromic gut 2, Dynek, Australia). Using a continuous stitch
the subcutaneous tissue was closed. The skin of the abdomen and flank was closed with Vetafil

Bengen synthetic suture (Clement Stansen, Nth Ryde, NSW, Australia).

2.4.2.7 End of surgery

At completion of surgery, anaesthetic gas was withdrawn from the ventilation gas to allow the

ewe to recover from anesthetic. AIll incisions were sprayed with iodine (50 g/L
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polyvinylpyrrolidone-iodine, Troy Laboratories Pty Ltd, Australia) and the midline incision was
covered with a sterile cotton pad. The ewe was covered with elastic netting (Surgifix, size 7;
Australian Home Healthcare, Australia) placed around the ewe’s abdomen and chest. All
catheters and electrodes were placed in self-seal plastic bags, tied securely on the ewes back,

under the netting.

A self adhesive patch impregnated with the opioid analgesia fentanyl (7.5 mg, providing 75
ug/hr for 3 days, Duragesic, Janssencibig, NZ) was placed on the skin of the inner right leg of
the ewe to provide post-surgical analgesia. Once the ewe’s normal swallowing reflex and
breathing had returned, the endotracheal tube was deflated and removed. The ewe was returned
to their individual cage and monitored closely for the next 3 - 4 h. Food was provided for the
ewe, and once muscle tone was apparent and the ewe was standing independently, water was

also provided.

2.4.3 Maternal surgery

In the supine position, the maternal jugular vein could be palpated and an incision was made in
the right jugular groove of the maternal neck. The surrounding adventitia was cleared from
around the vessel using blunt dissection. The vein was occluded distal to the heart using a silk
tie, similar to fetal catheterization. A small incision was made in the vessel wall and the
polyvinyl catheter (O.D. 2.5 mm; I.D. 1.5 mm) was inserted 15 — 20 cm towards the heart and
fixed in place using silk ties, and tested for patency. The skin incision was closed using a simple

continuous stitch with silk suture.
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Figure 2.2: Photographs of late gestation fetal sheep surgery. 125 day GA fetus, catheterized brachial
artery and trachea (A). The fetal skull was exposed to insert ECoG electrodes (B), drilled along coronal
suture (C) to place ultrasonic doppler probe (D) and sealed with dental acrylic (E). The fetal neck and eye
had two, two wire EMG leads placed around muscles (F & G). Finally a vascular occluder was placed

around the umbilical cord (H).
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All catheters were then sealed with sterile three-way stopcocks and flushed with sterile

heparinised saline to ensure the catheter was free of blood.

2.4.4 Post-Operative care

For 3 days post-surgery 500 mg of powdered Ampicillin (Austrapen; CSL Ltd., Australia)
suspended in 5ml of saline (25 IU/ml saline; Baxter, Australia) was administered to the fetus
(via the amniotic catheter). The fetal brachial catheter was flushed daily with approximately 3-5
ml of heparinised saline. A 0.5 ml fetal blood sample was taken from a brachial artery catheter
for blood gas measurements to asses fetal well being. Fetal blood gases (partial pressure of
oxygen (p0,), partial pressure of carbon dioxide (pCO,), oxygen saturation (sO,), pH, glucose
and lactate were measured using an ABL 700 blood gas analyzer (Radiometer, Copenhagen).

The parameters were corrected for the expected fetal body temperature of 39°C.

2.5 ANIMAL EXPERIMENTS

2.5.1 Recording of fetal parameters

Monitoring of fetal physiological parameters began a day prior to any of the experiments
outlined in chapters. All analogue signals from were converted to digital signals by an analogue
digital converter (Power Lab MKIII, ADInstruments, Australia). All data were recorded onto a
computer hard disk by Chart 5 software (ADInstruments, Australia) and were continuously

monitored, recorded and saved for the duration of the experiment (Figure 2.3).
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Figure 2.3: Sheep set-up. Schematic diagram of the set up used to record fetal sheep parameters. Image
used courtesy of Dr. Edwin B. Yan (National Trauma Research Institute, Alfred Hospital, Melbourne,

Australia).

2.5.1.1 Fetal blood pressure, breathing and heart rate records

Fetal catheters (brachial, tracheal and amniotic) were connected to solid state, disposable
pressure transducers (Becton Dickinson and Co. USA) to measure MAP, fetal tracheal pressure
and amniotic pressure. Pressure transducers were first sterilized by filling them with 2 %
aqueous Hibitane for 30 min, followed by rinsing and filling with sterile saline, with care taken
that no air bubble were present. The transducers were then connected to a multi-channel
analogue pressure amplifier (Quad Bridge Amp, ML118, ADInstruments Pty Ltd., Australia).
Catheters were then connected to a computer via an analogue to digital converter (PowerLab,
ADlInstruments, Australia). All data was then recorded on a computer utilizing Chart 5

computer software (ADInstruments, Australia) for further analysis.

The Bridge amplifier and PowerLab were calibrated by applying a known external pressure.
Each pressure transducer was first opened to air to record atmospheric pressure at 0 mmHg, and
then a pressure of 100 mmHg was applied using a sphygmometer to measure pressure (Sterilux,
Japan). The signals correspond to 0 and 100 mmHg, entered into the BridgeAmp module in
PowerLab, also calibrated to the same pressures. The transducers were secured on a rack and
attached to the side of the metabolic cage and care was taken to ensure catheters had enough
sufficient length to allow the ewe to move freely in her cage without applying tension to the

catheters.
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This setup results in alterations to hydrostatic pressure with the transducer because the position
of the fetal heart could be either above or below the fixed position pressure transducers
(depending on whether the ewe was standing or sitting). The real MAP was therefore calculated
by electronically subtracting the amniotic pressure from the recorded brachial artery pressure.
The real fetal tracheal pressure was also calculated as the recorded tracheal pressure minus the
recorded amniotic pressure. This electronic subtraction was performed using the Chart 5
software; digital arithmetic function. Fetal heart rate (HR) was digitally calculated from the raw
arterial blood pressure by Chart 5 software. Once setup was complete, the transducers were
connected to the fetal catheters and MAP, HR, tracheal and amniotic pressure were
continuously monitored, recorded (Figure 2.4) and saved to the hard disk until the completion of

the experiment.

2.5.1.2 Monitoring of fetal electrocortical states

Fetal behavioural states in the late gestation fetal sheep are shown in Figure 2.5. Fetal
electrocortical states were measured using ECoG, EMG — nuchal and EOG electrodes connected
to a custom made recording lead (Department of Physiology, Monash University, Australia).
Signals were then passed to a Polygraph (Model 79D, Grass Instruments Company, Quincy,
Mass, USA), equipped with appropriate preamplifier modules. All channels on the Grass
recorder used a 50 Hz notch filter to eliminate electrical interference from other appliances

within the room.

A 100uV pulse was used to calibrate the ECoG signal. Fetal ECoG electrical activity was
amplified by passing the signal through a Wide Band AC EEG Pre-Amplifier (Model 7P5B,
Grass Instrument Co., MA, USA) with high input impedance. The fetal ECoG electrical activity

was used to determine high voltage (HV) and low voltage (LV) electrical brain activity.
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Figure 2.4: Fetal haemodynamic parameters recorded on PowerLab. Raw amniotic pressure (AP; A), tracheal pressure (TP; B) and mean arterial pressure (MAP; C).
Raw AP was subtracted from raw MAP for a true MAP recording (D). Raw AP was subtracted from raw TP for a real fetal breathing movement (FBM) pressure (E). Heart
rate (HR; F) was calculated from raw MAP. From PowerLab recorded on Chart 5 Software.
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Fetal nuchal muscle activity and the ocular movement signal were amplified by passing the
signal through a Wide Band AC Pre-amplifier (Model 7P3B, Grass Instrument Co., MA, USA).
The amplitude low frequency was set at 0.3 Hz and high frequency set at 15 Hz, a 200 pV was

used to calibrate the signal.

2.5.1.3 Monitoring of Sagittal Sinus blood flow velocity

Methods of measuring and monitoring cerebral blood flow in the fetal sheep include the use of
microspheres (coloured, fluorescent or radioactive labeled) (Ashwal et al., 1980; McClure et al.,
2008; Yan et al., 2009) and flow probes (Bennet et al., 1998; Miller et al., 2007). The benefits
of the use of microspheres are that they allow for a quantitative measure of regional blood flow
at given time points. The use of flow probes placed around the carotid artery give a continuous

and quantifiable measure of cerebral blood flow, but gives no information on regional perfusion.

One of the requirements of the experimental protocol was to have a continuous but non-invasive
measure of cerebral perfusion. For the studies detailed in Chapter 6 it was decided to use a
piezoelectric ultrasonic crystal transducer, placed directly above the sagittal sinus to provide an
indication of cortical perfusion, as done previously by us [see (Yan et al., 2009)]. Although
ultrasound techniques do not provide a quantitative measure of blood flow, we decided against
using flow probes placed around the carotid arteries because of the risk that these might
eventually mechanically interfere with blood flow to the fetal head, particularly since some of
the fetuses were to remain in utero until the onset of labour. The ultrasonic transducers (and
ECoG leads) are attached externally to the brain, and at post mortem they were easily removed

without compromising fetal brain structure.

The piezoelectric ultrasonic crystal transducer was connected to a Directional Pulsed Doppler
Flowmeter (545C-5, Bioengineering; The University of lowa, lowa City, 1A). The signal
derived from the piezoelectric ultrasonic crystal transducer is the maximum blood flow velocity,

calculated from the shift of the ultrasound frequency which is directly proportional the mean
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velocity of red blood corpuscles in the vessel being insonated. The Directional Pulsed Doppler
Flowmeter used to receive the signal was calibrated (by the manufacturer) at 0.5 V/KHz of

Doppler shift, and has a transmitter frequency of 20,000 KHz.

Ideally velocity (based on the sound) of blood flow (mm/sec) could be calculated using this
system: V = [(Fs*C)/(2*F,*CosA)] where Fd = doppler shift frequency: 0.5 V/KHz, C =
velocity of sound in blood (1,565,000 mm/sec), F, = transmitter frequency (20,000 KHz) and A
= angle between the sound beam and the transducer. For blood vessels that are approximately
circular and where the diameter is known or measured, it is possible to derive the actual velocity
of blood flow. However, this is not possible for the sagittal sinus due to its irregular shape;
therefore this angle cannot be accurately determined hence a true ‘velocity’ measurements

cannot be calculated.

The distance (‘range’) from the transducer that produced the maximum signal was calibrated
from a voltage (V) to cm (0 cm = minimum range, 1 cm = maximum range) and adjusted to
ensure that peak velocity (maximum output voltage) was always being measured. This signal
was then averaged into 10 min epochs, and expressed as a percentage change from basal (-6 h to

prior to UCQ). The phasic and mean signals were also recorded (Figure 2.6).

2.5.1.4 Induction of fetal asphyxia — umbilical cord occlusion

Fetal asphyxia was induced by completely occluding the umbilical cord for ten minutes. This
was achieved by injection of an appropriate amount (~2 — 3 ml) of sterile distilled water (dH,0)
into the cuff; this volume was determined at surgery, and was seen to produce complete
occlusion of the vessels in the umbilical cord. MAP and HR were closely monitored, if MAP
dropped below 20 mmHg, the sterile water was quickly withdrawn from the occluded cuff, to
stop the occlusion immediately. Previous studies in our laboratory and by others have shown

that the late gestation ovine fetus (~130 GA) can tolerate a maximum of 10 min complete UCO;
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however when fetal MAP falls below 20 mmHg the fetus may not recover (Mallard et al., 1994;

Bennet et al., 1998; Castillo-Melendez et al., 2004).

Comment: The duration of 10 minutes of UCO was chosen as this is the longest the near term
fetus can tolerate, recover and survive. Ligation of the fetal carotid artery or repeated UCO were
possible also but not chosen, as we did not aim to investigate responses to a focal insult or aim

to mimic ‘labour’ contractions.

2.5.2 Blood sampling

Fetal arterial blood samples (3 ml) were taken using sterile syringes; at -1 h, -5 min, +5 min, +9
min, +30 min, +1 h, +2 h +4 h, +6 h, +8 h, +10 h, +12 h (time 0 = start of UCO) and then daily
until the ewe went into labour. A 5 ml syringe was connected to the fetal arterial catheter via a
three-way stopcock to withdraw the heparinised saline from the catheter and a further 2 — 3 ml
of fetal blood. A new 3 ml syringe was connected and 3 ml of blood sampled. The catheter was
then cleared by pushing the blood back into the fetus in a pulsatile manner, from the original 5
ml syringe, and an additional 2 — 3 ml of heparinised saline was flushed into the catheter with a
new syringe. After blood sampling, the syringe was capped to prevent contact of blood with air

and kept on ice until further measurements could be performed.

Whole blood (95 ul) was used for the immediate analysis of blood gases pO, (mmHg), pCO,
(mmHg), sO, (%), as well as pH, total haemoglobin (tHb; g/dL) and haematocrit (Hct; %) using
an ABL 700 blood gas analyzer (Radiometer, Denmark). Fetal arterial glucose (mmol/L) and
lactate (mmol/L) concentrations were also analysed in whole blood. Air bubbles were removed
from the syringe to prevent inaccurate readings and to avoid further oxygenation of collected
blood. Sample readings were corrected to the expected fetal body temperature of 39°C. The
remaining blood was placed in EDTA tubes (Sarstedt, Australia) containing 50 pM

indomethacin and centrifuged at 1500 g for 10 min at 4°C. The plasma was removed and
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Figure 2.5: Fetal behavioural states in late gestation fetal sheep recorded on PowerLab. 130 day GA fetal behavioural recordings (ECoG (A), EMG-nuchal (B), EOG

(C), FBM (D) from PowerLab recorded on Chart 5 Software. High voltage (HV) ECoG activity corresponds with EMG — nuchal activity, and no ocular muscle activity or

fetal breathing movements (FBM). Low voltage (LV) ECoG activity corresponds with no EMG — nuchal activity but active EOG muscle activity an FBM.
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Figure 2.6: Sagittal sinus blood flow velocity recorded on PowerLab. 130 day GA fetal EMG-nuchal and sagittal sinus blood flow velocity (SSbfv) recordings (EMG-
nuchal (A), SSbfv - Range (B), SSbfv - Phasic (C) and SShfv — Mean (D) from PowerLab recorded on Chart 5 Software. SSbfv — Range was set at a constant for the duration

for the experiment for each fetus. Peaks of SSbfv Phasic and Mean signals show increased EMG-nuchal signal.
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divided into three aliquots (500 pl) placed in 1.5 ml eppendorf tubes, and stored at — 20°C until

required for analysis of cortisol (Figure 2.7).

2.5.3 Signs of labour

The chronic monitoring of the fetus following a Sham UCO (control) or UCO concluded at 145
days GA or once the ewe was in labour. It was important to closely monitor and determine
when the labour onset as the fetus was chronically instrumented we did not want the ewe to

undergo parturition and deliver the fetus.

A few days prior to labour the ewe’s vulva begins to change from light pink to dark pink and
swollen, her udders also become larger (filling with colostrums). In the final 24 h (prior to
labour) the ewe’s behaviour also changes, she becomes restless, starts to dig a nest (for the
lamb) and becomes disinterested in food and her surroundings. Once her water breaks (mucous
secretions), under normal conditions, the front hooves of the lamb will come out first. In most

cases we attempted to conduct a post mortem on the ewe once her water had broken.

We also used other indicators such as pressure changes (from the amniotic catheter which
reflected uterine contractions; (Figure 2.7), and changes in fetal blood gases (decrease in sO,).
In sheep, the fetal hypothalamo-pituitary-adrenal-axis triggers the initiation of labour (Magyar
et al., 1980; Unno et al., 1998); this is reflected with an increase in fetal plasma cortisol
secretion in the days preceding labour (Bassett & Thorburn, 1969; Magyar et al., 1980; Challis
& Brooks, 1989). Plasma cortisol concentrations were determined using a radioimmunoassay

after the conclusion of the experiment (Figure 2.7), so were used to confirm onset of labour.
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Figure 2.7: Amniotic pressure recording. Raw amniotic pressure (AP) trace during the absence (A) and
presence (B) of labour contractions. The consistent peak and troughs in amplitude (B) is suggestive of

contractions (shown in black boxes), regardless of the ewe’s position (standing or sitting).

2.6 ANALYSIS OF FETAL HAEMODYNAMICS AND BEHAVIOUR

All parameters were recorded from the day prior to experimentation until the ewe went into
labour. Time O represents that start of the Sham (Control) or actual UCO. All data were
analysed in 10 min epochs starting from 6 h prior to UCO (or Sham UCO) until the end of the

experiment using Chart 5 (v5.5.5, ADInstruments, Australia).

2.6.1 Fetal blood pressure and breathing movements

Analysis of fetal mean arterial blood pressure and heart rate were calculated by taking the mean
values from each successive 10 min epoch. FBM were quantified by calculating the average

amplitude and the incidence (minutes breathing/10 minute epoch) throughout the record.

2.6.2 Fetal behavioural states

The ECoG record was divided into epochs of high and low voltage activity (Boddy et al., 1974;
Clewlow et al., 1983) using the mean amplitude for each type of activity obtained over at least 6
h of control (i.e., pre-UCO) recording. The results are expressed as the percentage of the time
that each activity occurred during consecutive 2 h periods of the experiment. Very low

amplitude ECoG activity (hereafter referred to as sub-low voltage) occurred after UCO in most
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fetuses and was defined as an amplitude sustained for at least 1 min that was <25% of the

amplitude of normal low-voltage ECoG activity (Yan et al., 2009; Yawno et al., 2010).

Both EOG and EMG-nuchal activity were also analysed in the same manner, the average
amplitude for successive 10 minute epochs was determined. From the pre-UCO recordings (-6
h), the amplitude of activity (high amplitude) and no activity (low amplitude) were determined.
This allowed for the determination of when nuchal or ocular muscle activity was present of
absent. The percentage of time spent in each activity for 2 h consecutive periods was

determined.

2.6.3 Sagittal sinus blood flow velocity

A mean value (phasic amplitude) of sagittal sinus blood flow velocity was obtained for
successive 10 min epochs across the entire recording period of each experiment (i.e., - 6 h to
end of experiment). The data for each fetus were then expressed as a percentage change from
basal of the amplitude calculated for the 6-h period immediately prior to the time of UCO (or

sham) to account for different signal levels between fetuses.

2.7 CORTISOL RADIOIMMUNOASSAY

2.7.1 Radioimmunoassay

Radioimmunoassay (RIA) is a technique widely used to determine concentrations of antigens
(such as hormones) in blood, plasma and tissue. Yalow and Berson (1960), developed this

specific and sensitive method to accurately measure hormones (insulin) levels in blood.

RIAs are a competitive assay and involve a radioactive labeled antigen (tracer), an antibody
(antiserum) and the unknown concentration of antigen in blood, plasma or tissue (sample). The

sample and tracer “compete” for binding sites on the antiserum. If concentrations in the sample
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are high, more of the sample is bound to the antiserum, displacing the tracer. All bound (sample
or tracer to antiserum) and unbound antigens are separated, and the remaining amount of
radioactive tracer is measured (Figure 2.8). Using known standards a binding curve is
constructed, allowing the concentration in unknown samples to be determined. Cortisol was
measured in fetal plasma after extraction with dichloromethane as previously described

(Bocking et al., 1986). All reagents used for this assay are listed in Appendix 1.

2.7.2 Preparation of 3H-cortisol tracer and standards

Cortisol tracer (250 pCi of [1,2,6,7 *H] cortisol (Amersham Biosciences, Australia) was made
up in 5 ml of toluene-ethanol (9:1) and stored at -20°C until required. Approximately 30 ul of
tracer was evaporated under air at 37°C and reconstituted in 10 ml of cortisol assay buffer
(0.5M phosphate buffer (PB), pH 7.4). 100 ul was run on the B counter, ideal tracer counts was

10,000 cpm.

Cortisol standards (0 — 25 ng/ml) were produced by diluting cortisol stock solution
(Hydrocortisone 5 pg/ml in 100% ethanol; Sigma Chemical Company, USA) in ethanol. In
duplicate, 100 ul of each standard was aliquoted and mixed with 1 ml dichloromethane

(CH,Cl,; Merck Damstadt, Germany) and evaporated under air at 37°C.

Maternal ovine plasma was used for recovery (no *H-cortisol) and total recovery (*H-cortisol)
samples. These were important to allow for an accurate calculation of the percentage of

recovery that occurred in each assay.

In each RIA, two sets of quality controls were included; these were ovine plasma samples that
contained a known concentration of cortisol. Blanks containing dH,O and CH,CI, were also

included in each assay.
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Figure 2.8: lllustration of radioimmunoassay. The radioactive and ‘unknown’ antigens compete for
binding to the antiserum. As concentration of the unknown antigen (sample) increases, the radioactive
antigen is displaced from the antiserum. Radioactivity measured is inversely proportional to the amount

of ‘unknown’ antigen.
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2.7.3 Extraction of cortisol

In glass tubes, cortisol was extracted from fetal plasma (100 pl in duplicate) with dH,O (100 pl)
and CH,CI, (2 ml). Plasma samples were vortexed thoroughly until two distinct layers were
observed; the top layer was discarded, the lower (organic) layer (~1 ml) was transferred to

plastic tubes and evaporated under air at 37°C.

2.7.4 Radioimmunoassay

Cortisol antiserum was raised in sheep (donated by Dr. R.I. Cox, Division of Animal Production
CSIRO, Australia). Lyphilisied antiserum was reconstituted to 1:50 in 50% glycerol and stored
at -20°C. The cross reactivities of the antiserum are represented in Table 2.2. Cortisol assay
buffer (100 pl), antiserum (100 pl; working dilution; 1:5000), bovine y-globulin (100 ul; at a
concentration of 8 mg/ml; Calbiochem, Darmstedt, Germany) and *H-cortisol (100 ul) were
added to all sample and standard tubes, vortexed, covered with paraffin and incubated overnight
at 4°C. The following day, 1 ml of 22% polyethylene glycol (PEG) was added, vortexed and
centrifuged (1800 g) for 15 min at 4°C to separate bound hormone from the unbound hormones.
The supernatant was aspirated, the pellet was resuspended in cortisol assay buffer (200ul) and
scintillation fluid (2 ml; Ultima Gold, Perkin Elmer, Australia) was added. Samples were
vortexed, and placed in the B-counter (Beckman LS 3801, Beckman Instruments, USA) to
determine radioactivity. Cortisol concentrations were calculated from the standard curve and a
mean of duplicates was determined for each sample. The intra and inter-assay coefficient of

variance were 15.4 and 24.6, the sensitivity of the assay was 0.43 + 0.06 ng/ml and the average

recovery was 91.9 £ 2.3 %.
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Table 2.1: Cortisol antiserum and cross reactivity with closely related steroids. Adapted from

(Bocking et al., 1986).

Steroid compound Cross reactivity (%)
Cortisol 100
Cortisone 20.5
17a-hydroxy progesterone 13.9
Corticosterone 1.00
Progesterone 0.57
Betamethasone 0.50
4-androsterone-3,17,dione 0.03
Testosterone 0.02
Dexamethasone 0.01

2.8 PoST MORTEM AND TISSUE COLLECTION

2.8.1 Animal euthanasia and fetal delivery

For the fetal brains used in Chapter 3 and 4, these were collected 24 h and 48 h following UCO.
For Chapter 5 and 6 the experiment endpoint was classified when the ewe went into labour or at
145 days GA. Both ewe and fetus were humanely killed according to the code of practice by
intravenous injection of pentobarbitone sodium (Lethabarb, Virbac Pty Ltd, Australia) to the
ewe. In the postnatal behavioural study detailed in Chapter 6, the ewe and lamb were euthanized
approximately 24 h following birth. Ewes were examined for the absence of pupillary and
somatic reflexes before proceeding further. The fetus was removed through an incision made
along the abdomen and uterus of the ewe. A detailed description of any merconium staining,
amount of amniotic fluid, as well as the condition and position of the umbilical cord were all
noted. The umbilical cord was tied off and the fetus was immediately removed and weighed,
crown — rump (nose tip to the end of the sacral spine [where tail begins]) length was measured,

and the sex of the fetus was also noted.
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2.8.2 Collection of the fetal brain

The fetal skull was exposed with a midline incision extending from between the eyes to cervical
spine to allow for the fetal brain to be removed. Rongeurs were used to remove the top of the
cranial vault. Once the dorsal surface of the brain was exposed, the spinal cord (at the level of
cervical 1 or 2), olfactory bulb, optic chiasm and cranial nerves were cut; the brain was cleared

of the dura, collected and weighed. The cerebellum was then removed and weighed separately.

The fetal brain was divided sagittally along the midline, the left hemisphere was further divided
into major anatomical regions and quickly snap-frozen in liquid nitrogen and stored at -80°C for
later analysis, (to use for rtPCR [Appendix 6], western blots or VEGF ELISA). The right
hemisphere was cut coronally at distinct landmarks (beginning of lateral ventricle, beginning
and end of thalamus/hypothalamus), cerebellum and brainstem (Figure 2.9 A). These were then
immersion fixed in 4 % paraformaldehyde (PFA) solution for 48 h. The tissue blocks were then

processed further for paraffin embedding and sectioning (Section 2.9).

The use of fresh frozen sections does preserve the antigens within the tissue; however the
largest proportion of material for immunohistochemistry is formalin-fixed and paraffin-
embedded. Paraffin sections do produce satisfactory results for the demonstration of majority of
tissue antigens with the use of several different antigen retrieval techniques. Frozen brain
sections were not trialed in this thesis when optimizing new immunohistochemistry protocols,
as preliminary immunohistochemistry trials showed good vessel morphology (particularly
laminin immunohistochemistry). Thus the use of paraffin tissue was chosen in these
studies to help preserve tissue morphology. Additional to this project, the tissue sections were
also sent to collaborators in Madrid, Spain (with paraffin embedded sections preferable to send

internationally).
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A) MIDSAGGITAL VIEW OF FETAL SHEEP BRAIN

B) CORONAL VIEW OF FETAL SHEEP BRAIN

Figure 2.9: Fetal sheep brain dissection and histology. Midsagittal view of a near term fetal sheep
brain (A). Dashed lines indicate cuts made to obtain various blocks (labelled a, b, c1, ¢c2, d and e).
Coronal sections of block b and c1 (B). Coronal histological sections of b and c1 indicate areas that were
analysed. Block b; cortex (Cx), subcortical white matter (Scxwm), periventricular white matter (PVWM),
subventricular zone (SVZ), stria-terminalus (StriaT), caudate nucleus (CN), internal capsule (IC), external
capsule (EC), Claustrum (Claus) and putamen (Put). Block c1; Subcallosal bundle (SubCal), Lateral
geniculate nucleus (LGN), medial geniculate nucleus (MGN), pretectal nucleus (PN) and posterior
thalamic nuclear group (PTN). (C) Coronal histology sections have been reproduced and adapted with

permission from http://www.brains.rad.msu.edu , supported by the US National Science Foundation.
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2.8.3 Tissue collection

Once the brain was collected the fetal heart, lungs, liver, adrenals, brown fat and kidneys were
dissected and weighed. The fetal heart, brown fat and one kidney and adrenal were shap frozen
in liquid nitrogen. The other adrenal was fixed in 4% PFA for 48 h and processed for paraffin

embedding with the brain.

2.9 BRAIN HISTOLOGY AND IMMUNOHISTOCHEMISTRY

2.9.1 Fixation of the fetal brain

The tissue blocks were placed in between biopsy pads and put into macro embedding cassettes
(Tissue-Tek, Sakura Finetek, USA) and dehydrated in 70%, 90% and three repetitions of 100%
ethanol (Chem Supply Pty Ltd, Australia) for at least 2 h in each solution. A longer cycle was
chosen as blocks of tissue were thick and this allows for more time to adequately penetrate the
whole tissue for even fixation. Dehydrated tissue blocks were then immersed twice into 100%
cholorform and once in xylene (Merck and Co Inc, USA) for 2 h. The tissue was then placed
into hot paraffin wax (Tissue-Tek, Sakura, USA) for 2 h under vacuum (Shandon Histocentre 3.
Thermo Electron Corporation, USA). This processing was performed by Mr |. Boundy and Ms.

S. Tombs at the Department of Anatomy and Cell Biology, Monash University.

2.9.2 Paraffin embedding and tissue sectioning

Tissues were manually embedded into paraffin wax. Using a rotary microtome, paraffin tissue
was cut into 10 um sections, placed on a warm water bath (~40 — 45 °C) to allow for tissue to
expand and be mounted on Superfrost Plus slides (Mezel-Glaser, Germany) for examination of

brain histology and immunohistochemistry.
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2.9.3 Fundamentals of Immunohistochemistry

Immunohistochemistry is a technique used to visualise the location and distribution of specific
antigens through antigen-antibody interactions. To achieve accurate and reliable results many
factors must be considered and optimised for the species and tissue type of choice, as well as for
the antibody of interest. There are two approaches to detecting antigens in tissue, a direct and
indirect method. The direct method involves a labelled primary antibody that reacts directly
with the antigen in the tissue. It is simple and quick and involves only one antibody; however

this method is not sensitive enough.

The indirect method involves an unlabelled primary antibody which reacts with the tissue
antigen. This is then labelled with a secondary antibody that is raised against the
immunoglobulin G (IgG) species the primary antibody has been raised in. Normally the
secondary antibody is biotinylated, this allows for it (biotin) to react and bond with a high
affinity to streptavidin conjugated with horseradish peroxidise (Strep-HRP). This reaction is
colourless, so the addition of diamino 3,3’ diaminobenzadine (DAB) results in the biotin-Strep-
HRP complex oxidising the DAB chromagen resulting in a brown stain (Figure 2.10). The
indirect method is widely used as it amplifies the signal of the antigen-antibody complex
leading to greater specificity of the staining (for more detail refer to Section 2.9.9). All reagents

used for immunohistochemistry protocols are detailed in Appendix 2.
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Figure 2.10: Illustration of indirect method of immunohistochemistry. Primary antibody is added to
tissue (A, B), biotinylated secondary antibody binds to the primary (C), streptavidin-HRP binds to
secondary antibody (D) and finally diamino3,3’ diaminobenzadine (DAB) chromagen is added —
amplifying the antibody-antigen complex.

85



Chapter 2

2.9.4 Tissue fixation

As previously mentioned, the fetal sheep brain tissue in this thesis were immersion fixed in 4%
PFA, a formalin based fixative. PFA is polymerised form of formaldehyde, when heated during
preparation with 0.1M PB (pH 7.4) it depolymerises back to formalin. Adequate fixation,
duration and fixative choice, is required to stabilize tissues from degradation and is vital for
achieving good histology and immunohistochemistry staining. Fixation occurs by the formation
of cross links between proteins in the tissue. PFA is a widely chosen fixative for brain tissue as
it is well tolerated by tissue, provides good penetration (particularly for large tissue), allows for
long term storage, maintains structural integrity of cells in tissue thereby providing optimal

tissue preservation.

2.9.5 Antigen retrieval

The cross links formed during fixation with PFA can ‘mask’ antigen binding sites within the
tissue. To overcome this problem, chemically treating the tissue with proteases or heat exposure
by microwave radiation can be used to break bonds between antigens and surrounding proteins
to free potential binding sites, resulting in increased reactivity and intensity in the signal (Shi et

al., 1991; von Wasielewski et al., 1994).

In brief, heat induced epitope retrieval uses a microwave, water bath or autoclave to heat
sections in buffer. Citric acid buffer (pH 6.0) is widely used and is suitable for most antibodies,
tris buffered saline (TBS) can also be used when a higher pH is needed (9.0 or 10.0), generally

heating sections between 5 — 30 min with an additional 30 min in the hot buffer is sufficient.

Proteolytic induced epitope retrieval uses proteases such as Proteinase K, trypsin and pepsin,
normally heated to 37°C in an oven. This is effective for membrane antigens but can destroy
tissue morphology. A combination of both retrieval methods maybe used particularly in double

and triple labelling protocols. For both methods, care must be taken to assure tissue sections do
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not dry out during antigen retrieval. In this thesis, both methods were done (based on cell type

and antibody affinity).

2.9.6 Tissue permeability

Permeability of tissue is important, particularly in brain sections due to the high lipid content.
The use of detergents such as Triton X-100 and Tween-20 (both purchased from Sigma Aldrich,
USA) act to solubilise membrane lipids allowing for a greater number of antigen sites for the
antibody to bind to. These detergents (one of) can be added to PBS when rehydrating sections,
during rinses, serum blocking and in antibody diluent solution. Concentrations used vary

between 0.1 — 3% and were optimised for each required antibody.

2.9.7 Blocking

Inadequate or delayed fixation of tissue can lead to false positive staining occurring, this can
occur especially in the centre of large blocks where fixative has not entirely penetrated the
block. Background staining due to specific or non-specific staining can commonly occur in
immunohistochemistry. If tissues are made too permeable, non specific binding of Ig to proteins
in the tissue, by hydrophobic and electrostatic forces, can also occur. To overcome these, a
blocking step is included by adding a serum block from the species in which the secondary
antibody is raised in. If a rabbit anti-mouse secondary antibody was used, normal rabbit serum
(NRS) was included in the serum block, if goat anti-rabbit was the secondary antibody, normal

goat serum (NGS) was used, these were both combined with serum bovine albumin (BSA).

Endogenous peroxidises can also be a problem and lead to a ‘dirty’ signal due to the use of
HRP. Pre-treatment with hydrogen peroxide (H,O,) in methanol or dH,O prior to primary

antibody incubation will eliminate this.

Autofluorescence can also cause issues of non-specific background during fluorescent double

labelling techniques. Reducing autofluorescence by pre-treating sections in sodium borohydride
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(NaBH,4) overcomes this and is particularly beneficial for tissues fixed in PFA (Clancy &

Cauller, 1998).

2.9.8 Antibody specificity

Primary antibodies used in immunohistochemistry protocols can be either monoclonal or
polyclonal. Monoclonal antibodies are raised in a specific cell line so are designed to recognize
only one epitope of the antigen of interest. They are highly specific for the antigen they are
raised against and tend to result in less background, hence exhibit greater specificity. Polyclonal
antibodies are raised in whole animals recognise a number of epitopes providing good antigen-
antibody binding particularly when masking of the binding site may have occurred due to
fixation. In this thesis, both types of antibodies were used, depending on availability, binding
and specificity. Secondary antibodies used in this thesis were biotinylated and raised against the

species the primary was raised in.

2.9.9 Immunohistochemical staining

2.9.9.1 Single label

As previously described (Section 2.9.3, Figure 2.10), the indirect method of
immunohistochemistry is widely used and involves an amplification of the antigen-primary
antibody binding. All single labelling immunohistochemistry in this thesis used this method.
Following incubation with the biotinylated secondary antibody, an enzymatic reaction must
occur to amplify the signal. Strep-HRP forms a strong bond with the biotin (Figure 2.10). An
avidin-biotin complex may also be used; however this is less sensitive compared to the use of

Strep-HRP.

To allow for visualisation of the antigen-antibody complex, the peroxidase is developed by the
addition of the substrate chromagen. HRP requires an electron donor (from a chromagen) to

form an enzyme-substrate complex. Biotin-Strep-HRP is reacted with DAB chromagen, an
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electron donor, resulting in oxidation of DAB at sites that contain peroxidise activity, a brown
colour formed (Figure 2.10 and 2.11). The use of DAB is known to be more sensitive, it is easy
to prepare, insoluble to organic solvents such as ethanol (used in dehydrate process at the end of

immunohistochemistry) and allows for a permanent counterstain (De Jong et al., 1985).

2.9.9.2 Double label - Fluorescent

Double labelling techniques are widely used to identify which cell type is expressing the
particular antigen/protein of interest. In this thesis, fluorescent labelled secondary antibodies
(Alexa Fluor®©, Invitrogen) were used in Chapter 4. Two primary antibodies that recognize
various antigens of interest were used, with corresponding fluorescent-coupled secondary
antibodies. The initial steps of immunohistochemistry (Figure 2.11) are the same; however
blocking autofluorescence is required (Section 2.9.7). Ideally, both primary antibodies are raised
in different species, allowing for both to be mixed into one solution and applied simultaneously
in one step. If this was not possible, the first primary antibody was incubated, labelled with
secondary antibody, and then repeated (Figure 2.11). Specific protocols and details of primary

and secondary antibodies used are detailed in relevant chapters and in Appendix 3.

2.9.10 Optimisation

Optimisation was done for new antibodies used in this thesis (vascular endothelial growth factor
(VEGF, VEGFR-2), angiopoietin (angpt) and laminin). Specifications from antibody data sheets
were followed. However each antibody was optimised specifically with antigen retrieval
(solution, time for heat and cool), permeabilsation, blocking concentration and antibody
(primary and secondary) concentration and duration. Where possible, a positive control (Spiny
Mouse placenta — kindly donated by Dr. Hayley Dickinson, The Ritchie Centre, Monash

Institute of Medical Research) was run to identify positive and true staining.
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2.9.11 Microscopy, cell counts and analysis

Sections were viewed at x400 magnification (unless otherwise stated) using light or fluorescent
(red and green filters) microscopy (Model BX41; Fluorescent Burner Model U-RFL-T, both
Olympus, Australia), equipped with a DP25 (Olympus, Japan) digital camera. Slides were
blinded and three fields of view for each brain region were analysed in each section, for two
adjacent sections of each brain region were examined. The average value for each brain region,
for each fetus was obtained from the data of six fields of view and the results were averaged

across all animals within the same treatment group.

2.9.12 Limitations

The use of immunohistochemistry is valuable in understanding changes in regional expression
and localisation of specific protein within tissue; however quantification is obtained from two-
dimensional 10 um sections. Blood vessel structure and morphology can be examined using
both 2D and 3D techniques, for this thesis (Chapter 3) we chose to use immunohistochemistry.
Although electron microscopy techniques or stereology would accurately represent three-
dimensional structure, the facilities required for both these techniques were not available for this
thesis. The data in this thesis (Chapter 4 and 5) provides a relative measure of the cell number
for a given region. We believe that this approach is acceptable since the important comparisons
to be made are between treatments groups. The use of western blotting techniques would also
allow for quantification of protein within tissue. However for this thesis, immunohistochemistry

was chosen to allow for localisation and regional variation across groups to be compared.
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Figure 2.11: Immunchistochemistry protocol for single and double label techniques. General
Immunohistochemistry protocol for single label (light microscopy, in green arrows) and double label
(fluorescent microscopy, in purple arrows). Washes were done between each step, except between block

and primary antibody incubation. Specific protocols are provided in each chapter.
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2.10 STATISTICAL ANALYSIS

Data are presented as mean * standard error of the mean (SEM). Firstly, a Shapiro-Wilks test
for normality was conducted to see whether data was normally distributed (p > 0.05). If data
met this assumption, a parametric test was run. If data was not normally distributed, data was
then transformed (logy, loge and square root, if still failing normality a non-parametric
equivalent test was conducted. A Levene’s test for homogeneity of Variance (p < 0.05) was also

conducted.

Immunohistochemistry data (Chapter 3, 4, 5), and fetal organ and body weight data (Chapter 5
and 6) were analysed using a One-Way analysis of variance (ANOVA), where significant, a
Student Newman-Keuls post-hoc test was performed to see where significance existed. If
normality was not reached, a non-parametric equivalent, Kruskal-Wallis test, with pairwise

comparisons was conducted.

Fetal blood gases, cortisol, fetal behaviour (ECoG, EOG, EMG-nuchal, FBM) were all analysed
using a Two-Way (Mixed Model) ANOVA for treatment (between groups) factor and time
(within subject, repeated measure). If a significant interaction was obtain, further post-hoc
analysis, a Bonferroni test was conducted to determine where statistical significance existed.

Significance was always set at p < 0.05.

Statistical data were analysed using SPSS v18 for Windows, with significance set at p < 0.05.

All graphs were made using GraphPad Prism Software for Windows (v5.03).
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CHANGES IN VASCULAR DENSITY AND
SMALL VESSEL MORPHOLOGY IN THE
LATE GESTATION FETAL SHEEP BRAIN
FOLLOWING UMBILICAL CORD

OCCLUSION.
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3.1 INTRODUCTION

Following an antepartum hypoxic event, devastating and permanent injuries that can occur in
the fetal brain include germinal matrix-intraventricular haemorrhage (GM-1VH) and
periventricular leukomalacia (PVL). The incidence of GM-IVH does not occur immediately but
evolves over the first 24 to 48 h following birth (Tsiantos et al., 1974; Kadri et al., 2006). The
presence of poorly perfused vessels and irregular capillary shape suggest a strong relationship
between vascular supply and PVL (Takashima & Tanaka, 1978a). Late in gestation, hypoxia-
ischemia predominantly results in injury of cortical gray matter, thalamic nuclei and subcortical
haemorrhage (Cowan et al., 2003; Van den Broeck et al., 2007). The involvement and
contribution of the vasculature to neonatal encephalopathy following hypoxia in the near term

brain, has not been fully investigated.

Ballabh et al., (2004a) highlighted the importance of understanding vascular changes such as
vascular density and morphology in the human fetal brain and how this may contribute to the
pathogenesis of periventricular white matter injury and GM-IVH. Their study focussed on
investigating the anatomy of blood vessels in the germinal matrix, gray and white matter from
mid-gestation to adulthood in the human brain. The main findings from this study were that the
germinal matrix had a greater vascular density, possibly deeming it more susceptible to rupture.
In contrast, white matter had the lowest blood vessel density which Ballabh et al., (2004a)
considered was a reason for some white matter regions (e.g. those near the ventricle) to develop

leukomalacia and be vulnerable to ischemia-mediated injury.

Laminin is the major non-collagenous constituent of the basement membrane that separates
endothelial cells from other brain cells. During the final stages of blood vessel development
there is an up-regulation of laminin signalling (Timpl et al., 1979; Risau & Lemmon, 1988;
Milner & Campbell, 2002). As such, laminin has been widely used as a reliable marker of blood
vessels to visualise and measure vascular density and morphology in many organs and tumours.

Laminin immunohistochemistry is a simple technique that provides consistent staining with
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minimal background (Eriksdotter-Nilsson et al., 1986; Ballabh et al., 2004a). Commonly two
methods have been used to assess cerebral microvascular density; (i) densitometry assesses all
positive staining (Eriksdotter-Nilsson et al., 1986), and (ii) counting of microvessels, both
automated and manual analysis (Fox et al., 1995; Ballabh et al., 2004a). Both techniques are

widely used and validated, and will be used in this experimental chapter.

The assessment of the cerebral vasculature of late gestation fetal sheep has not been investigated
before. Based on laminin as a marker of blood vessels, the first aim of this study was to provide
a guantitative estimate of the vascular density in the fetal sheep brain. Secondly, the effects of
umbilical cord occlusion (UCO) on the morphology of blood vessels in vulnerable brain regions

following a single, severe bout of asphyxia in late gestation were investigated.

3.2 METHODOLOGY

The same fetal brains were used in both Chapter 3 and Chapter 4. Consideration was given to
presenting all the data in one chapter however it was decided to separate these two chapters.
This was done to allow a more detailed explanation of the assessment of vascular morphology
techniques, analysis and laminin immunohistochemistry findings (Chapter 3), and the
consequences of VEGF following UCO on cellular proliferation, alterations in blood brain

barrier permeability and the possible influence of cortisol on the fetal brain (Chapter 4).

3.2.1 Animal surgery and experimentation

A detailed explanation of animal surgical procedures and experimentation is given in Chapter 2
(Section 2.4 and 2.5). Briefly, fourteen pregnant Border-Leicester ewes carrying a singleton
fetus were used in this study. The use of these animals and all procedures had received prior
approval from the School of Biomedical Science Animal Ethics Committee of Monash

University. At 124-126 days gestational age (term is 146 days) surgery was performed under

96



Chapter 3

aseptic conditions. An inflatable silastic cuff (type OC16, In Vivo Metric, Healdsburg, CA,
U.S.A) was placed around the abdominal end of the umbilical cord, upon inflation this would
cause complete cessation of blood flow in the cord (umbilical cord occlusion; UCO). The fetal
femoral artery was catheterised to allow for blood sampling, fetal arterial blood pressure and
heart rate measurements, and a large bore catheter was also placed in the amniotic sac to

measure amniotic pressure.

On the day of the experiment, the umbilical cord was occluded completely for 10 min by
inflating the cuff with 3 mL of sterile water (24 h post-UCO n=5, 48 h post-UCO n=4) or
Control (sham UCO; n=5). Fetal haemodynamic responses were closely monitored, and if MAP
dropped below 20 mmHg then UCO was stopped. Fetal arterial blood samples (0.5 mL) were
taken before, during and after UCO to measure pO,, pCO,, O, saturation, pH and haematocrit
using a Radiometer ABLS5 analyser (Radiometer Medical A/S, Denmark), and blood glucose
and lactate concentrations were measured by a YSI 2300 STAT Glucose and Lactate Analyser

(YSI Life Sciences, USA).

At 24 h or 48 h after actual or sham UCO, the ewe and fetus were killed humanely by i.v.
injection of pentobarbitone sodium (Lethabarb, Virbac Pty Ltd, Australia) given to the ewe. The
fetal brain was transcardially perfused with 1L of sterile saline and then immediately with 4%
paraformaldehyde (PFA; detailed explanation of post mortem procedures Chapter 2, Section

2.8).

3.2.2 Laminin immunohistochemistry

Immunohistochemistry was performed on 10 um paraffin-embedded sections at two anatomical
levels of the brain (Sheep Ovis Aries atlas sections 720 and 1080; Figure 3.1). A negative
control slide was always included which was incubated without primary antibody, and when
inspected no staining was present. All sections were placed on Superfrost plus glass slides

(Mezel Glaser, Germany), de-waxed and re-hydrated through serial ethanols (100% and 70%).
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A) MIDSAGGITAL VIEW OF FETAL SHEEP BRAIN

Section (b) Section(c,)
Sheep Ovis Aries: 720 Sheep Ovis Aries: 1080
Figure 3.1: Fetal sheep brain dissection and histology. Midsagittal view of anatomical levels a near
term fetal sheep brain (A). Dashed lines indicate cuts made to obtain coronal sections of block b and c;.
Coronal histological sections of b and c; indicate areas that were analysed. Blocks b; cortex (Cx),
subcortical white matter (Scxwm), periventricular white matter (PVWM), subventricular zone (SVZ),
Stria-Terminalus (StriaT), caudate nucleus (CN), internal capsule (IC), external capsule (EC), Claustrum
(Claus) and putamen (Put). Block c;; Images from the lateral geniculate nucleus (LGN), medial
geniculate nucleus (MGN), pretectal nucleus (PN) and posterior thalamic nuclear group (PTN) were used
to analyse the thalamus. (B) Coronal histology sections have been reproduced and adapted with

permission from http://www.brains.rad.msu.edu , supported by the US National Science Foundation.

Sections were rehydrated in 0.1M phosphate buffered saline (PBS) in 1% Triton-X 100 (Sigma,
USA). Antigen retrieval was carried out on sections incubated with Proteinase K (40 pg/ml,
Merck, USA) for 30 min at 37°C and cooled for 20 min at room temperature. Sections were

then rinsed in PBS, incubated in 0.3% H,0O, (Merck, Australia) in 50% methanol for 15 min at

98


http://www.brains.rad.msu.edu/

Chapter 3

room temperature to block endogenous peroxidise activity, incubated with 2% normal goat
serum blocking buffer in 0.1M PBS for 30 min at room temperature to block non-specific
binding and then incubated overnight with anti-laminin rabbit polyclonal antibody (1:200;
Novus Biologicas, USA). The sections were then washed incubated with a secondary
biotinylated goat anti-rabbit (1:200; Vector Labs, USA) antibody for 45 min followed by 45 min
incubation with streptavidin horseradish peroxidase (HRP; 1:200, Amersham Bioscience, USA).
Staining was then visualised using metal-enhanced diaminobenzidine (DAB) and lightly

counterstained with cresyl violet.

3.2.3 Assessment of microvascular density and morphology

The microvasculature is defined as blood vessels less than 100 um in diameter (del Zoppo &
Mabuchi, 2003) and because laminin immunohistochemistry doesn’t differentiate between
capillaries, arteries or veins all of these were included in the analysis. Images were taken using a
light microscope (Model BX41, Olympus, Japan) at X100 magnification for all brain regions
except the corpus callosum, which was taken at x200 magnification. Magnifications were
chosen to allow for maximal regional specificity. Where possible, two or three fields of view
were taken per brain section for the cortex, periventricular and subcortical white matter brain
regions. All measurements (vascular density and morphology) were made using Metamorph

Offline (v7.7., Molecular Devices, USA).

3.2.3.1 Microvascular density

Two methods, both widely validated, were used to measure microvascular density (Eriksdotter-
Nilsson et al., 1986; Ballabh et al., 2004a), shown in Figure 3.2. Densitometry calculates the
total number of positive staining in pixels to give the total percentage area occupied by blood
vessels identified by laminin immunopositive staining. The total number of pixels that
represented positive staining for each field of view was calculated and represented as a

percentage of the total pixels of the image. The second method, counts all positively stained
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blood vessels in the field of view; and the total number of blood vessels counted for each image,

in each field of view was expressed relative to area (number of blood vessels/mm?).
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Figure 3.2: Microvascular density assessment of laminin immunohistochemistry in subcortical
white matter. Image shows laminin immunohistochemistry photomicrograph (A), and details how
Metamorph Offline software analysed vessel density (B). The threshold for ‘positive staining’ (B - green)
was manually set by experimenter. Densitometry analysis; (positive staining in pixel number) and vessel
density (blood vesselssmm?); number of positive staining objects in field of view were calculated

automatically by Metamorph Offline. Scale bar represents 200 um.

3.2.3.2 Morphology measurement

All morphology analysis was conducted on Metamorph Offline. Each image was inspected and
a threshold for the positive staining was set. Any positive staining region that occupied < 5
pixels (equating to 3.4 pm or 2.3 um?®) were considered non-specific and excluded from the
analysis. All analysis was measured in pixels and later converted to pm (or um? for area). Care
was also taken to exclude staining artefacts and any positive staining of vessels that were not
within the brain parenchyma (e.g. meninges are laminin positive structures (Eriksdotter-Nilsson
et al.,, 1986) or that were at the edge of regions of interest (cortex, corpus callosum,
subventricular zone and stria terminalus). The parameters chosen to describe blood vessels size
include perimeter, and several indices of vascular shape (length, breadth, radius and shape

factor), defined by Metamorph Offline and described by Ballabh et al., (2004a).
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Mean surface area of blood vessel: The average surface area of positive staining of all blood

vessels in a field of view.

Perimeter: The distance around the edge of the object, measuring from the midpoints of each

pixel that defines the border (Figure 3.3 a).
Length: The span of the longest chord through the blood vessel (Figure 3.3 b).

Breadth: The calliper width of the blood vessel perpendicular to the length (longest chord;
Figure 3.3 ¢)

Mean Radius: The average distance from the centroid to all points along the blood vessel edge
(Figure 3.3 d).

Shape Factor: was calculated by the equation: 4“A/P2 where A = area and P = perimeter; a
value of 0 indicates a flat (line) object, a value of 1 indicates a perfect circular object.
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Figure 3.3: Blood vessel morphology assessment of laminin immunohistochemistry in subcortical
white matter. Image details how each parameter; perimeter (a), length (b), breadth (c) and mean radius

(d) were calculated by Metamorph Offline software. Scale bar represents 200 pum.

3.2.3.3 Distribution of blood vessel size

Perimeter data was used to define blood vessel size in a particular brain region, and a frequency
distribution was calculated from this data set. Individual perimeter data was allotted to one of
five categories (frequency intervals) of 3.4 — <10 um (<10 um), >10 - 50 pm (< 50 pm), >50 —

100 pm (< 100 pm), >100 — 200 pm (< 200 pm) and >200 pm. Brain regions examined for this
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analysis were the corpus callosum, cortex, subventricular zone, striatum (including the
claustrum, caudate nucleus, putamen, external and internal capsule), thalamus, periventricular
and subcortical white matter. All fields of view (and duplicates where possible) were included
to achieve one frequency distribution for each brain region for each animal, these data were then
averaged over all fetuses, for each group. When all percentage totals for 5 intervals were

summed, this equalled 100% (of blood vessels from each field of view for a region).

3.2.4 Statistical Analysis

For vascular density and vessel morphology data a Kruskal-Wallis test (non-parametric
ANOVA) was run to compare between control, 24 h and 48 h post-UCO groups. If significant, a
Dunn’s post-hoc was performed to compare where significance existed, as stated in Ballabh et
al., (2004a). For the Stria Terminalus, a Mann Whitney U test was used to compare control and
24 h post-UCO, as the in the 48 h post-UCO group only n=2 was attained so was excluded from

analysis.

Two-Way (Mixed model) ANOVA tests were performed to compare the distribution of blood
vessel size based on perimeter (within groups), 24 h and 48 h following UCO for brain regions
(between groups). If a significant interaction was found, a Bonferroni post hoc test was
conducted. All data are shown as mean + standard error of the mean (SEM). For frequency
distribution of blood vessel perimeter all data was expressed as mean + SEM percentage
frequency of total blood vessels per region. Statistical analysis was run on GraphPad Prism

Software for Windows (v5.03). Statistical significance was set at p < 0.05.

102



Chapter 3

3.3 RESULTS

3.3.1 Vascular density

The effect of UCO on vascular density in the corpus callosum, cortex, subventricular zone, stria
terminalus, periventricular and subcortical white matter, striatal regions (caudate nucleus,
claustrum, putamen, external and internal capsule) and thalamus are shown in Table 3.1. The
number of blood vessels/mm? significantly decreased 48 h post-UCO (248.76 + 63.43)
compared to controls (583.26 + 118.12, p < 0.05) in the caudate nucleus. A trend to a decrease
in vascular density following UCO was seen in the cortex (p = 0.08) and subcortical white

matter (p = 0.0582). No significant differences were seen in all other brain regions measured.

Densitometry analysis of the percentage area occupied by blood vessels was significantly
different (decreased) in the caudate nucleus, cortex, thalamus (p < 0.05), but no other changes

were seen in brain regions examined (Table 3.1).

Table 3.1: Blood vessel density measurements. The density of blood vessels in section that incorporated
the corpus callosum, subventricular zone, stria terminalus, cortex, periventricular and subcortical white
matter, striatal regions and thalamus in control, 24 h post-UCO and 48 h post-UCO fetal brains. N are
stated for each region. Values expressed as mean + SEM. * p < 0.05; ** p < 0.01 compared to control, { p

< 0.05 compared to 24 h post-UCO. (On next page)
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Control 24 h post-UCO 48 h post-UCO
Corpus Callosum (n) 4 5 3
Vessel density (number/mm?) 932.30 +247.00 954.78 +241.93 276.92 +88.07
Total Area (%) 5.96 + 0.85 6.10 £1.02 3.59+£0.52
Subventricular Zone (n) 4 5 4
Vessel density (number/mm?) 356.00 £ 59.82 415.85 +70.46 245.67 £ 64.45
Total Area (%) 7.27+£1.03 7.20+£0.83 526+ 0.32
Periventricular White Matter (n) 4 5 4
Vessel density (number/mm?) 446.49 + 102.28 236.07 £41.33 209.26 +20.09
Total Area (%) 8.02£0.59 6.98 + 0.93 6.60 + 0.41
Subcortical White Matter (n) 4 5 4
Vessel density (number/mm?) 456.83 + 33.88 300.39 £51.50 253.22 +16.98
Total Area (%) 7.79+151 6.53+£0.69 5.75+£0.80
Cortex (n) 3 4 4
Vessel density (number/mm?) 592.87 +£42.20 355.41 £81.94 337.51 +£28.89
Total Area (%)* 8.34+0.12 5.72+0.99 5.30£0.59
Caudate Nucleus (n) 3 4 4
Vessel density (number/mm?)* 583.26 +£118.12 421.10 £51.24 248.76 + 63.43*
Total Area (%)* 7.62 +0.52 7.57+091 481+031*"
Putamen (n) 4 4 3
Vessel density (number/mm?) 394.29 + 100.64 583.82 +190.10 235.07 +£53.17
Total Area (%) 7.73+1.53 8.06 + 2.09 4.84+0.33
Claustrum (n) 4 4 3
Vessel density (number/mm?) 485.41 + 114.29 277.83 £84.85 341.18 + 60.59
Total Area (%) 8.78 £ 2.59 5.83+1.23 5.47 +£0.54
External Capsule (n) 4 5 4
Vessel density (number/mm?) 405.15 + 82.66 322.35+52.31 288.12 £44.71
Total Area (%) 8.38+1.61 6.57 £ 0.37 490+ 1.07
Internal Capsule (n) 4 5 4
Vessel density (number/mm?) 461.71 + 94.33 406.06 £51.14 319.63 £ 73.77
Total Area (%) 7.39+1.52 9.12+0.90 6.54 +£1.32
Thalamus (n) 5 5 3
Vessel density (number/mm?) 536.61 + 46.65 437.24 + 40.98 500.15 + 77.42
Total Area (%)* 12.92+1.61 9.75+0.98 8.60 + 0.24*
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3.3.2 Morphological assessment

3.3.2.1 Effect of umbilical cord occlusion on morphology of blood vessels

Morphology of blood vessels as assessed by mean area, perimeter, length, breadth, mean radius
and shape factor was measured in the corpus callosum, cortex, subventricular zone, stria
terminalus, periventricular and subcortical white mater (Table 3.2), striatal regions (caudate
nucleus, claustrum, putamen, external and internal capsule) and thalamus (Table 3.3). UCO did
not have a significant effect on any of the morphology parameters. A trend for an increase in the
mean area of blood vessels was observed in the Stria Terminalus at 24 h post-UCO compared to
controls (p = 0.0571). Due to n = 2 in the Stria Terminalus at 48 h post-UCQO, no statistical

comparisons were run and SEM could not be calculated (Table 3.2).

3.3.3 Regional comparison of vascular density and morphology

No significant regional differences in vascular density or percentage area occupied by blood
vessels were seen in control brains between all regions. Comparing control values of all the
parameters derived in the analysis (mean area, perimeter, length, breadth, mean radius and
shape factor) also revealed no significant differences between all the brain regions examined

(Table 3.1, 3.2, 3.3 — Control column).
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Table 3.2: Blood vessel morphology measurements. Blood vessel morphology measurements in corpus
callosum, subventricular zone, stria terminalus, cortex, periventricular and subcortical white matter in
control, 24 h post-UCO and 48 h post-UCO fetuses. N are stated for each region. Values expressed as
mean + SEM. * p < 0.05; ** p < 0.01.

Control 24 h post-UCO | 48 h post-UCO
Corpus Callosum (n) 4 5 3
Mean Area (Lm?) 82.31+17.67 | 88.07+24.83 | 166.38+62.46
Perimeter (um) 35.97 £ 3.50 34.35+5.89 53.27 +12.03
Length (1m) 12.07+1.24 11.74+1.84 18.85 + 4.82
Breadth (um) 5.67 £ 0.59 5.48 £+ 0.84 8.05+1.70
Mean Radius (pm) 3.57 +0.38 3.54 +0.58 5.72 +1.45
Shape Factor 0.63+0.01 0.64 +0.03 0.60 + 0.02
Subventricular Zone (n) 4 5 4
Mean Area (pum?) 21753+ 18.45 | 239.85+63.57 | 263.04 +£50.23
Perimeter (um) 60.36 + 3.72 63.24 + 10.28 70.26 £ 7.97
Length (um) 21.24+1.55 22.04 +3.30 2497 +3.48
Breadth (um) 11.12 £ 0.67 11.03+1.60 12.79 + 1.57
Mean Radius (pm) 6.66 + 0.50 6.82 + 1.06 7.93+1.16
Shape Factor 0.65+0.03 0.66 +0.03 0.62+0.01
Stria Terminalus (n) 3 4 2
Mean Area (pum?) 87.37 £ 24.45 208.10 £ 35.37 304.79 +
Perimeter (um) 40.62 + 6.27 61.25 + 5.53 86.62 +
Length (um) 14.47 £ 2.92 20.99 +1.55 29.25 +
Breadth (um) 7.26+1.28 10.92 £ 0.96 1351 +
Mean Radius (um) 4,30 +0.97 6.57 £ 0.52 8.83 +
Shape Factor 0.64 +0.02 0.63 +0.03 0.58 +
Cortex (n) 3 4 4
Mean Area (Um?) 138.13+£8.21 172.37 £ 16.03 154.80 + 6.88
Perimeter (um) 51.59 + 3.24 62.10 + 4.15 55.75 + 3.57
Length (um) 18.18 +1.73 2254 +1.77 19.84 + 1.43
Breadth (um) 9.65 + 0.51 10.48 + 0.61 9.95 + 0.48
Mean Radius (um) 5.61 +0.49 6.78 £ 0.53 6.09+0.43
Shape Factor 0.63 £ 0.00 0.58 £ 0.01 0.62 £0.03

Table continued on next page.
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Table 3.2: Blood vessel morphology measurements. (Continued)

Periventricular White Matter (n) 4 5 4

Mean Area (um?) 24147 +£63.77 | 342.13+70.72 | 335.20 + 16.86
Perimeter (um) 62.76 + 12.51 81.53+11.75 82.62+2.94
Length (um) 23.00 + 4.97 29.76 + 4.27 30.06 £ 1.39
Breadth (um) 10.55+1.88 13.43+1.75 14.44 + 0.43
Mean Radius (pum) 6.93 +1.52 9.10+1.32 9.44+0.36
Shape Factor 0.67 £0.03 0.63 £ 0.04 0.61 +0.03
Subcortical White Matter (n) 4 5 4

Mean Area (Um?) 207.08 +52.57 | 262.91+44.76 | 243.84+41.51
Perimeter (um) 57.90£9.09 69.75 + 8.26 68.06 £ 5.96
Length (um) 20.57 + 3.42 25.38 + 2.94 24.63 + 2.65
Breadth (um) 9.58 +1.59 11.47+1.12 12.08 +1.14
Mean Radius (um) 6.15+1.09 7.74 +£0.90 7.74+0.87
Shape Factor 0.65+0.01 0.62 +0.03 0.61+0.02
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Table 3.3: Blood vessel morphology measurements in striatum and thalamus. Blood vessel
morphology measurements in striatal regions: caudate nucleus, putamen, claustrum, external and internal
capsule and thalamus in control, 24 h post-UCO and 48 h post-UCO fetuses. N are stated for each region.

Values expressed as mean + SEM. * p < 0.05; ** p < 0.01.

Control 24 h post-UCO | 48 h post-UCO
Caudate Nucleus (n) 3 4 4
Mean Area (Lm?) 148.82 +33.85 | 17557 +32.74 | 243.50 + 83.70
Perimeter (um) 54.06 £ 7.32 62.99 + 8.39 66.84 + 14.45
Length (um) 19.14 £ 2.78 21.82+3.11 24.15+5.82
Breadth (um) 10.12 + 1.06 10.85+1.29 11.88+2.24
Mean Radius (um) 5.94 £ 0.86 6.61+0.94 7.51+1.84
Shape Factor 0.64 +0.02 0.59+0.03 0.65+0.01
Putamen (n) 4 4 3
Mean Area (pum?) 22794 +£33.72 | 163.78+£32.17 | 236.29 £ 59.85
Perimeter (um) 65.54 + 3.52 56.09 + 8.19 74.12 + 14.58
Length (um) 22.58+1.55 20.43 + 3.63 25.74 £ 5.69
Breadth (um) 11.28 £ 0.40 10.02 £ 1.08 12.48 +1.98
Mean Radius (pm) 6.94 + 0.41 6.22 + 1.05 7.89+1.62
Shape Factor 0.61 +0.01 0.63 £0.03 0.57+£0.01
Claustrum (n) 4 4 3
Mean Area (pum?) 184.36 £ 13.67 | 233.09+32.39 | 170.60 £21.13
Perimeter (um) 61.23+3.12 68.78 + 7.55 59.14 + 3.38
Length (um) 20.40 + 0.99 24.27 +3.22 21.95+1.90
Breadth (um) 10.63 + 0.44 11.38 +1.09 11.01 +0.84
Mean Radius (um) 6.30 +£0.31 7.32+£0.94 6.84 +0.63
Shape Factor 0.62 +0.02 0.58 + 0.01 0.62 +0.03
External Capsule (n) 4 5 4
Mean Area (Um?) 225.86 £40.49 | 232.21+38.40 | 170.78 +25.19
Perimeter (um) 62.69 + 6.75 67.61 +7.99 60.86 + 5.98
Length (um) 21.00 +2.43 24.69 +2.73 22.23+2.72
Breadth (um) 11.02 £0.87 11.43+1.16 10.75+0.76
Mean Radius (pm) 6.49 +0.72 7.49+0.81 6.82+0.78
Shape Factor 0.64 £ 0.01 0.62 £ 0.03 0.59 £0.02

Table continued on next page
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Table 3.3: Blood vessel morphology measurements in striatum and thalamus. (Continued)

Internal Capsule (n) 4 5 4

Mean Area (um?) 175.68 £23.39 | 246.76 £41.02 | 278.58 + 110.04
Perimeter (um) 55.74 +4.29 71.56 +6.19 78.07 £ 19.32
Length (um) 19.75+1.90 25.05+2.44 27.01+7.24
Breadth (um) 10.07+£0.71 12.62 £ 1.27 13.17+2.80
Mean Radius (pum) 6.07 £ 0.58 7.80 £ 0.84 8.20 +2.13
Shape Factor 0.65 £ 0.02 0.61 +£0.02 0.56 +0.01
Thalamus (n) 5 5 3

Mean Area (um?) 221.44 £39.11 | 197.85+17.46 | 202.58 +42.88
Perimeter (um) 72.53+8.54 68.50 £ 5.92 73.93 £9.50
Length (um) 24.83+2.78 24.31+2.25 25.67 + 3.39
Breadth (um) 1250+ 1.19 11.90 £ 0.96 12.30 + 1.37
Mean Radius (um) 7.58+0.78 7.37+£0.67 7.72+0.99
Shape Factor 0.57 £ 0.02 0.56 +0.01 0.54+£0.01
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3.3.3.1 Change in size distribution of blood vessels.

Any particle smaller than 5 pixels was excluded from analysis, making the smallest vessel size
detectable from 3.4 um. For all brain regions, the greatest number of blood vessels in the control
fetal brains was within the range of 10 — 50 um. Following UCO in periventricular (Figure 3.4
A, B, C) and subcortical white matter a significant difference was seen in the frequency
distribution of blood vessel perimeter. In periventricular white matter (Figure 3.4 D), at 48 h
post-UCO (Figure 3.4 C) there was a significant decrease in the relative number of blood
vessels < 10 pum (29.5 = 4.8% vs. 13.4 £ 3.8%; p < 0.01) and a corresponding significant
increase in blood vessels < 100 um (16.5 + 4.2% vs. 30.6 £ 1.3%; p < 0.05) compared to
controls (Figure 3.4 A). In subcortical white matter, the percentage of blood vessels < 10um
significantly decreased at 24 h (16.4 £ 2.9%; p < 0.05) and 48 h post-UCO (13.7 + 1.7%; p <
0.01) compared to controls (27.1 + 5.5%). At 48 h post-UCO 26.6 + 2.1% blood vessels were <
100 um, which was significantly greater than controls (14.8 + 3.3%; p < 0.05) (Figure 3.4 E). In
the corpus callosum, there was a significant decrease at 48 h post-UCO (29.5 + 5.9%) seen in
blood vessels < 50 um compared to controls (49.4 + 2.9%; p < 0.01) and 24 h post-UCO (46.6 +

5.1%; p < 0.01) (Figure 3.5 A).

No significant differences in the distributions of blood vessels perimeter size were seen at 24 h
and 48 h following UCO for the subventricular zone, striatum, thalamus, cortex or stria

terminalus (48 h post- UCO, n=2) (Figure 3.5 B - F).
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Figure 3.4: Size distribution of blood vessels in white matter. Photomicrographs of laminin immunohistochemistry in periventricular white matter from Control (A), 24 h
post-UCO (B) and 48 h post-UCO (C). Percentage frequency histograms of the perimeter of blood vessels in periventricular (D) and subcortical (E) white matter in control

(black), 24 h (red) and 48 h post-UCO (blue) in fetal sheep brains. Scale bar represents 100 um. p < 0.05. Mean + SEM. Not significant (NS)
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Figure 3.5: Size distribution of blood vessels in brain regions from fetal sheep. Percentage frequency
histograms of the perimeter of blood vessels in corpus callosum (A), subventricular zone (B), striatum
(C), thalamus (D), cortex (E) and stria terminalus (F) in control (black), 24 h (red) and 48 h post-UCO
(blue) in fetal sheep brains. p < 0.05. Mean + SEM. Not significant (NS).
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3.4 DISCUSSION

This study assessed changes in vascular density and morphology using laminin
immunohistochemistry in the late gestation fetal sheep brain following UCO. Vascular density
measurements in control late gestation fetal sheep were comparable to human studies
(Miyawaki et al., 1998) The most striking finding of this study was that in periventricular and
subcortical white matter, at 48 h following UCO, there was a significant decrease in the relative
frequency of smaller (< 10 um) blood vessels and an increase in the percentage frequency of
larger blood vessels (< 100 um). This shift in frequency indicates that one of the consequences
of UCO is dilation of small blood vessels, at least in the short term. Thus, these results show for
the first time a predilection for the prolonged vascular changes in fetal white matter but not in

grey matter.

The significant decrease in vascular density seen in the caudate nucleus 48 h following UCO
and the trend to a decrease in vascular density seen in the cortex and white matter may be
attributed to morphological changes, i.e. larger vessels occupy more of the field of view.
However, decreased vascular density has also been closely correlated with blood brain barrier
(BBB) damage (albumin extravasation) resulting in oedema formation up to between 24 to 72 h
following subarachnoid haemorrhage in rats (Scholler et al., 2007). Contrary to this study,
decreased microvascular density has been reported in the cortex of angiopoietin like-1 (angptl-
1) protein transgenic mice and was associated with a paradoxical decrease in BBB breakdown
and oedema formation (Lai et al., 2008). Angiopoietin like proteins are similar to the
angiopoietins, but do not bind to the Tie receptor. Angpt like proteins are suggested to be
important in modulating angiogenesis and in stabilizing endothelial cells (Oike et al., 2004; Lai
et al., 2008). However in our study the decreased vascular density in the caudate, thalamus and

cortex were not associated with an increase in vessel size.

In studies of human white matter, Altman and colleagues (1988) described lower cerebral blood

flow in white matter in preterm and term neonates using positron emission tomography (PET).
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Lower vascular density (mid to late gestation) could also explain lower blood flow in white
matter in the human fetus (Ballabh et al., 2004a). In contrast, we did not observe any significant
difference between grey and white matter regions in near term animals with respect to vascular

density, but simply that there was a difference in the effect of UCO in these regions.

Following hypoxic and/or ischemic insults (middle cerebral artery occlusion (MCAQO) or
hypobaric hypoxia), increased capillary density has been widely reported in adult rats and mice,
from 1 to 8 weeks following the insult (Lin et al., 2000; Kanaan et al., 2006; Milner et al., 2008;
Pan et al., 2010). Hypoxic preconditioning followed by a hypoxic-ischemic insult in the
immature rat brain also results in increased vascular density (Gustavsson et al., 2007). Hypoxia
induced angiogenesis occurs due to increased expression of hypoxia inducible factor-1a (HIF-
la) up-regulating expression of vascular endothelial growth factor (VEGF), a potent regulator
of angiogenesis. The activation of hypoxia inducible genes and subsequent formation of new
blood vessels following permanent ischemia occurs within the first 48 to 72 h in the adult (Marti
et al., 2000b), but it is not clear if new blood vessels contribute to perfusion at this stage. In
adult mice the formation of new blood vessels is first visible from 4 to 12 days following
administration with VEGF (Dellian et al., 1996). Whether the developing brain responds in the
same way to a severe but transient systemic insult (UCO) remains to be investigated and is
discussed further in Chapter 4 and Chapter 5, although at 48 h no significant increase in

vascular density would indicate this is too soon to occur in our model.

The striking difference in response to hypoxia of blood vessels of white matter (periventricular
and subcortical) compared to other brain regions is an important finding that needs to be
investigated further. Increased vessel perimeter could be indicative of increased nitric oxide
(NO)- induced vasodilation, and endothelial nitric oxide synthase (eNOS) expression, which has
a fundamental role in regulating cerebral blood flow, which has been shown to occur following

hypoxia-ischemia (Bolanos & Almeida, 1999; Rodrigo et al., 2005; Kaur & Ling, 2009).
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In premature infants, increased cerebral blood flow is correlated with vulnerability to
haemorrhage (Milligan, 1980; Ment et al., 1991). However, Meek et al., (1999) attributes low
global cerebral blood flow within the first 24 h of birth to an increase in the incidence of severe
GM-IVH, suggesting that cerebral ischemia may predispose the brain to haemorrhage. Inherent
vulnerability of white matter to injury could also be attributed to vascular end zones, where
basal penetrators (major arteries) end in subcortical and periventricular regions (De Reuck,
1971; Takashima & Tanaka, 1978a; Volpe, 1998). However, McClure et al., (2008) do not
attribute vascular end zones in white matter to ischemia-reperfusion injury in the preterm fetal
sheep despite basal blood flow being lower in white matter compared to cortical and subcortical
gray matter. Instead McClure et al., (2008) argue that cellular immaturity (i.e. pre-
oligodendrocytes) may be more responsible for white matter vulnerability, resulting in brain

injury.

Previously, we have shown increased global cerebral blood flow during 10 min UCO, followed
by 10 h of hypoperfusion, and a return to basal blood flow by 24 h post-UCO (Yan et al., 2009).
Expansion of blood vessels, as shown by increased perimeter, may be indicative of vascular
dilation at 48 h post-UCO, which would increase oxygen and glucose supply to white matter.
However, high blood flow through large diameter conduits does not necessarily increase oxygen
or nutrient delivery, particularly when the vessel is large enough to permit laminar flow to
develop, based on Poiseuille’s equation. Vogel and colleagues (2003) transfected VEGF, a
potent stimulator of angiogenesis, into rat brains and found that large (< 650 um diameter from
vessel cross sections) blood vessels actually had decreased local cerebral blood flow. They
suggested that areas of high vascular density, with medium sized vessels (> 43 um) were the
regions that showed increased blood flow. This study highlighted an importance in differing

regional flow patterns being attributed to the growth of new vessels and vessel size.

Following hypoxia, changes in vessel size have also been seen to occur in the cortex of the

neonatal rat brain observed as an increase in vessel diameter (Ogunshola et al., 2000), this is

115



Chapter 3

contrast to our study where we only saw significant differences in white matter. In adult rats
following cerebral ischemia, increased vessel perimeter of the ipsilateral hemisphere has also
been observed (Zhang et al., 2002a). Chen et al., (2005) found that treatment with statins
following stroke also produced a significant increase in vascular perimeter. Although the exact
consequence of this response is not well understood, this study also found enhanced
angiogenesis shown by increased numbers of BrdU labelled endothelial cells from 1 to 14 days
following the induction of stroke. The increase in proportion of vessels (<100 pum) only
occurring in white matter up to 48 h following UCO late in gestation could be indicative of
increased expression of vasodilators, vasodilation and angiogenesis which is consistent with
other studies from both the neonatal and adult brain (Ogunshola et al., 2000; Zhang et al.,
2002a). Further analysis of vascular structure or discrimination of arteries or veins could help

explore the significance of these findings.

Mito et al., (1991) also suggested that proportionally large vascular diameter is associated with
angiogenesis in both the cortex and white matter of the fetal human brain from mid to late
gestation. Subsequently, smaller diameter vessels (<10 um) occur throughout gestation, with
larger vessels (>20 um) appearing prominently from 35 weeks gestational age. During normal
development of the human fetal brain, as gestational age increases so does vascular density in
the germinal matrix and cortex. White matter has a smaller increase across gestation, and the
lowest blood vascular density compared to the above brain regions (Gould & Howard, 1988;
Ballabh et al., 2004a). However, Mito et al., (1991) manually counted vessels and noted no
significant difference in white matter vascular density in the human fetal brain (from 14 to 38
weeks gestation). In contrast to no significant differences in vascular density between brain
regions of late gestation control fetal sheep were observed. Vascular density in control brains
was consistent with human studies (Eriksdotter-Nilsson et al., 1986; Miyawaki et al., 1998).
The vascular morphology measurements of gray and white matter in control late gestation fetal

brains were marginally smaller than the human (Ballabh et al., 2004a).

116



Chapter 3

It is interesting to note that there was a significant shift in the proportion of blood vessel
perimeter in white matter but not in an overall difference when ‘mean’ vessel perimeters were
compared (Table 3.2). There was a trend to an increase in vessel perimeter following UCO in
white matter (periventricular and subcortical), but this was not significant. The statistical
analysis chosen for this comparison was based on Ballabh et al., (2004a) who did a similar
analysis of blood vessels. The significance of these finding highlights that 24 and 48 h
following UCOQ it is small (<10 pum) to medium (<100 pum) sized blood vessels in white matter
that may be more vulnerable to hypoxia. This could be indicative of either changes in cerebral
blood flow to these regions (discussed above) or angiogenic responses, whereby vascular

expansion occurs early during blood vessel formation (Mito et al., 1991).

Many antigens have been used in immunohistochemistry to label blood vessels, including
constituents of the basal lamina (such as collagen 1V and laminin), and endothelial cell markers
(CD31, CD34, CD105 (endoglin), eNOS, von Willebrand factor [Factor VIII]), and lectin
(Eriksdotter-Nilsson et al., 1986; Hamann et al., 1995; Vermeulen et al., 1996; Brewer et al.,
2000; Simon et al., 2008). Inconsistent results have been noted when comparing different
endothelial markers (Brewer et al., 2000; Simon et al., 2008). Using collagen IV or laminin,
both of which are expressed equally in the basement membrane, produces a consistent, reliable
stain that also allows for densitometry analysis (Laurie et al., 1980; Ment et al., 1991; Mito et
al., 1991). The use of laminin immunohistochemistry to label and visualise blood vessels has
been widely validated and proven to be a simple, accurate and specific method with minimal
background (Eriksdotter-Nilsson et al., 1986), and was therefore used in our study. A limitation
of using basement membrane proteins such as laminin or collagen IV is that staining does not

discriminate between capillaries, arterioles, arteries or veins.

Ment et al., (1991) suggested that basement membrane proteins (laminin and collagen 1V) are
important in providing structural integrity to blood vessels, particularly in the germinal matrix
(subventricular zone) to prevent rupture. Ultrastructural analysis using electron microscopy to

measure morphology of germinal matrix blood vessels have found that immature vessels tend to
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have a greater endothelial area and thinner basement membrane in comparison to cortical areas
during 25 — 32 weeks gestational age (Trommer et al., 1987; Grunnet, 1989). Grunnett (1989)
and Trommer et al., (1987) suggest that a large area of vascular lumen and large radius with a
consistent pressure contribute to greater tension on the vascular wall and possibly lead to
rupture of blood vessels, as described by LaPlace’s law; T = Pr/a (T = circumferential tension, P
= pressure, r = radius and o = thickness of wall). Whether blood vessels of the subventricular

zone or white matter in the fetal sheep brain also respond this way still remains to be elucidated.

Degradation of laminin is consistent with disruptions of the BBB and can contribute to oedema
formation and haemorrhage (del Zoppo & Mabuchi, 2003; Veltkamp et al., 2006). Normally
laminin expression is confined to the basement membrane. Xu et al., (2008) measured laminin
al, a4 and a5 isoforms in germinal matrix, gray and white matter of both human fetal (16 weeks
to 40 weeks gestation) tissue and from rabbit pups and found developmental regulation of
expression for each isoforms and greater al expression in the germinal matrix. The primary
antibody used for laminin immunohistochemistry in our study recognised all isoforms. However
during development, laminin expression is induced by precursors of neurons and glia, and in

response to injury is expressed by reactive astrocytes (Liesi et al., 1984; Liesi, 1985).

Following hypoxia-ischemia matrix metalloproteinase-9 (MMP-9) is up-regulated, and laminin
being a substrate, it is thought to correlate with laminin degradation (Zalewska et al., 2002).
Laminin degradation is also correlated with loss of pyramidal neurons in the hippocampus
following excitotoxic injury, and following injury reactive astrocytes also express laminin
(Chen & Strickland, 1997). The response of laminin isoforms and the possible degradation that
may occur following hypoxia-ischemia could identify regional vulnerabilities of the basement
membrane and other cell types. We saw no evidence of cellular laminin expression and it was
beyond the scope of this study to assess laminin degradation; however using
immunohistochemistry densitometry may provide an indication of degradation of laminin, but

analysis of protein by western blot would be the most accurate. Veltkamp et al., (2006) used
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densitometry analysis of laminin positive staining and found degradation of laminin 24 h
following MCAO. However, without an assessment of morphology or additional analysis of
protein concentration using Western Blot techniques it is difficult to determine the significance

of this finding.

When measuring vascular density it is important to consider morphological changes of the
blood vessels, particularly in brain regions that contain vessels with a more circular form (shape
factor closer to 1). Shape factor may be over-estimated in our study and influenced by perfusion
of PFA during fixation of tissue. Trommer et al., (1987) suggests differences in perfusion
pressure and other fixation protocols may lead to distended vessels leading to discrepancies
between studies measuring capillary luminal diameter using electron microscopy. Grunnet
(1989) also saw this as an issue, so used immersion fixed brain tissue for analysis. While
perfusion fixation may alter the true vessel shape, it is unlikely this could have produced the
difference seen between the UCO and sham-UCO brains unless a pre-existing difference in

vascular structure was present.

Comparison and validation of methods used to measure vascular density have been mostly done
in regards to tumour angiogenesis. The Chalkley count method has been widely used in which
“hot spots” of high vessel growth are recognised and counted using a 25-point graticule
(Weidner et al., 1991; Fox et al., 1995). However, for analysis of vascular density across larger
regions, this may not be accurate due to the variability of vascular density of brain regions and
morphology of blood vessels. Manual and computerised methods have both been utilized to
measure vascular density. Counting of blood vessels and densitometry image analysis of total
positive staining (of pixels) in a field of view have also been widely used (Mito et al., 1991,
Hamann et al., 1995; Cavaglia et al., 2001; Veltkamp et al., 2006). Ballabh et al., (2004a) used
a computerised method of quantification that allowed for a consistent, quick and unbias

evaluation of vessel number and related individual size parameters. In our study, our findings
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suggest that either densitometry or counting of vessels is accurate but morphological assessment

must also be done to accurately represent microvascular density.

It could be argued that a limitation of this study was that we didn’t measure diameter of vessels,
as other studies have. However, the vessel would need to be a perfect circle for this to be an
accurate measure. The difference we saw was a shift in frequency of vascular perimeter
following UCO. Possibly analysing radius, length and breadth of blood vessels as a frequency
distribution would indicate the shape changes occurring, although perimeter measurements do
take into account changes in these parameters, thereby accurately measuring vessel size. Large
variation occurred (particularly for perimeter) as blood vessel perimeters ranged from < 10 um

to > 200 pm which included a mixture of both oblong and circular vessels.

Large SEM values may account for the trend, but no significant difference, between groups
when assessing ‘mean’ vessel perimeter (and other morphological parameters). This may exist
due to the large range of vessel perimeters, <10 pum to >200 pum, and that there was between
1000 to 2000 positive stained blood vessels (objects) per field of view. This observation
highlights that the differences in vessel perimeter were subtle and a more specific analysis may
be required. A close assessment of all blood vessels being represented as a frequency
distribution appears to be a more accurate representation and method for closely assessing

changes in vessels morphology.

In summary this study has found that cerebral blood vessels in white matter have a different
response compared to other brain regions, including gray matter, following global hypoxia
caused by UCO late in gestation. While the observations made here are still relatively short term
(i.e. 48 h following UCOQ); it is apparent that the cerebrovasculature is significantly affected by
a brief (10 min) period of severe hypoxia, even though the systemic cardiovascular and

metabolic status of the fetus to return to normal within hours of the insult.
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4.1 INTRODUCTION

Perinatal hypoxia-ischemia can have severe, acute consequences such as germinal matrix and
intraventricular haemorrhage (GM-IVH), brain oedema in the fetal brain, followed by more
chronic effects including periventricular leukomalacia (PVL), cerebral palsy and other
neurological deficits (Abraham et al., 1999). However the pathogenesis of brain injury
following a severe hypoxic event is not well understood. The actions of hypoxia sensitive genes
such as hypoxia inducible factor (HIF) and vascular endothelial growth factor (VEGF) which
are robustly up-regulated following hypoxia have been shown to have both protective and
damaging consequences. Mostly from studies in the adult brain, there is limited explanation

about the implication of their findings for the fetal and neonatal brain.

VEGF is an important regulator of vasculogenesis (new vessel formation), angiogenesis
(sprouting of blood vessels from pre-existing ones), endothelial cell differentiation and
neurogenesis (neuronal growth) during embryonic and fetal development (Breier et al., 1992;
Breier & Risau, 1996; Ogunshola et al., 2000; Sun et al., 2003), with hypoxia being a key
regulator of VEGF expression (Forsythe et al., 1996). VEGF has homologous family members
(VEGF-A, placental growth factor (PIGF) VEGF-B, VEGF-C, VEGF-D and VEGF-E) and
three high affinity tyrosine receptors (VEGFR-1 (Flt-1), VEGFR-2 (FIt-2/KDR) and VEGFR-3

(FIt-4) (Breier, 2000).

Following a hypoxic event, transcriptional factor HIF-1a is robustly upregulated resulting in
increased expression of hypoxia responsive genes including erythropoietin (Epo) and VEGF
(Mu et al., 2003; Kaur et al., 2006a). Increased VEGF expression results in an angiogenic
response, and in ischemic tissue this leads to increased perfusion (Breier et al., 1992; Breier &
Risau, 1996; Ment et al., 1997; Nag et al., 1997; Zhang et al., 2000; Sun et al., 2003). However,
VEGF expression can also lead to increased vascular permeability and leakage of plasma
proteins into the extravascular space (Schoch et al., 2002). This response has been widely

studied in tumour growth (Kim et al., 1993; Breier & Risau, 1996; Banerjee et al., 1997; Breier,
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2000), wound healing (Bates & Jones, 2003; Otrock et al., 2007), adult stroke (Zhang et al.,
2000; del Zoppo & Mabuchi, 2003) and even the fetal retina (Alon et al., 1995). Aly et al.,
(2009) found increased circulating VEGF from the cord blood of human infants who had
experienced perinatal asphyxia, many of whom continued on to develop hypoxic-ischemic
encephalopathy. Two neonatal rodent models have also found increased VEGF following
hypoxia (Ment et al., 1997, Mu et al., 2003; Kaur et al., 2006a). However whether up-
regulation of VEGF occurs in the fetal sheep brain after global hypoxia, and the implications of

this for the physiological status of the cerebral circulation have not been fully investigated.

It is well established following hypoxia-ischemia the neonatal brain responds with fluctuations
in cerebral haemodynamics and blood flow in association with the onset of excitotoxicity,
oxidative stress, inflammation and subsequent brain injury (McLean & Ferriero, 2004). For the
fetus, umbilical cord complications, particularly near term are common and severe hypoxia can
result in devastating brain injury. In some instances term fetuses appear to be more vulnerable

to occlusion of the umbilical cord than the mid gestation fetuses (Mallard et al., 1994).

In previous studies using fetal sheep it has been shown that, a single 10 minute period of
umbilical cord occlusion (UCO) in late gestation resulted in increased hydroxyl radical
production, increased lipid peroxidation and seizure activity for up to 10 h (Mallard et al., 1994;
Miller et al., 2005; Yan et al., 2009). This hypoxic stress was also associated with increased
expression of Epo (a hypoxia sensitive gene) and Epo-receptor following one or two bouts of
UCO (Castillo-Melendez et al., 2005), which might be an adaptive response, as Epo treatment
has been shown to be neuroprotective following neonatal stroke in rats (Chang et al., 2005; lwai

et al., 2007).

In this study we aimed to determine the effects of UCO on expression of VEGF, another
hypoxia-inducible gene, in the major regions of the fetal sheep brain together with effects on
cell proliferation and blood brain barrier (BBB) permeability changes at 24 and 48 h following

this single but severe asphyxic event. It is hypothesised fetuses subjected to UCO will be
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stressed (increased cortisol) and that up-regulation of VEGF in the fetal sheep brain following
UCO could have the benefits of inducing angiogenesis, but also have the detrimental
consequences forming fragile vessels and increasing BBB permeability, similar to those seen in

adult hypoxia-ischemia.

4.2 METHODOLOGY

The animal surgery and experimental protocols are given in detail in Chapter 2, Section 2.4,
and 2.5. Although generally the same animal surgery and experimental procedures were
conducted, the animals used in Chapter 4 and Chapter 5 were different groups of animals, so

the methods sections are repeated as they detail different protocols.

4.2.1 Animal surgery and experimentation

Fourteen pregnant Border-Leicester ewes carrying a singleton fetus were used in this study. The
use of these animals and all procedures had received prior approval from the School of
Biomedical Science Animal Ethics Committee of Monash University. As previously described
by Castillo-Melendez et al., (2005) and Yan et al., (2009), the surgery was performed under
general anaesthesia at 124-126 days gestational age (GA; term is 146 days), which was induced
by an intravenous injection of 1 g sodium thiopentone (50 mg/ml; Pentothal, Boehringer
Ingelheim Pty Ltd, Australia) in 20 mL sterile water and maintained for the duration of surgery
using 1.5-2% isoflurane (Isoflo, Abbott Australasia Pty Ltd, Kurnell, Australia). Under aseptic
conditions the fetal hindlimbs were exposed through abdominal and uterine incisions. A
polyvinyl catheter filled with heparinised saline was inserted into a femoral artery to obtain
blood samples and measure arterial pressure. A second saline-filled catheter was filled was
placed in the amniotic sac for a pressure reference. An inflatable silastic cuff (type OC-16, In
Vivo Metric, Healdsburg, CA, U.S.A) was placed around the abdominal end of the umbilical

cord, which on inflation results in complete cessation of blood flow in the cord. The fetus was
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then returned to the uterus and the incision closed. All catheters was exteriorised through a

maternal flank incision, and the maternal abdominal incision was closed.

Experiments were performed 4-5 days after surgery. Fetal blood pressure and amniotic pressure
were measured using solid state pressure transducers, and fetal arterial pressure calculated by
electronic subtraction of amniotic pressure. Fetal heart rate was calculated online from the blood
pressure pulse. All data was recorded continuously on the hard disk of a computer via an

analogue-digital converter and Chart software (PowerLab, ADInstruments, NSW, Australia).

On the day of the experiment, in 9 fetuses the umbilical cord was occluded completely for 10
min by inflating the cuff with 3mL of sterile water; in 5 fetuses a sham UCO procedure was
performed. Fetal arterial blood samples (0.5 mL) were taken at -1 h, -5 min, +5 min, +9 min, 30
min, 1, 2, 4, 6, 8, 10, 12 and 24 h relative to the start of the occlusion (time=0). Blood samples
were used immediately to measure pO,, pCO,, O, saturation, pH and haematocrit using a
Radiometer ABLS5 analyser (Radiometer Medical A/S, Denmark), and blood glucose and lactate
concentrations were measured by a YSI 2300 STAT Glucose and Lactate Analyser (YSI Life

Sciences, USA).

At 24 h (n=5) or 48 h (n=4) after the actual or sham UCO ( n=5; 24 h [5]) , the ewe and fetus
were humanely euthanized by i.v. injection of pentobarbitone sodium (Lethabarb, Virbac Pty
Ltd, Australia) to the ewe. The fetal brain was transcardially perfused with 1L of sterile saline
and then immediately with 4% paraformaldehyde (PFA). (Detailed explanation of post mortem

procedures Chapter 2, Section 2.8)

4.2.2 Cortisol radioimmunoassay

For a detailed protocol please refer to Chapter 2, Section 2.7.

Cortisol was extracted from plasma samples using dicholoromethane as previously described by

Bocking et al., (1986). Briefly, following extraction Cortisol assay buffer (100 pl), antiserum
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(100 plI; working dilution; 1:5000), bovine y-globulin (100 pl; at a concentration of 8 mg/mil;
Calbiochem, Darmstedt, Germany) and *H-cortisol (100 pl) were added to all sample and
standard tubes, vortexed, covered with paraffin and incubated overnight at 4°C. The following
day, 1 ml of 22% polyethylene glycol (PEG) was added, vortexed and centrifuged (1800 g) for
15 min at 4°C to separate bound hormone from the unbound hormones. The supernatant was
aspirated, the pellet was resuspended in cortisol assay buffer (200 pl) and scintillation fluid (2
ml; Ultima Gold, Perkin Elmer, Australia) was added. Samples were vortexed, and placed in the
B-counter (Beckman LS 3801, Beckman Instruments, USA) to determine radioactivity. Cortisol
concentrations were calculated from the standard curve and a mean of duplicates was
determined for each sample. The intra-assay and inter-assay co-efficient of the assays were 15.4

and 24.6 respectively.

4.2.3 Immunohistochemistry

4.2.3.1 Single label

Immunohistochemistry was performed on 10 um paraffin-embedded sections at two anatomical
levels of the brain (Sheep Ovis Aries atlas sections 720 and 1080; Chapter 2, Figure 2.8). A
negative control slide was always included which primary antibody was not included, and when
inspected no staining was present. All sections were placed on Superfrost plus glass slides

(Mezel Glaser, Germany), de-waxed and re-hydrated through serial ethanols (100% and 70%).

VEGF: Sections were rehydrated in 0.1M PBS in 1% Triton-X 100. Antigen retrieval was
carried out with 0.05M tris buffered saline (TBS; pH 10) for 3 x 10 min in a microwave oven
and cooled for 30 min. Sections were then rinsed in 0.1M PBS with 1% Triton X-100, incubated
in 0.3% hydrogen peroxide (H,O,) for 10 min at room temperature to block endogenous
peroxidise activity, incubated with 2% normal rabbit serum (Vector Laboratories, USA)
blocking buffer in 0.1M PBS for 45 min at room temperature to block non-specific binding and

then incubated overnight at 4°C with anti-VEGF mouse monoclonal antibody (1:300; Novus
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Biologicas, USA) made up in True Vision (Sapphire Bioscience, Australia). The sections were
then washed three times and incubated with a secondary biotinylated rabbit anti-mouse (1:200,
DAKO, USA) antibody for 1 h followed by 1 h incubation with Streptavidin horseradish
peroxidise (HRP; 1:200 Amersham Bioscience, UK). Staining was then visualised using metal-

enhanced diaminobenzidine (DAB, Pierce Biotechnology Inc., lllinois, USA).

Comment: The anti-VEGF antibody used (Novus Biologicas, Cat Number: NB100-648)
predominantly stains for the VEGF-A isoform (Immunogen VEGF183), which is the isoform
that is most important for vascular development. It was also chosen because antibodies to some

other VEGF isoforms do not work well in sheep tissue.

Ki67: Antigen retrieval was carried out with 0.01M citric acid buffer (pH 6) using a microwave
oven (3 x 10 min). Sections were then rinsed in 0.1M PBS with 1% Triton X-100 (Sigma
Aldrich), incubated in 3% H,O, for 10 min at room temperature to block endogenous peroxidise
activity, incubated with 5% normal goat serum and 2% bovine serum albumin in 0.1M PBS for
45 min at room temperature to block non-specific binding and then incubated overnight with
Ki67 rabbit monoclonal antibody (1:100, Thermo Scientific, USA) made up in 0.1M PBS. The
sections were then washed three times with PBS and incubated with a secondary biotinylated
goat anti-rabbit (1:200, Vector Laboratories, USA) antibody for 45 min followed by a 45 min

incubation with streptavidin HRP (1:200). Staining was then visualised using DAB.

Albumin: Sections (10 um) were stained for endogenous albumin. The staining procedures
were performed as described above except: (a) no antigen retrieval step was used; (b) to block
non-specific binding DAKO protein block (DAKO, USA) was used; (c) sheep anti-albumin
(1:1000, Accurate Chemical & Scientific Corporation, USA) was made up in DAKO Real
Antibody Diluent (DAKO, USA) and incubated overnight at 4°C. The sections were then
washed three times, incubated with a secondary biotinylated goat anti-rabbit (1:500) antibody
for 60 min, followed by 30 min incubation with streptavidin HRP (1:200). Staining was then

visualised using DAB.
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4.2.3.2 Double label

Sections were incubated with either monoclonal anti-GFAP (1:100; Sigma, USA), or anti-
MAP2 (1:200; NeoMarkers, Calif., USA) to identify astrocytes, and neurons respectively, and
mouse monoclonal antibody to identify VEGF (1:200). Immunoreactivity was visualized with
Alexa Fluor® 594 goat anti-mouse (1:1,000; Invitrogen, Australia) for GFAP or MAP2 and

Alexa Fluor® 488 goat anti-mouse (1:1,000; Invitrogen, Australia) for VEGF.

4.2.3.3 Quantification

All slides were coded and counting and other estimates were done with the examiner blinded to
the source of the material. Images were taken under light microscopy (Olympus BX41; x400
magnification; DP25 Camera, Olympus, Japan). The number of Ki67 and VEGF-
immunopositive cells were counted using Image J (v1.6.0 for Windows, National Institute of
Health (NIH), USA). For each region the results of three fields of view per section, for two
adjacent (duplicate) sections were averaged for each animal, and then the results averaged for
all animals in each group (Control [n=5], 24 h post-UCO [n=5], 48 h post-UCO [n=4]). The
number of blood vessels expressing either Ki67 or VEGF were counted and expressed as a
percentage of the total number of blood vessels per field of view. Double label fluorescent
images were assessed with fluorescence (red and green filters) microscopy using an Olympus

BX41 (Olympus, Australia)

Albumin immunohistochemistry was assessed for the presence of intracellular albumin (Hutton
et al., 2007), blood vessels that contained and exhibited extravasation of albumin (Yan et al.,

2004). Images were taken at x200 magnification.

4.2.4 Statistical analysis

Data are shown as mean + SEM. A Shapiro-Wilks test for normality was conducted, if passed (p

> 0.05), and then a parametric test was run. A Two-Way mixed model ANOVA for time (within
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subjects) and treatment (between subjected) was used to analyse cortisol data with a Bonferroni

post-hoc.

Cell counts in each brain region of the sham controls, 24 h post-UCO and 48 h post-UCO
groups were compared using a One-Way ANOVA, if significant; a Student-Neuman-Keul post
hoc analysis was done. If data were not normally distributed, transformations (Logo,
exponential and square root) were conducted, failing to achieve normality, a non-parametric
Kruskal Wallis test was conducted with pairwise comparisons. All statistical data were analysed
using SPSS v18 for Windows, with significance set at p < 0.05. All graphs were made using

GraphPad Prism Software for Windows (v5.03).

4.3 RESULTS

4.3.1 In uteroumbilical cord occlusion - blood gases

It has previously been shown that UCO caused significant hypoxia, hypercapnia and academia
in both (24 and 48 h) groups that were subjected to UCO (Castillo-Melendez et al., 2005; Yan et
al., 2009). UCO also resulted in an initial hypertension and corresponding bradycardia. Arterial
blood pressure then decreased and became hypotension and tachycardia resulted. All fetuses
survived the cord occlusion and by 2 — 3 h following UCO blood gases (pO,, pCO, and pH) and

cardiovascular parameters were not different from control values.

4.3.2 Plasma cortisol

Following a 10 min UCO, plasma cortisol concentrations were significantly increased at 30 and
60 min and at 2 h, 4 h when compared to controls (Figure 4.1). Plasma cortisol then decreased
reaching a nadir at 10 h when concentrations were not statistically different from control values.

However in the UCO fetuses there was a second increase of plasma cortisol with concentrations
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reaching 38.36 = 8.85 ng/ml at 24 h, significantly higher than control values and not

significantly different from values reaches at 30 — 120 min after UCO.
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Figure 4.1: Plasma cortisol concentration (ng/ml) in response to UCO. Plasma cortisol concentration
was measured in Control (n = 7; open grey circles) and fetuses that had experienced a 10 min UCO (n =
6; closed black triangle). Dashed red line indicates end of UCO. * indicates p < 0.05, ** indicates p <
0.01, *** indicates p < 0.001 compared to control. Mean + SEM. Note x axis scale changes from min to

hours.

4.3.3 VEGF immunohistochemistry

4.3.3.1 Single label — overall cell counts

VEGF immunostaining (Figure 4.2 A, B) was quantified by manual cell counting. At 48 h post-
UCO a significant increase in the number of VEGF-immunopositive cells occurred in the
external (455.5 + 137.4 vs. 1038.8 + 169.9, p < 0.05) and internal capsule (444.8 + 137.4 vs.
1009.4 + 58.2, p < 0.05) and in the striatum (516.8 + 63.9 vs. 981.2 + 170.4, p < 0.05; all striatal
regions were combined) as shown in Table 4.1. The claustrum and putamen showed a trend to
increased VEGF expression, however this was not significant (p = 0.091, p = 0.078
respectively). No significant differences of VEGF expression at 24 or 48 h following UCO were
seen in the corpus callosum, cortex, subventricular zone, stria terminalus, thalamus,

periventricular and subcortical white matter (Table 4.1).
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Table 4.1: VEGF immunopositive cells. Number of immunopositive cells for VEGF (cells/mm?) in
brain regions of Control (n=5), 24 h post-UCO (n=5) and 48 h post-UCO (n=4) fetal sheep. Values

expressed as mean + SEM. * p < 0.05; ** p < 0.01 compared to control.

Brain Region Control 24 h post-UCO 48 h post-UCO
Corpus Callosum 741.1+103.5 836.8+64.0 954.3+241.3
Subventricular Zone 1979.9+172.8 1775.8£92.8 2089.7 £ 351.2
Stria Terminalus 1617.9 + 136.7 1999.0 + 147.2 | 2009.3+351.1
Periventricular White Matter 617.6 + 35.0 960.9 + 214.3 1286.1 + 406.0
Subcortical White Matter 678.4+98.5 985.5+ 143.6 948.5 + 203.2
Cortex 783.3+128.5 1006.7 £ 148.1 1301.8 £ 283.0
Striatum: 516.8 + 63.9 806.2+79.9 981.2+170.4*
- Caudate Nucleus 522.1+73.2 833.5+86.9 1079.0 £ 277.0
- Putamen 608.7 £ 62.2 895.6 + 84.0 9735+ 147.4
- Internal Capsule 444.8 + 137.4 691.7 +129.3 1009.4 + 58.2*
(n=3)
- External Capsule 4555+ 137.4 719.9+92.0 1038.8 £ 169.9*
(n=3)
- Claustrum 522.1+73.2 833.5+86.9 1021.7 + 258.8
Thalamus(combined): 7829+ 114.2 776.8+95.5 895.1 + 168.8
- Lateral Geniculate Nucleus 891.1+120.4 755.4+£84.3 924.6 + 174.7
- Medial Geniculate Nucleus 750.7 £ 111.8 821.8+90.5 951.2 + 154.4
- Posterior Thalamic Nucleus 7704+ 1241 7849+ 170.4 857.7 + 306.9
- Pretectal Nucleus 719.2+110.8 743.9+149.4 911.7+132.9
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4.3.3.2 VEGF immunopositive staining associated with blood vessels

The relative number (%) of blood vessels associated with expression of VEGF (Figure 4.2 D)
was increased significantly (p < 0.05) in the subventricular zone, periventricular and subcortical
white matter and the cortex at both 24 and 48 h after UCO (Figure 4.3 B-E). The corpus
callosum (Figure 4.3 A) and medial geniculate nucleus of the thalamus (Figure 4.4 B) showed
significantly increased expression at 48 h post UCO. The external capsule (Figure 4.5 C)
showed a trend for an increase, but this did not reach significance (p = 0.083). The stria
terminalus (Figure 4.3 F) and all regions examined within the striatum (caudate nucleus,
putamen, claustrum, internal and external capsule) showed no significant change at 24 or 48 h

compared to controls (Figure 4.5 A-F).
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Figure 4.2: VEGF immunohistochemistry in fetal sheep brain. Photomicrographs show VEGF
immunohistochemistry from control (A, C) and 48 h post-UCO (B, D) in the corpus callosum. Closed
arrow head indicates positive staining associated with blood vessel (D), and open arrow head indicate no
positive staining associated with blood vessel (C). Scale bar represents 50 um. Lateral Ventricle (LV),
blood vessel (BV).
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Figure 4.3: VEGF associated expression with blood vessels in the cortex, white matter,
subventricular zone and stria terminalus. Graphs show the percentage of blood vessel associated
expression of VEGF (A — F) in the corpus callosum (A), cortex (B), subcortical white matter (C),
periventricular white matter (D), subventricular zone (E) and stria terminalus (F) for control (black), 24 h
post-UCO (red) and 48 h post-UCO (blue). Significance p <0.05. Mean + SEM.
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Figure 4.4: VEGF associated expression with blood vessels in the thalamus. Graphs show the
percentage of blood vessel associated expression of VEGF (A —E) in thalamic nuclei; lateral geniculate
nucleus (LGN; E) medial geniculate nucleus (MGN; F), posterior thalamic nuclei (PTN; C), pretectal
nuclei (D) and all thalamic regions combined (E) for control (black), 24 h post-UCO (red) and 48 h post-
UCO (blue). Significance p <0.05. Mean + SEM.
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Figure 4.5: VEGF associated expression with blood vessels in the striatum. Graphs show the
percentage of blood vessel associated expression of VEGF (A —F) in striatal regions including the
Claustrum (A), Caudate Nucleus (B), external capsule (C), internal capsule (D), putamen (E) and striatal
regions combined (F) for control (black), 24 h post-UCO (red) and 48 h post-UCO (blue). Significance p

<0.05. Mean + SEM.
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4.3.3.3 Double label immunocytochemistry

Strong MAP-2 (mature neurons) and VEGF co-expression (Figure 4.6 A-C) was seen in the
cortex (Figure 4.6 C), and striatal regions (caudate nucleus and putamen), with as expected, low
to moderate expression in white matter. No co-localisation of VEGF and MAP-2 was seen in
the corpus callosum. No apparent change in co-expression with MAP-2 was seen in any brain
region examined following UCO. VEGF co-localisation with GFAP (astrocytes; Figure 4.6 D -
G) proved to be low in all brain regions examined; this included the corpus callosum, cortex
(Figure 4.6 F), striatum and white matter, and there was no apparent change in expression

following UCO.

Figure 4.6: Immunofluorescent double labelling in fetal sheep brain. Photomicrographs of MAP-2

(A; green, marker for mature neurons) and VEGF (B; red) in the cortex. High co-localisation was seen
between MAP-2 and VEGF (C). GFAP (D; green, marker for astrocytes) and VEGF (E; red) in the
cortex. Low co-localisation was seen between GFAP and VEGF (F). Dashed box is shown at a higher
magnification (G). White arrow heads indicate double labelling. Scale bar represents 50 um. Blood vessel
(BV).

137



Chapter 4

4.3.4 Ki67 immunohistochemistry

Proliferating cells were quantified by manually counting Ki67 immunopositive cells (Figure
4.7). In general, there was no significant change in overall Ki67 expression (immunopositive
cells) in all brain regions examined at 24 h or 48 h following 10 min UCO compared with
control brains (Table 4.2), there was a trend to significance in the thalamus - combined (p =

0.065).

However, there was a significant increase in the percentage of blood vessels associated with
Ki67 immunopositive cells in the subventricular zone at 24 h (13.5 + 2.1 %) compared to
control (1.7 + 0.6 %; p < 0.05) and 48 h (4.6 + 3.0; p < 0.05). By 48 h there was no difference
compared to controls (Table 4.3) In the striatum, there was a trend for an increase of the number
of blood vessels containing positive Ki67 cells at both 24 and 48 h following UCO (One-Way
ANOVA; p = 0.095). There was no significant differences between groups (control, 24 h and 48
h post-UCO) for other brain regions examined (corpus callosum, white matter; periventricular,

subcortical, cortex, stria terminalus, thalamus).

Figure 4.7: Photomicrograph of Ki67 immunohistochemistry in fetal sheep brain. Ki67
immunopositive staining (red arrow) in periventricular white matter 48 h post-UCO. Open arrow head
indicates no Ki67 staining associated with blood vessel (B), and closed arrow head indicate positive Ki67
staining associated with blood vessel (C). Black scale bar represents 50 um and white scale bar represents

25 pm.
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Table 4.2: Ki67 immunopositive cells. Number of immunopositive cells for Ki67 (cells/mm?) in brain
regions of Control (n=4), 24 h post-UCO (n=4) and 48 h post-UCO (n=4) fetal sheep. Values expressed

as mean + SEM. * p < 0.05; ** p < 0.01 compared to control.

Brain Region Control 24 h post-UCO | 48 h post-UCO
Corpus Callosum 50.7 +12.6 72.2+16.2 60.2 £10.3
Subventricular Zone 363.7£48.4 506.6 + 105.8 349.5 + 140.0
Stria Terminalus 327.6+128.1 | 697.8+250.0 526.1 + 215.3
Periventricular White Matter 424+9.2 83.3+13.6 90.1+23.1
Subcortical White Matter 428+175 81.0+17.2 83.0+38.3
Cortex 23.8+8.5 57.5+8.7 35.8+16.7
Striatum: 42.7+4.8 63.0 £ 6.7 64.1+10.6
- Caudate Nucleus 235+29 531+7.3 53.2+17.8
- Putamen 42.8+10.2 55.9+44 66.1+10.1
- Internal Capsule 46.6 £ 6.7 82.1+10.5 84.5+18.2
- External Capsule 56.9+9.5 70.4+11.0 59.8+3.8
- Claustrum 43.7+8.6 53.7+£115 56.7+9.9
Thalamus(combined): 81.4+14.8 741+12.9 125.7+16.1
- Lateral Geniculate Nucleus 96.8 +26.8 84.2+14.0 147.2£22.5
- Medial Geniculate Nucleus 77.7+16.5 68.5+16.5 1144+ 20.8
- Posterior Thalamic Nucleus 776+8.4 76.1+15.0 116.7 + 20.8
- Pretectal Nucleus 7321144 67.7+18.8 128.3+32.3
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Table 4.3: Ki67 expression associated with blood vessels. Percentage of blood vessels immunopositive
for Ki67 in brain regions of Control (n=4), 24 h post-UCO (n=4) and 48 h post-UCO (n=4) fetuses.
Values expressed as mean + SEM. * p < 0.05; ** p < 0.01 compared to control, p < 0.05 compared to 48
h post-UCO.

Brain Region Control 24 h post-UCO | 48 h post-UCO
Corpus Callosum 25+12 8.6+3.6 4.8+26
Subventricular Zone 1.7+£0.6 135+ 2.1*" 46+30
Stria Terminalus 43+15 20.5+8.0 16.1+7.1
Periventricular White Matter 3.7+15 10.1+238 8.7+5.0
Subcortical White Matter 24+19 89+35 53129
Cortex 0.9+09 13.2+28 7.3+49
Striatum: 27+£0.2 9.3+19 10.1+£4.3
- Caudate Nucleus 22+03 9.9+3.0 11.2+6.1
- Putamen 40+£09 109+43 13.7+£6.3
- Internal Capsule 1.4+0.6 12.7 + 3.0* 8.8+4.8
- External Capsule 27104 6.0+£1.8 6.1+3.3
- Claustrum 42+18 6.7+1.7 10.8+3.5
Thalamus(combined): 6.1+14 58+1.38 6.0+23
- Lateral Geniculate Nucleus 6.2+2.0 48+17 83+28
- Medial Geniculate Nucleus 58+19 50+14 38+14
- Posterior Thalamic Nucleus 72+17 78+30 7.0x£3.0
- Pretectal Nucleus 50+19 6.0+2.8 6.5+2.6
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4.3.5 Albumin immunohistochemistry

Extravasation of albumin into the brain parenchyma associated with blood vessels, seen as

intense albumin staining, was observed in white matter (periventricular and subcortical) of most

fetuses and in the subventricular zone at 48 h following UCO (Figure 4.8, Table 4.4). Albumin

immunopositive cells were identified in all control and UCO fetal brains in the corpus callosum,

periventricular and subcortical white matter (Table 4.4). In the cortex and subventricular zone

most fetal brains showed intracellular albumin staining whereas the striatum showed no albumin

immunopositive cells. Only the LGN of the thalamus appeared to increase cellular expression of

albumin 24 h following UCO, however by 48 h post-UCO no albumin positive staining was

seen. The basement membrane of some blood vessels appeared to also be albumin positive

(Figure 4.8 B, D); however no difference was seen following UCO (Table 4.4).
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Figure 4.8: Albumin

immunohistochemistry
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immunohistochemistry in periventricular white matter (A, B) in control (A, C), 24 h (B, D, E) post-UCO.

Some blood vessels appeared to have albumin lining the vessel wall (open arrow head, D) and other blood

vessels did not (C). Black arrowheads indicate albumin extravasation (E). Scale bar represents 100 um.
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Table 4.4: Summary of incidence of albumin in fetal sheep brains following UCO. Indicates the incidence of intracellular albumin expression, albumin contained to blood
vessels and the occurrence of albumin extravased from blood vessels in control (n=5), 24 h (n=5) and 48 h (n=3) post-UCO. Brain regions examined included the corpus

callosum, cortex, white matter (periventricular and subcortical), striatum, thalamus and subventricular zone.

Extravasation of albumin associated with

Brain Region Intracellular expression of albumin Albumin contained to blood vessel wall
blood vessels
24 h 48 h 24 h 48 h 24 h 48 h
Control post-UCO Control Control
post-UCO post-UCO post-UCO post-UCO post-UCO
Corpus 5/5 5/5 3/3 3/5 25 0/3 0/5 0/5 0/3
Callosum
Cortex 4/5 4/5 3/3 2/5 1/5 0/3 0/5 0/5 0/3
Periventricular 5/5 5/5 33 5/5 5/5 3/3 3/5 415 3/3
White Matter
Subcortical
White Matter 5/5 5/5 3/3 3/5 5/5 3/3 1/5 5/5 3/3
Striatum 0/5 0/5 0/3 0/5 0/5 0/3 0/5 0/5 0/3
Subventricular 415 5/5 3/3 415 5/5 313 0/5 0/5 203
Zone
Thalamus - 0/5 3/5 0/4 1/5 25 2/4 0/5 0/5 0/4
LGN
Tha'gﬁus - 0/5 0/5 1/4 0/5 1/5 0/4 0/5 0/5 0/4
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4.4 DISCUSSION

This is the first study to determine the distribution and expression of VEGF, Ki67 (a marker of
proliferation) and albumin in the late gestation fetal sheep brain at 24 and 48 h following in
utero UCO. In response to UCO fetal sheep were stressed as expected, and this was shown by
the increase of plasma cortisol. The significant increase in VEGF expression associated with the
vasculature of the subventricular zone, cortex, corpus callosum, medial geniculate nucleus and
white matter following UCO is the key finding of this study. A trend to significant changes in
proliferation associated with blood vessels were observed, up-regulation of VEGF appeared to
have other consequences. Upon analysis of control fetal brains, it is interesting to also note that

late in gestation the thalamic nuclei had the greatest percentage of proliferating blood vessels.

VEGF is an endothelial-specific mitogen, important for endothelial cell survival (Alon et al.,
1995). Increased VEGF expression associated with blood vessels as seen in white matter,
cortex, subventricular zone and MGN (thalamus) could be indicative of endothelial cell
activation, as VEGF is extremely important in inducing and regulating angiogenesis (Leung et
al., 1989; Breier, 2000). In white matter of PVL brains, endothelial expression of VEGF was
seen to correlate with neovascularisation in the foci of necrosis (Arai et al., 1998). Following
neonatal stroke in rats, VEGF expression associated in blood vessels also peaked at 24 h (Mu et
al., 2003). During normoxia in the retina, Alon et al., (1995) suggest the presence of VEGF
preserves existing blood vessels by protecting endothelial cells from apoptotic death. Following
hypoxia, up-regulation of VEGF initiates angiogenesis and vascular remodelling (Alon et al.,

1995).

It is important to also recognise the regionally different response of the fetal sheep brain to
UCO, as shown in this study. The significant increase of VEGF associated with blood vessels in
white matter and cortex could highlight regions that are particularly sensitive to hypoxia, where

there was an increase in VEGF expression at both 24 and 48 h. The incidence of serum protein
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albumin that had released from blood vessels, predominantly seen in white matter
(periventricular and subcortical) and the subventricular zone, is consistent with the increased
permeability often associated with VEGF. Also known as vascular permeability factor,
increased VEGF expression is closely correlated with increased BBB permeability following
hypoxia (Zhang et al., 2000; Kaur et al., 2006b), and dilation of cerebral microcirculation

(Mayhan, 1999). This is consistent with our findings presented in this study and in Chapter 3.

Kumar et al., (2008) found increased BBB permeability was correlated with increased
malondialdehyde (a marker of lipid peroxidation) and nitrate/nitrite levels in term human
neonates following perinatal asphyxia. These newborns also developed hypoxic-ischemic
encephalopathy. In an adult model of focal cerebral ischemia, (24 h middle cerebral artery
embolism) acute up-regulation of VEGF also correlated with increased BBB leakage of Evans
blue dye and FITC-dextran at 4 h following embolism (Zhang et al., 2002b). A similar response
is also seen following traumatic brain injury in adult rats, with alterations in BBB permeability
peaking at 2 — 4 days which also correlated with increased vascular VEGF expression (Nag et
al., 1997). Following inflammation, increased permeability in white matter of fetal sheep (Yan

et al., 2004) and in newborn rats (Stolp et al., 2005) has been reported.

The exact mechanisms that result in increased BBB permeability after cerebral hypoxia or
ischemia are not well understood. Tight junctions exist between endothelial cells and are
functionally important in controlling paracellular permeability and following hypoxia-ischemia,
disruptions to those tight junctions can occur. In vitro studies have shown that increased
permeability in brain microvessel endothelial cells following hypoxia resulted in VEGF
mediated disorganisation and reduced expression of key tight junctional proteins such as

occludin and zona occludin-1 (Wang et al., 2001; Fischer et al., 2002).

Interestingly, treatment with human serum albumin 2 h, but not immediately, after middle
cerebral artery occlusion (MCAOQ) in adult rats has protective actions. Yao et al., (2010) found

treatment with albumin resulted in decreased VEGF expression only at 6 and 24 h post-MCAO.
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This correlated with decreased oedema (brain water content) and improvement of neurologic
scores seen at 24 h following MCAQ. The beneficial actions of albumin administration
following adult stroke are thought to occur by providing energy for neuronal metabolism, and
albumin having both antioxidant and anti-apoptotic actions (Zoellner et al., 1996; Remmers et
al., 1999). Although the exact mechanisms of action have not been elucidated, the initial down
regulation of VEGF 6 to 24 h hours following ischemia suggest that this time frame, up to 24 h
following ischemia (when VEGF is now robustly up-regulated), could be the most detrimental
resulting in brain injury. Consistent with this, treatment with recombinant human VEGF 1 h
following ischemia (MCAO) resulted in increased BBB permeability, haemorrhagic
transformation and ischemic cell death. However, treatment 48 h following MCAQO improved

functional outcome in adult rats (Zhang et al., 2000).

VEGEF has direct actions on endothelial cells and pericytes stimulating proliferation and causing
hyper-permeability (Hippenstiel et al., 1998; Yamagishi et al., 1999; Thanabalasundaram et al.,
2010). We did not see any significant change in the percentage of blood vessels expression
Ki67. Pericytes have been suggested to be the first cells to respond to hypoxia and express
VEGF; they are part of the basement membrane and communicate with endothelial cells
(‘Yamagishi et al., 1999; Gonul et al., 2002; Al Ahmad et al., 2009). The severity of oxygen
deprivation contributes to the rate of BBB function loss; during acute hypoxic exposure
pericytes exacerbate disruption of the BBB (Al Ahmad et al., 2009). Pericyte-mediated barrier
regulation and opening of the BBB is also correlated with increased matrix metalloproteinase

(MMP) 2 and 9 activity.

MMPs play an important role in basal lamina degradation following hypoxia (Valable et al.,
2005; Thanabalasundaram et al., 2010). Down-regulation of angiopoietin-1, important for blood
vessel stabilisation and potentiating neovascularisation, is closely correlated with increased
BBB leakage (Zhang et al., 2002b; Valable et al., 2005). Synthesis and release of soluble

guanylate cyclase, nitric oxide and prostaglandins and increased calcium influx also contribute
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to changes in vascular permeability (Bates & Curry, 1997; Murohara et al., 1998; Fischer et al.,

1999; Mayhan, 1999).

Disruptions in BBB permeability, elevation in mean arterial blood pressure and subsequent
accumulation of water in the brain parenchyma all contribute to the formation of vasogenic
oedema (Kuroiwa et al., 1985; Klatzo, 1987). Following hypoxia and brain (trauma) injury,
BBB leakage triggers the activation of astrocytes, corresponding with an increase in expression
of aquaporin 4 (AQ4; the astrogilal water channel which facilitates water movement in and out
of the brain), this response would also contribute to formation of oedema (Papavassiliou et al.,
1997; Kaur et al., 2006b). Although an absence of astrocytes can also contribute to vascular
leakage, BBB permeability has also been shown to be restored in the absence of astrocytes

(Willis et al., 2004).

In the present study we found low co-localisation of VEGF with astrocytes but strong co-
expression with neurons particularly in the cortex and striatum. Increased VEGF cellular
expression was only seen at 48 h post-UCO in the external and internal capsule, with no
significant change in blood vessel associated expression. Although the implications of this have
not been further investigated, this finding may be indicative of a neurogenic response, as strong
co-localisation was seen between MAP-2 and VEGF staining, and VEGF has been shown to be
an important regulator of neurogenesis (Sun et al., 2003). In neonatal and adult studies
following hypoxia and/or ischemia, VEGF expression has been co-localised not only with
endothelial cells but neurons, astrocytes, pericytes, microglia and macrophages (Arai et al.,
1998; Plate et al., 1999; Jin et al., 2000b; Mu et al., 2003; Al Ahmad et al., 2009). In white
matter of neonates who had PVL, endothelial cells and reactive astrocytes expressed VEGF
which correlated with neovascularisation around the foci of necrosis (Arai et al., 1998). The
presence of VEGF is also important in proliferation and survival of astrocytes following injury

(Schmid-Brunclik et al., 2008).
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Sentilhes et al., (2010) characterised VEGF expression in developing human brain tissue, and
found VEGF was expressed by neurons, neurite processes, astrocytes and blood vessels from
mid (24 weeks) to late (34 weeks) gestation in the telencephalon and also by oligodendrocytes
in the cerebellum. In the developing rat cortex, neuronal expression of VEGF provides the
initial signal for angiogenesis, and subsequently glial expression of VEGF coincides with end-
feet investing blood vessels and the maintenance of the vasculature (Alon et al., 1995;
Ogunshola et al., 2000). These studies highlight the importance of VEGF during cerebral
development, although no changes were noted in co-expression following UCO, high VEGF

expression in the fetal brain is suggestive of ongoing neurogenesis.

During development and following hypoxia, HIF-1a is upregulated and one of its target genes is
VEGF. In periventricular white matter of postnatal rats, Kaur et al., (2006a) saw peak HIF-1a
gene expression at 3 h post hypoxia (2 h of hypobaric exposure), with VEGF expression highest
at 7 d when HIF-la was significantly reduced. Mu et al., (2003) also found peak gene
expression of HIF-1a and VEGF at 8 h following neonatal stroke (focal ischemia; 1.5 h of
MCAO). These studies highlight that HIF-1o is up-regulated within the first few hours
following hypoxia, and then quickly returns to basal levels. Schmid-Brunclik and colleagues
(2008) found in vitro, that VEGF protein was still induced in astrocytes following severe

hypoxia in the absence of HIF-1a (by knockdown of HIF-1a in siRNA in vitro experiments).

Two important aspects must be taken into consideration when understanding hypoxia-induced
VEGF expression. Firstly the time course of the VEGF and HIF-1a response is dependent on
severity and duration of the hypoxic insult; and secondly, several other factors such as
hormones (particularly in ovary and adrenal gland), can regulate VEGF expression (Shweiki et
al., 1993). Other factors seen to be important in the regulation of VEGF expression during
development include cortisol, which parallels increased VEGF expression in the fetal sheep
intestine in late gestation (Holmes et al., 2008). From our data we saw a significant increase in

plasma cortisol at 24 h post-UCO, and although we did not see a significant increase of VEGF
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expression in fetal sheep brains following UCO, circulating VEGF concentration from plasma
samples was not measured. Increased VEGF from cord blood has been seen to be significantly
higher in infants who experienced perinatal asphyxia and subsequently developed
encephalopathy (Aly et al., 2009). Increased circulating VEGF could be regulated by increased
cortisol following asphyxia, which could be a possible clinical measure at birth for at risk

infants.

Interestingly, another study found that transcriptional co-activator, PGC-la (peroxisome-
proliferator-activated receptor-y coactivator-1a) was a powerful regulator of VEGF following
nutrient and oxygen deprivation, and most importantly, this was independent of HIF (Arany et
al., 2008). PGC-1a co-activates the oestrogen related receptor-a (ERR-0) and is important in
linking the regulation of oxygen consumption by the mitochondria to the delivery of oxygen and
nutrients. Although it is not essential for embryonic vasculogenesis, PGC-1a knockdown mice
do show behavioural abnormalities and progressive vacuolisation in brain regions, particularly
the striatum and white matter (Lin et al., 2004; St-Pierre et al., 2006; Cowell et al., 2007). PGC-
la KO mice were also seen to be more vulnerable to oxidative stress in the brain. PGC-1a is
important for the induction of two key antioxidant enzymes, superoxide dismutase 2 (SOD2)
and GPx1 highlighting it as a powerful regulator of reactive oxygen species (ROS) metabolism
(St-Pierre et al., 2006; Arany et al., 2008). In the developing rat brain, PGC-1a is also a key
regulator of neuronal and GABAergic signalling (Cowell et al., 2007). These findings highlight
that PGC-1a could be highly active in the striatum and white matter, and could be an important

therapeutic target following hypoxia.

One of the main limitations in our study is that we were unable to optimize an accurate marker
of endothelial cells and pericytes in the fetal sheep brain. This would enable us to better
understand the cerebrovascular expression of VEGF. Albumin immunohistochemistry was used
to indicate alterations in BBB permeability, however a more accurate method could involve the

injection of FITC or Indian ink prior to post mortem to better visualise sites of vascular leakage.
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VEGF does have both neurotoxic and neuroprotective actions, although the present study
suggests within the first 48 h following a 10 min episode of severe hypoxia, VEGF is associated
with increasing blood vessel permeability. However increased capillary associated expression of
VEGF has also been shown to decrease apoptotic death in endothelial cells (Alon et al., 1995),

which needs to be further investigated in our study.

Depending on severity and duration of hypoxia, age and animal species, hypoxia-mediated
VEGF expression clearly has complex effects (Mu et al., 2003). Blocking the actions of VEGF
prevents hypoxia-induced vascular leakage and BBB permeability changes (Schoch et al., 2002;
Kaur et al., 2006b). We also saw the presence of intracellular expression of albumin in most
brain regions of both control and cord occluded fetal sheep brains. The preferential uptake of
albumin by astrocytes is TGF- B receptor mediated, and neuronal uptake of albumin has been
previously noted in the cerebellum (Hutton et al., 2007; Ivens et al., 2007). In our study we
need to further investigate the reasons for the presence of intracellular albumin and how

increased BBB permeability in white matter may contribute to vasogenic oedema.

Although the neonatal brain may be more vulnerable to VEGF-mediated BBB permeability
changes, this could prove to be beneficial allowing the transport of large molecules (possible
therapeutic and neuroprotective agents) into the brain aiding in repair mechanisms (Young et
al., 2004). Administration of human serum albumin 2 h following ischemia in the adult, results
in decreased brain oedema and improvement of neurological scores, at least short term (24 h)
(YYao et al., 2010). Treatment with HIF-1a, PGC-1a or VEGF during re-oxygenation following
hypoxia has also been shown to be protective, by inhibiting apoptosis, stimulating neurogenesis
and reducing the extent of brain injury in both neonatal and adult studies (Ogunshola et al.,

2000; Zhang et al., 2000; Baranova et al., 2007; Feng et al., 2008; Sheldon et al., 2009).

There is a significant up-regulation of VEGF associated with blood vessels which could explain
the increased incidence of BBB permeability seen in white matter. However as permeability

changes were only seen in white matter, VEGF could have regionally different (protective or
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damaging) actions. A trend but not a significant change in endothelial cell proliferation could
suggest angiogenic responses may occur after 48 h in an attempt to protect the neonatal brain
following hypoxia. Adult rodent studies have shown that following cerebral ischemia, early,
acute (up to 24 h) up-regulation of VEGF has detrimental consequences (increased BBB
permeability), however increased expression of VEGF following this (after 48 h) has a
beneficial outcome. Whether this also occurs in the developing fetal sheep brain, following a
transient systemic hypoxic event will be discussed in the next chapter. Further investigation will

highlight the potential actions and implications of VEGF for the neonatal brain.
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5.1 INTRODUCTION

Clinical studies of the full term infant suggest that a period preceding birth, is a time when brain
physiology may be disturbed, leading to changes that result in neonatal encephalopathy and
brain injury, with timing and gestational age (GA) of the insult contributing to the pattern of
injury (Badawi et al., 1998; Cowan et al., 2003; Van den Broeck et al., 2007; Foran et al.,
2009). Term neonates who experience hypoxia-ischemia in late gestation tend to have injuries
such as haemorrhage and wide spread cell death in the hippocampus, thalamus and cortical
regions (Wigglesworth & Pape, 1978; Inder & Volpe, 2000; McLean & Ferriero, 2004;
Perlman, 2004). Antepartum events such as placental abruption or interference with umbilical
blood flow result in severe hypoxia or asphyxia, but these are difficult to detect clinically, and

therefore may significantly contribute to a great proportion of the injury seen in term infants.

Following hypoxia, angiogenesis (sprouting of blood vessels from pre-existing ones) occurs as a
response that increases vascularisation and increases oxygen delivery to oxygen-deprived tissue
(Shweiki et al., 1993). In the brain, this angiogenic response is also suggested to improve
neuronal survival following ischemia (Krupinski et al., 1994). Key mediators of this tightly
regulated process are hypoxia inducible factor-1a (HIF-1a), vascular endothelial growth factor
(VEGF) and one of its’ tyrosine kinase receptors VEGFR-2, all of which are up-regulated
following hypoxia (Marti et al., 2000b). Increased expression of VEGF in the hours and days
following hypoxia is associated with increased blood brain barrier (BBB) permeability, and this
has been shown to occur in both neonatal (Kaur et al., 2006a) and adult rat (Zhang et al., 2000;
Zhang et al., 2002b) models. We have also seen increased VEGF associated with the increased
incidence of BBB permeability 48 h following umbilical cord occlusion (UCO) in the late

gestation fetal sheep brain (Chapter 4).

Increased expression of VEGF and/or VEGFR-2 over many days or weeks is suggested to be a
neuroprotective response in the brain. In addition to promoting vascularisation, increased VEGF

expression is also associated with increased survival of endothelial cells and astrocytes, and
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inhibition of apoptosis (Gora-Kupilas & Josko, 2005; Schmid-Brunclik et al., 2008). Treatment
with VEGF following hypoxia has been shown to reduce brain injury and apoptosis (Feng et al.,
2008) whereas inhibition of VEGFR-2 activity in a neonatal model of stroke resulted in
increased brain injury and cell death (Shimotake et al., 2010). Like VEGF and its receptors, the
angiopoietins (angpt-1 and -2) and their receptor (Tie-2) are important for stimulating vessel
growth and remodeling (Dumont et al., 1993; Yancopoulos et al., 2000). Expression is also
affected by hypoxia, where angpt-1 down-regulation is correlated with increased BBB leakage

(Zhang et al., 2002b).

In late gestation, reduced uterine or umbilical blood flow results in severe fetal hypoxia, leading
to significant neuronal injury, lipid peroxidation, inflammation and cell death in the brain over
for at least 72 h after the insult (Gunn et al., 1992; Mallard et al., 1992; Mallard et al., 1994;
Castillo-Melendez et al., 2004; Duncan et al., 2004). However, adaptive mechanisms are also
triggered following hypoxia/ischemia which may be responses that limit further cell death and
brain damage. In particular, brain-derived erythropoietin (Epo) - another HIF-1a induced
protein - has been implicated in neuroprotection by direct and indirect mechanisms including
inhibition of hypoxia-ischemia induced apoptosis, and vessel growth and neovascularisation.
We have previously shown increased neuronal and astrocytic expression of Epo and Epo-
receptor 48 h following umbilical cord occlusion (UCO) in the late gestation fetal sheep brain

(Castillo-Melendez et al., 2005).

Few studies have assessed the consequences of asphyxia on the fetal sheep brain beyond the 48
to 72 h time frame when such adaptive processes, particularly increased expression of VEGF
and VEGFR-2, might be very important. Therefore it was important that this study assessed the
consequence of UCO (mild or severe) in late gestation on VEGF and VEGFR-2 expressions
over days leading up to birth. The expression of Epo and a key vascular marker (angpt-1) was
also assessed, to understand the extent of the vascular response to UCO in late gestation fetal

sheep.
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Of interest was the finding that the immediate response to UCO was different between fetuses,
making it was possible to distinguish between ‘mild” and ‘severe’ changes in blood gases and
metabolic status. Therefore the long term effect of these different responses on the brain,
particularly in relation to the expression of the hypoxia-sensitive genes discussed above, has

also been examined.

5.2 METHODOLOGY

The animal surgery and experimental protocols are the same as those given in detail in Chapter
2. The same fetuses were also used for the fetal behavioural experiments detailed in Chapter 6.
These fetuses were catheterized and underwent implantation of a sagittal sinus transducer and

electrodes, these surgical details are mentioned in Section 6.2.1.

5.2.1 Animal surgery and experimentation

Fourteen pregnant Border-Leicester ewes carrying a singleton fetus were used in this study. The
use of these animals and all procedures had received prior approval from the School of
Biomedical Science Animal Ethics Committee of Monash University. At 124-126 days GA
(term is 146 days), the surgery was performed under general anaesthesia, induced by an
intravenous injection of 1 g sodium thiopentone (50 mg/ml; Pentothal, Boehringer Ingelheim
Pty Ltd, Australia) in 20 mL sterile water and maintained for the duration of surgery using 1.5-
2% isoflurane (Isoflo, Abbott Australasia Pty Ltd, Kurnell, Australia). Under aseptic conditions
the fetal head and both front legs were brought out of the uterus through the incision site. A
polyvinyl catheter (0.86 mm ID x 1.52 mm OD) filled with heparinised saline was inserted into
a brachial artery to obtain blood samples and measure arterial pressure. A second saline-filled
catheter was filled was placed in the amniotic sac for a pressure reference. An inflatable silastic
cuff (type OC16, In Vivo Metric, Healdsburg, CA, U.S.A) was placed around the abdominal end

of the umbilical cord, on inflation; this would cause complete cessation of blood flow in the
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cord. The fetus was then returned to the uterus and the incision closed. All catheters was

exteriorised through a maternal flank incision, and the maternal abdominal incision was closed.

Experiments were performed 4-5 days after surgery. Fetal blood pressure and amniotic pressure
were measured using solid state pressure transducers, and fetal arterial pressure was calculated
by electronic subtraction of amniotic pressure. Fetal heart rate was calculated online from the
blood pressure pulse. All data was recorded continuously on the hard disk of a computer via an

analogue-digital converter and Chart software (PowerLab, ADInstruments, NSW, Australia).

On the day of the experiment (130-132 days GA) the umbilical cord was occluded completely
for 10 min by inflating the cuff with 3mL of sterile water. Fetal arterial blood samples (3 mL)
were taken at -1 h, -5 min, +5 min, +9 min, 30 min, 1, 2, 4, 6, 8, 10, 12 and daily after that,
relative to the start of the occlusion (time = 0). Arterial blood samples were used immediately to
measure pO,, pCO,, O, saturation, pH, glucose and lactate, using a Radiometer ABL700
analyser (Radiometer Medical A/S, Denmark). In addition to the Control (sham UCO; n=5)
group, on the basis of the changes in blood gases at the end of the UCO period, fetuses were
allocated retrospectively to one of the following two groups: severe-UCO (n =5), or mild-UCO

(n=4) (see Results Section 5.3.1, Table 5.1 for details).

All pregnancies were allowed to continue until such time when labour had spontaneously
commenced - this was between 5 and 14 days following UCO or sham UCO (see Results 5.3.3).
When the ewe was deemed to be in early stage labour, based on observation of rupture of
membranes, vaginal loss of amniotic fluid, presentation of a fetal part, or signs of abdominal
straining by the ewe, the ewe and fetus were humanely euthanized by i.v. injection of

pentobarbitone sodium (Lethabarb, Virbac Pty Ltd, Australia) given to the ewe.

The fetal brain was then removed as soon as possible, weighed, cut sagittally into left and right
half and further sectioned coronally into 3mm blocks. The blocks from one half of the brain

were snap frozen in liquid N, and stored at -80°C, and blocks of the other half were immersion-
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fixed in 4% paraformaldehyde (PFA) for 48 h at 4°C and then placed into macro-cassettes.
Macro cassettes were then immersed in 70% ethanol for 3 to 4 hours, cleared in sulphur-free
xylene and infiltrated with paraffin wax at 58°C (Department of Anatomy, Monash University).
(Detailed explanation of these post mortem procedures has been given in Chapter 2, Section

2.8)

5.2.2 Immunohistochemistry

Immunohistochemistry was performed on 10 um paraffin-embedded sections at two anatomical
target regions of the brain, which contained brain areas previously identified to be vulnerable to
hypoxia (Sheep Ovis Aries atlas Section 720 and 1080 — Chapter 2, Figure 2.9). All sections
were placed on Superfrost plus glass slides (Mezel Glaser, Germany), de-waxed and re-hydrated
through serial ethanols (100% and 70%). A negative control slide was always run which was
not incubated with primary antibody, and when inspected, no immune-specific staining was

present.

Vascular Endothelial Growth Factor (VEGE)

Sections were rehydrated in 0.1M PBS in 1% Triton-X 100 (Tx-100). Antigen retrieval was
carried out in 0.05M tris buffered saline (TBS; pH 10) for 3 x 10 min in a microwave oven and
cooled for 30 min at room temperature. Sections were then rinsed in 0.1M PBS with 1% Triton
X-100, incubated in 0.3% H,0, for 10 min at room temperature to block endogenous peroxidise
activity, incubated with 2% normal rabbit serum (Vector Laboratories, USA) blocking buffer in
0.1M phosphate buffered saline (PBS) for 45 min at room temperature to block non-specific
binding and then incubated overnight at 4°C with anti-VEGF mouse monoclonal antibody
(1:200; Novus Biologicas, USA) made up in True Vision (Sapphire Bioscience, Australia). The
sections were then washed and incubated with a secondary biotinylated rabbit anti-mouse

(1:200, DAKO, USA) antibody for 1 h followed by 1 h incubation with streptavidin horseradish
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peroxidise (HRP; 1:200 Amersham Bioscience, UK). Immunostaining was then visualised using

metal-enhanced diaminobenzidine (DAB, Pierce Biotechnology Inc., Illonois, USA).

VEGFR-2

Antigen retrieval was carried out in 0.01M citric acid buffer (pH 6.0) for 3 x 5 min in a
microwave oven and cooled for 30 min at room temperature. Sections were then rinsed in 0.1%
Tx-100 and 0.1M PBS, incubated in 3% H,0, in 50% methanol for 10 min, incubated with 5%
normal goat serum (NGS) and 2% bovine serum albumin (BSA, Sigma, Australia) in PBS for
60 min. Sections were then incubated overnight at 4°C with polyclonal rabbit anti-VEGFR-2
(1:200, Abcam, USA) made up in DAKO Real diluent (DAKO, USA). Sections were rinsed and
incubated with a biotinylated secondary goat anti-rabbit (1:200, Vector Laboratories, USA),
rinsed and incubated with strep-HRP (1:200) for 60 min at room temperature. Sections were the

visualised with DAB.

Epo
The immunohistochemistry protocol is as for VEGFR-2 except: (a), antigen retrieval occurred
for 2 x 5 min: and (b), incubation with primary antibodies polyclonal rabbit anti-Epo (1:200,

Santa Cruz, USA) occurred for 48 h at 4°C.

Angpt-1

The immunohistochemistry protocol is as for VEGFR-2 except: (a), antigen retrieval occurred
for 2 x 5 min; (b), incubation with primary antibodies polyclonal rabbit anti-angiopoietin-1
(1:200, Abcam, USA) in True Vision (Sapphire Bioscience, USA) primary antibody diluent

occurred for 60 min at room temperature, then overnight at 4°C.

Laminin

Sections were rehydrated in 0.1M PBS in 1% Triton-X 100. Antigen retrieval was carried out on

sections incubated with Proteinase K (40ug/ml) for 30 min at 37°C and cooled for 20 min at
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room temperature. Sections were then rinsed in PBS, incubated in 0.3% H,0, in 50% methanol
for 15 min at room temperature to block endogenous peroxidise activity, incubated with 2%
normal goat serum blocking buffer in 0.1M PBS for 30 min at room temperature to block non-
specific binding and then incubated overnight with anti-laminin rabbit polyclonal antibody
(1:200; Novus Biologicas, USA). The sections were then washed incubated with a secondary
biotinylated goat anti-rabbit (1:200; Vector Labs, USA) antibody for 45 min followed by 45 min

incubation with strep-HRP (1:200). Immunopositive vessels were then visualised using DAB.

5.2.3 Quantification

Digital colour images were taken under light microscopy (Olympus BX41; x400 magnification)
using a DP25 Camera (Olympus, Japan). Duplicate sections of each brain region per animal
were coded and then examined so that the source of the section (fetus, treatment) was unknown.
Images were taken of the corpus callosum, cortex (between layers Il to V), and subventricular
zone, periventricular and subcortical white matter at the level of the lateral ventricle (Sheep
Ovis aries — Section 720) and subcallosal bundle and thalamus (Sheep Ovis Aries — Section

1080 — 1160).

VEGF and VEGFR-2 immunopositive cell counts were manually completed using ImageJ (Java
v1.6.0 for Windows, NIH, USA). For Epo immunopositive cell counting was done
automatically using Metamorph Offline (v7.7., Molecular Devices, USA). A range for the
intensity of positive staining, and a filter for the particle size (in pixels) was set to allow for
accurate analysis. In the subventricular zone, densitometric analysis was done using Scion
Image (v4.03, National Institute of Health (NIH), USA) because of the large number of VEGF,
VEGFR-2 and Epo-positive cells present in this region. The total positive staining (above
threshold) in pixels was calculated to give the total percentage area occupied by positive cells.
The total number of pixels that represented positive staining for each field of view was

calculated and represented as a percentage of the total pixels of the image.
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The number of blood vessels expressing VEGF, VEGFR-2, Epo and angpt-1 were counted and
expressed as a percentage of the total number of blood vessels per field of view. All analysis
was quantified from 3 fields of view for each brain region on 2 brain sections per animal, and
the average from these 6 fields of view were calculated for each animal in each group (Control

(n=5), Mild UCO (n=4), Severe UCO (n=5)).

Images for laminin immunohistochemistry were taken using a light microscope (Model BX41,
Olympus, Japan) at x200 magnification for all brain regions examined, for duplicate sections
where possible. Vessel density, morphology and size distribution analysis were done as detailed

in Chapter 3.

5.2.4 Statistical analysis

Data are shown as mean + SEM. A Shapiro-Wilks test for normality was conducted, and if
passed (p > 0.05), a parametric test for comparison of means was then used. A Two-Way mixed
model ANOVA for time (within subjects) and treatment (between subjected) was used to
analyse fetal systemic blood gases, if a significant interaction was achieved, a Bonferroni post-

hoc was conducted.

Cell counts in each brain region of the controls (sham UCO), Mild UCO and Severe UCO
groups were compared using a One-Way ANOVA,; if significant, a Student-Neuman-Keul post
hoc analysis was done. If data were not normally distributed, transformations (Logo,
exponential and square root) were conducted, failing to achieve normality, a non-parametric
Kruskal Wallis test was conducted with pair-wise comparisons. Laminin immunohistochemistry
was analysed using a Mann Whitney-U between groups (Control and Severe UCO) for vessel
density and morphology analysis (as in Chapter 3). Two-Way (Mixed model) ANOVA tests
were performed to compare the distribution of blood vessel size based on perimeter (within
groups; Severe UCO and Control), for brain regions (between groups). If a significant

interaction was found, a Bonferroni post hoc test was conducted. All statistical data were
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analysed using SPSS v18 for Windows, with significance set at p < 0.05. All graphs were made

using GraphPad Prism Software for Windows (v5.03).

5.3 RESULTS

Fetuses were initially randomly assigned to either a control or UCO group (animals were always
run in pairs and random assignment occurred prior to surgery); however it appeared that there
was a range of hypoxic insults caused by UCO which subsequently resulted in a range of fetal
responses. Figure 6.2 (A — F) shows the response of all fetuses to UCO compared with Control
values for arterial blood gases, O, saturation, pH, ABE and blood lactate. This strongly suggests
that some fetuses became more hypoxic than others. It is possible that the UCO was incomplete
in some fetuses, although the intention was always to completely occlude blood flow by fully
inflating the cuff around the umbilical cord. However as umbilical blood flow was not measured

sub-division of groups into ‘partial’ or ‘complete” UCO cannot be accurately done.

The Control (n=5) and UCO (n=11) group data are presented in Appendix 7. Appendix 7 shows
that all fetuses that were subjected to UCO became significantly hypoxic, hypercapnic and
experienced metabolic acidosis. The primary outcome of these studies (Chapter 5 and 6) was to
determine the effect of UCO (brief, global hypoxia) in late gestation on VEGF expression in the
fetal brain and whether there are any consequences on fetal behaviour, until the onset of labor.
However, there were considerable differences in the degree of hypoxia and hypercapnia
produced by the UCO between fetuses (Figure 6.2), and sub-classification of fetuses into ‘mild’

or ‘severe’ was done to allow for further examination of the outcome measures.

The benefit of using the sheep model is that systemic parameters such as blood gases, MAP and
HR can be measured during UCO, which allows for an accurate representation of the degree of

hypoxia or response to hypoxia. This is in contrast to, for example, rodent hypoxia-ischemia
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models which have limited capacities to measure these parameters, and there is an assumption
that the hypoxic challenge was the same or where the degrees of hypoxia are so varied that they
do not completely reveal the true nature of findings. The discussions in these Chapters (5, 6 and
7) address the important point of whether the different outcomes were due to a specific degree
of hypoxia (Mild or Severe), or occurred regardless of the degree of hypoxia (i.e both UCO

groups were significantly different to Controls).

5.3.1 Severity of UCO

As the same animals were used for the experiments detailed in Chapter 5 and Chapter 6 the
details for the sub divisions into ‘Mild UCO’ and ‘Severe UCQO’ are stated in Section 6.3.1
Severity of UCO (Figure 6.2, Table 6.2). The response of the fetuses to UCO; blood gases
(Section 6.3.2.1, Figure 6.3) and physiological responses (MAP, BP; Section 6.3.2.1 and
Section 6.3.2.2, Figure 6.4). The outcome of pregnancy is detailed in Section 6.3.3 and Figure

6.7. Finally the Post Mortem details are listed in Section 6.3.3.2 and Table 6.3.

5.3.2 Immunohistochemistry — total cell counts

Immunohistochemical analysis in fetal sheep brains were examined in Control (n=5), Mild
UCO (n=4), Severe UCO (n=5). Not all animals yielded brain samples that were suitable for
immunohistochemical assessment, as some of the tissues collected were damaged by over-

processing.

Due to a harsh antigen retrieval procedures required for the VEGF immunohistochemistry,
some tissues lifted from the slides and did not produce reliable results (Control [n=3]; mild

UCO [n=3]; severe UCO [n=4]), and therefore were not included in the analysis.

5.3.2.1 VEGF and VEGFR-2

Quantification of the overall number of VEGF and VEGFR-2 immunopositive cells was done

for the corpus callosum, cortex (layers Il — V), periventricular and subcortical white matter,
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subcallosal bundle and thalamus (Table 5.1). No significant difference (p > 0.05) was seen
between the Control, mild UCO or severe UCO groups for these brain regions. Using
densitometry to quantify the percentage of positive VEGF staining above threshold in the

subventricular zone, no significant difference was seen between groups (Table 5.1).

No significant effect of UCO on VEGFR-2 expression was seen in the corpus callosum, cortex
or subcortical white matter (Table 5.1), but a near-significant increase occurred in the
periventricular white matter (p = 0.053). Densitometry analysis of the VEGFR-2
immunopositive staining in the subventricular zone showed a significant increased in severe
UCO group (22.43 + 1.66 %) compared to mild UCO (15.83 + 2.09 %) and Control (17.14 +

0.24 %) groups of fetuses (Table 5.1).
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Table 5.1: VEGF and VEGFR-2 immunopositive cells. Number of immunopositive cells for VEGF
and VEGFR-2 (cellssmm?) from Control, Mild UCO and Severe UCO fetal brains. Values expressed as

mean £ SEM. * p < 0.05 compared to control; # p < 0.05 compared to mild UCO.

Brain Region Control Mild UCO Severe UCO
VEGF (cells/mm?) (n=3) (n=3) (n=4)
Corpus Callosum 1764.66 £ 139.20 | 1902.19 +109.03 | 1727.44 £ 197.01
Periventricular White Matter 1960.20 + 227.53 | 2036.85+ 277.67 | 1736.17 + 144.03
Subcortical White Matter 1560.69 + 187.32 | 1616.81+377.28 | 1346.66 + 98.45
Cortex 1221.80 + 107.01 | 1353.99+99.28 | 1153.94 + 154.47
Subcallosal Bundle 2040.76 + 135.95 21i6'827)i 2140.69 + 188.87
Thalamus 1649.66 + 59.23 Lrears 1811.19 + 216.96
(n=2)
VEGFR-2 (cells/mm?) (n=5) (n=4) (n=5)
Corpus Callosum 1414.36 £ 140.11 | 1477.62+120.90 | 1308.29 + 123.60
Periventricular White Matter ®=°%% | 1300.31 + 117.93 | 2009.47 + 74.64 | 1959.18 + 238.43
Subcortical White Matter 1459.82 £ 112.25 | 1696.59 + 111.07 | 1565.18 + 167.55
Cortex 1189.49 £ 179.93 | 1131.06 +139.62 | 1074.04 + 100.51
Subcallosal Bundle 2714.14 + 245.63 | 3128.41 +354.05 | 2771.63 £ 117.29
Thalamus 2294.10+152.95 | 217550+ 74.59 | 2365.08 + 150.58
Densitometry (% above threshold)
VEGF — Subventricular Zone 16.99 + 3.03 18.98 + 2.62 19.03 £ 1.77
VEGFR-2 — Subventricular Zone 17.14+£0.24 15.83+£ 2.09 22.43 + 1.66*"

5.3.2.2 Epo

UCO had no significant effect on the over-all number of Epo immunopositive cells observed in

the corpus callosum, white matter (periventricular and subcortical), cortex, subcallosal bundle

and thalamus (Table 5.2). Similarly, when densitometry was used to quantify the percentage of

positive staining above threshold in the subventricular zone, no significant difference was seen

between groups.
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Table 5.2: Epo immunopositive cells. Number of immunopositive cells for Epo (cells/mm?) in brain

regions of Control (n=5), Mild UCO (n=4) and Severe UCO (n=5) fetal brains. Values expressed as mean

+ SEM. * p < 0.05; ** p < 0.01 compared to control.

Brain Region Control Mild UCO Severe UCO
Epo (cells/mm?) (n=5) (n=4) (n=4)
Corpus Callosum 1686.35 + 268.77 | 1498.25+ 369.77 | 1450.64 + 370.07
Periventricular White Matter 1644.68 £ 280.75 | 1953.55 + 206.13 | 1998.43 £ 416.06
Subcortical White Matter 2011.51+129.22 | 2192.61 + 289.26 | 2097.86 + 209.87
Cortex 1870.36 + 115.85 | 1884.03 + 136.06 | 2023.36 + 106.58
Subcallosal Bundle 1717.71 + 88.87 16(2:2;1 * 1746.46 + 246.45
Thalamus 1212.61+£173.66 | 1043.26 £54.20 | 1147.34 £ 141.11
Densitometry (% above threshold)
VEGF — Subventricular Zone 20.01+1.65 24.67 +£2.26 26.04 £2.51

5.3.3 Immunohistochemistry — blood vessel associated expression

5.3.3.1 VEGF and VEGFR-2

Figure 5.1 shows the percentage of blood vessels in a field of view with expression of VEGF

(panels A — F) or VEGFR-2 (panels G- L) in the cortex, corpus callosum, white matter

(periventricular and subcortical), subcallosal bundle and thalamus respectively. Analysis of the

subcallosal bundle and thalamus was possible for only 2 fetal brains in the mild UCO group, so

comparison was only made between the control and severe UCO groups, between which, for

VEGF immunopositive staining, no significant differences were seen in any brain region

examined. There was also no significant difference of VEGFR-2 expression for any brain

region, except for subcortical white matter, where expression was significantly greater in the

severe UCO group (64.87 + 1.95 %) compared to mild UCO (54.62 + 3.74 %) and controls

(53.22 + 3.40 %).
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Figure 5.1: VEGF and VEGFR-2 associated expression with blood vessels. Graphs showing the percentage blood vessel associated expression of VEGF (A —F) and
VEGFR-2 (G-L) in the cortex (A, G) corpus callosum (B, H), periventricular (C, 1), subcortical white matter (D, J), Subcallosal bundle (E, K) and thalamus (F, L) for control
(black), mild UCO (orange) and severe UCO (green). Significance p <0.05. Mean + SEM. Photomicrographs show VEGF (M, N) and VEGFR-2 (O, P) in subcortical white
matter of Control (M, O) and severe UCO (N, P) fetal sheep brain. Closed arrow heads shows blood vessels with positive staining for VEGF or VEGFR-2; closed arrow heads

indicate blood vessels with no positive associated expression.
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5.3.3.2 Epo

Epo immunopositive staining associated with blood vessels was quantified in the cortex and
periventricular and subcortical white matter. A trend to significance was seen in the cortex (p =

0.074), but no significant differences were present between groups in white matter (Figure 5.2).
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Figure 5.2: Epo expression associated with blood vessels. Graphs showing the percentage blood vessel
associated expression of Epo in the cortex (A), periventricular (B) and subcortical white matter (C) for
control (black), mild UCO (orange) and severe UCO (green). Significance p < 0.05. Mean + SEM.
Photomicrographs showing Epo immunoreactivity in the cortex of control (D) and severe UCO (E) in
fetal sheep brain. Closed arrow head indicates positive staining associated with blood vessel, and open

arrow indicate no positive staining associated with blood vessel (G). Scale bar represents 50 pum.
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5.3.3.3 Angpt-1

The percentage of blood vessels associated with angpt-1 positive immunostaining in the cortex,
periventricular and subcortical white matter is shown in Figure 5.3. In the periventricular white
matter (panel B), expression was significantly decreased in both the mild UCO (35.39 = 2.83 %)
and severe UCO (39.77 + 3.46 %) groups compared to the control group (60.99 + 4.53 %). No

significant change was seen in the cortex (panel A) or subcortical white matter (panel C)

between groups.
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Figure 5.3: Angiopoietin-1 expression associated with blood vessels. Graphs showing the percentage
blood vessel associated expression of angpt-1 in the cortex (A), periventricular (B) and subcortical white
matter (C) for control (black), mild UCO (orange) and severe UCO (green). Significance p < 0.05. Mean
+ SEM. Photomicrographs showing angpt-1 immunoreactivity in the periventricular white matter of
control (D, F) and severe UCO (E, G) in fetal sheep brain. Closed arrow head indicates positive staining
associated with blood vessel (F), and open arrow indicate no positive staining associated with blood

vessel (G). Scale bar represents 50 pm.
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5.3.4 Laminin

As discussed in Chapter 3, laminin was used to identify blood vessels, and determine mean
vessel size and vascular density (Figure 5.3). Some animals (Control n=2, Mild UCO n=3,
Severe UCO n=1) were excluded from analysis due inconsistent staining, so that statistical
comparison was possible only between the control and severe UCO groups. There was no
significant differences seen in vascular density, size or morphology in the cortex or white matter
(periventricular or subcortical) between control and severe UCO groups (Figure 5.3). Figure 5.4
shows the percentage frequency of blood vessel perimeter in the cortex (A), periventricular (B)

or subcortical (C) white matter.
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Figure 5.4: Size distribution of blood vessels in brain regions from fetal sheep. Percentage frequency
histograms of the perimeter of blood vessels in the cortex (A), periventricular (B) and subcortical (C)
white matter in control (black) and severe-UCO (green) fetal sheep brains. Significance p < 0.05. Mean +
SEM. Not significant (NS).
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Table 5.3: Blood vessel density and morphology. Vessel density and morphology measurements in
cortex, periventricular and subcortical white matter, in control and severe-UCO fetal brains. N are stated

for each region. Values expressed as mean = SEM. * p < 0.05; ** p < 0.01 compared to control.

Control Severe UCO
Cortex (n) 3 4
Vessel density (number/mm?) 2382.86 + 786.53 | 1969.75 + 479.64
Total Area (%) 5.23+1.82 3.40 £ 0.38
Mean Area (um?) 24.38 +4.45 23.72+9.35
Perimeter (um) 20.99+1.04 20.42 £ 4.27
Length (um) 7.21+0.44 7.36 +1.58
Breadth (um) 3.36+0.21 3.31+0.61
Mean Radius (um) 2.06 +0.15 2.09+0.48
Shape Factor 0.65+0.01 0.65+0.02
Periventricular White Matter (n) 3 4
Vessel density (number/mm?) 2003.26 +87.70 | 1852.31 + 246.13
Total Area (%) 6.13+1.89 4.25+1.37
Mean Area (um?) 24.30+1.94 17.11+4.69
Perimeter (um) 16.52 +0.36 15.60 £ 2.30
Length (m) 5.91 +0.12 5.37+0.77
Breadth (um) 3.45+0.09 2.98+0.38
Mean Radius (um) 1.84 +0.05 1.59 +0.25
Shape Factor 0.71+£0.01 0.67 +£0.02
Subcortical White Matter (n) 3 3
Vessel density (number/mm?) 1736.95 + 243.34 | 3021.65 + 601.24
Total Area (%) 8.94+2.76 5.85+1.09
Mean Area (um?) 43.34 + 13.05 20.50 + 6.82
Perimeter (um) 24.27 + 3.64 17.23+2.08
Length (m) 8.60 + 1.59 6.16 +0.85
Breadth (um) 3.99+0.17 3.30+£0.35
Mean Radius (um) 2.55+0.42 1.84+0.27
Shape Factor 0.67+£0.01 0.70+£0.01
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5.4 DISCUSSION

The most important finding of this study was that 5 — 10 days following a single, short bout of
fetal hypoxia and hypercapnia (10 mins UCO) in late gestation, the fetal sheep brain showed a
regionally-selective vascular response between white and gray matter. VEGFR-2 expression
associated with blood vessels was significantly increased in the subcortical white matter of
fetuses when the effect of the UCO had been ‘severe’. However, periventricular white matter
showed a significant decrease of angpt-1, a marker of vessel maturity, following mild or severe
UCO. A significant increase in overall cellular expression of VEGFR-2 was seen in
periventricular white matter and the subventricular zone. There was no effect of UCO on the

expression of VEGF 5 — 10 days following the insult.

The increased expression of VEGFR-2 (total cell number), despite no change in VEGF
expression itself in periventricular white matter and the subventricular zone at 5 — 10 days
following a severe response to UCO, is consistent with the focal ischemia studies in the adult
brain (Lennmyr et al., 1998; Marti et al., 2000b). These studies suggest that early up-regulation
of VEGFR-2 following hypoxia-ischemia occurs in ischemic cells. Kilic et al., (2006) found
that as early as 24 h following focal cerebral ischemia (middle cerebral artery occlusion,
MCAO) VEGFR-2 was activated (via phosphorylation) by VEGF and up-regulated in both
ischemic neurons and astrocytes. Increased glial and endothelial VEGFR-2 expression has also
been reported to occur following MCAO in the adult rat although Lennmyr et al., (1998) found
no change in neuronal expression 1 to 3 days following permanent or transient MCAO. Our
results could suggest that following an antepartum hypoxic event both the subventricular zone
and periventricular white matter are ischemic, due to up-regulation of VEGFR-2 by cell types

such as neurons and astrocytes, and thereby possibly vulnerable to injury.

In the current study we found increased VEGFR-2 expression despite no change in VEGF cell
number which is also consistent with adult ischemia studies. Marti et al., (2000b) found up-

regulation of VEGFR-2 expression in the border of the infarct by 48 h, peaking at 72 h
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following MCAO in adult rats. This was despite VEGF mRNA expression increasing much
earlier, 6 h following MCAO in the adult mouse, and VEGF protein expression peaking at 12
and 48 h post MCAO. Increased VEGFR-2 expression 24 h to 7 days following MCAO was
also seen in the hippocampus, a ‘remote region’ in relation to the infarct area. Cellular
expression was thought to be neuronal, and this study suggests that the neuronal expression of
the VEGF/VEGFR system could be neuroprotective, occurring prior to neovascularisation
(Marti et al., 2000b). This study showed a persistent up-regulation of VEGFR-2 after VEGF
expression has declined occurring in adult mice, and now we have also found this in

periventricular white matter of the late gestation fetal sheep brain.

Elevated VEGFR-2 expression has also been suggested to be neuroprotective. Providing further
evidence for the neuroprotective actions of VEGF/VEGFR-2, inhibition of VEGFR-2 both in
vivo and in vitro has been trialled in two neonatal stroke models and been shown to result in
worse neurological outcome. Shimotake et al., (2010) have investigated this by inhibiting of
VEGFR-2 in vivo, 2 days following MCAO in the neonatal rat. They found that 7 days
following MCAO, injury had worsened (increased infarct size), increased cell death, and
decreased endothelial cell proliferation despite increased VEGFR-2 expression 5 days following
injury. This could occur as in vitro inhibition of VEGFR-2 was seen to reduce the protective

effect of VEGF-A (Lee et al., 2010).

However, prenatal treatment with ZD6474 an anti-angiogenic drug, that inhibits VGEFR-2
expression, was shown to reduce the incidence of glycerol induced germinal matrix
haemorrhage in rabbit pups (Ballabh et al., 2007). This study concluded that elevated VEGF-A
and angpt-2 (important in vascular remodelling) experiments were detrimental, suggesting
enhanced endothelial proliferation and angiogenesis in the germinal matrix may predispose this
region to haemorrhage, hence inhibition of VEGFR-2 (and subsequent angiogenesis) could be
protective. It is important to note that this study only targeted the vascular effects of VEGFR-2,

and did not take into account the possible neuroprotective benefits. Secondly, prenatal treatment
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with an anti-angiogenic drug could be incredibly harmful to the brain of the preterm or term

neonate.

In vivo and in vitro studies have shown that treatment with VEGF stimulates neurogenesis, and
is mediated by VEGFR-2 (Jin et al., 2000a; Jin et al., 2002). The neuroprotective actions of
VEGF and VEGFR-2 are suggested to occur via phosphorylation of cAMP response element
binding protein (CREB)/AKt/ERK-1 pathways (Wick et al., 2002; Kilic et al., 2006; Lee et al.,
2010). From in vitro and in vivo analysis, it was found that in P7 rat pups following hypoxia-
ischemia, VEGF-A activated the VEGFR-2, which in turn phosphorylated CREB in endothelial
cells and neurons, and so protected them from hypoxic-ischemic and oxygen-glucose
deprivation injury (Lee et al., 2010). Phosphorylation of Akt/PKB and ERK-1 occur following
focal cerebral ischemia or hypoxic preconditioning in the adult also resulting in enhanced
neuronal survival, although increased BBB permeability is a consequence of those effects of

hypoxia-ischemia (Wick et al., 2002; Kilic et al., 2006).

Numerous studies have evaluated the response of VEGF and to a lesser degree VEGFR-2,
following global and focal ischemia, particularly in the adult. However, there is less
understanding of the importance of vascular VEGFR-2 expression following hypoxia-ischemia
in vivo. We found a significant increase of VEGFR-2 expression associated with blood vessels
in subcortical white matter. This finding suggests that blood vessels in the subcortical matter
respond differently to UCO, compared to other brain regions examined (periventricular white
matter and cortex). It also highlights that blood vessels, and in particular vascular cells (such as
endothelial cells and pericytes) in subcortical white matter may be more sensitive to UCO than
other cell types in this region, as no significant change was seen in cell number. Marti et al.,

(2000Db) suggests that increased VEGFR-2 expression occurs prior to neovascularisation.

VEGF and VEGFR-2 activation promotes neuronal growth, migration, maturation, survival as
well as axonal and dendritic outgrowth (Hermann & Zechariah, 2009; Sentilhes et al., 2010).

The high expression of both VEGF and VEGFR-2 seen prior to birth in both control and UCO
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(mild and severe) fetal sheep brains suggest that key developmental processes, such as
angiogenesis and neurogenesis are occurring during late in gestation. Studies from the human
(Sentilhes et al., 2010) and rodent brain (Nico et al., 2002; Yang et al., 2003) of VEGFR-2
expression highlight the importance of VEGFR-2 during brain development. In the human,
neurons, astrocytes and endothelial cells express VEGFR-2 from 20 weeks gestation until at
least 5 months postnatally (Sentilhes et al., 2010). By 34 weeks gestation, VEGF expression had
declined in blood vessels while VEGFR-2 expression was still high, suggesting the rate of
angiogenesis may slightly decline toward the end of gestation (Sentilhes et al., 2010). Studies in
the rodent also show high neuronal and endothelial expression of VEGFR-2 well into adulthood
(Yang et al., 2003). Sentilhes et al., (2010) also suggest that astrocytic generation and

maturation may also be another important role of the VEGF/VEGFR-2 system.

In our study we saw a high VEGFR-2 (and VEGF) expression, both cellular and associated with
blood vessels in all groups (Control and UCO), so the guestion must be asked as to what could
be regulating their expression. Although it is widely accepted that hypoxia up-regulates VEGF,
and subsequently VEGFR-2 at a protein level (Waltenberger et al., 1996; Kremer et al., 1997),
in vitro studies suggest hypoxia may not be the key regulator of VEGFR-2 gene expression
(Gerber et al., 1997). Following systemic hypoxia in the adult mouse, VEGFR-2 expression was
not modulated by hypoxia, although VEGFR-1 was (Marti & Risau, 1998). In vitro studies have
shown that HIF-2, but not HIF-1, regulate mRNA transcription of VEGFR-2 although this was
not see in the brain (Gerber et al., 1997; Kappel et al., 1999; Marti et al., 2000b). As well as
hypoxia, expression of VEGFR-2 in endothelial cells can be also modulated by external factors
including glucose deprivation and in the presence of cytokines and basic fibroblast growth

factor (Pepper & Mandriota, 1998).

To further investigate whether the increased expression of VEGFR-2 is possibly
neuroprotective, the expression of Epo, another key hypoxia sensitive gene with neuroprotective

actions, was examined. Following hypoxia, Epo is up-regulated (Bernaudin et al., 1999; Yeo et
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al., 2008; Fan et al., 2009) and suggested to be neuroprotective by increasing expression of anti-
apoptotic genes and promoting survival of oligodendrocytes, neurons, astrocytes and microglia
(Bernaudin et al., 1999; Marti et al., 2000a; Marti, 2004; Chang et al., 2005; Iwai et al., 2007,
Fan et al., 2009). Epo can also stimulate the expression of VEGF and its’ receptor on
endothelial cells (Iwai et al., 2007; Hermann & Zechariah, 2009). Increased expression of Epo
and Epo-R has been seen 48 h following UCO in late gestation fetal sheep (Castillo-Melendez et
al., 2005). In the present study, we assessed the number of cells expressing Epo and found there
was no significant difference in control, mild or severe UCO groups of the brain regions
examined. However, we did see a trend to a significant increase of blood vessel associated
expression of Epo in the cortex, which could help explain a regional ‘protection’ of the cortical
vasculature. In vitro, Epo can modulate angiogenesis by stimulating endothelial cell migration

and proliferation (Anagnostou et al., 1990; Yamaji et al., 1996).

Studies of permanent focal cerebral ischemia in adult mice found that the cellular expression
pattern of Epo and Epo-R was modulated by the evolution of the infarct. Post-ischemic cellular
expression of Epo occurs initially in endothelial cells (1 day), inflammatory cells (3 days) and
then reactive astrocytes (7 days) (Bernaudin et al., 1999). Although Bernaudin and colleagues
(1999) did not elucidate the sequence of cellular change in Epo expression, it could be
speculated that endothelial cells are the first to be protected, due to Epo’s anti-apoptotic actions.
However if this were the case in our study, it could be suggested that endothelial cells in white
matter, in comparison to the gray matter (cortex) are less able to be protected. Studies using
recombinant human Epo (rhEpo) as a neuroprotective treatment following neonatal stroke have
seen enhanced vascular remodelling promoting neurogenesis (lwai et al., 2007). Increased
revascularisation and neurogenesis, amelioration of tissue loss and improve functional
sensorimotor outcome also occur when rhEpo treatment was administered in neonatal rats

following hypoxia-ischemia (Chang et al., 2005; Iwai et al., 2007).
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The finding that there was no significant difference across groups with respect to blood vessel
associated expression of VEGF may suggest that 5 — 10 days following in utero hypoxia there is
not a greater capacity of hypoxia induced angiogenesis. In Chapter 4, endothelial cell
proliferation was assessed as a result of the significant increase in vessel-associated VEGF
expression that had occurred 24 and 48 h after UCO. In the present study this was not done as
no differences in VEGF expression were seen at 5 — 10 days following UCO. We also saw no
significant change in vascular density in brain regions, although only a few fetal brains could be
analysed. High VEGF expression was still seen in all groups suggesting that angiogenesis is still

ongoing at this late stage of gestation in fetal sheep.

At 10 days following UCO it might be possible to assess the maturity of blood vessels. To
investigate whether hypoxia had had an effect on vessel maturation, the expression of angpt-1
associated with blood vessels in grey matter (cortex) and white matter (periventricular and
subcortical) was assessed. Angiopoietins, most importantly angpt-1 and angpt-2, work in close
association with VEGF in stimulating angiogenesis. They are an important family of protein
growth factors that are also up-regulated following hypoxia (Beck et al., 2000; Lin et al., 2000;
Yancopoulos et al., 2000). Angpt-1 is important for stimulating vessel growth, branching,
maintenance and stabilisation of the vasculature (Yancopoulos et al., 2000; Carmeliet, 2003;
Kim et al., 2008). Angpt-2, important in initiating vascular remodelling, has both agonistic and
antagonistic actions to angpt-1. When binding to Tie-2 angpt-2 is involved in both the initiation
of angiogenesis as well as destabilisation of capillaries (Maisonpierre et al., 1997; Yancopoulos
et al., 2000; Gale et al., 2002). Unlike VEGF which is upregulated within hours following
hypoxia-ischemia, angpt-1 and angpt-2 exert their functions in the later stages to produce
further vascular change and remodelling, sometimes referred to as ‘vascular maturation’ (Plate

et al., 1999; Beck et al., 2000).

The most novel finding of this study was that UCO significantly decreased blood vessel

associated expression of angpt-1 in periventricular white matter. Angpt-1 also promotes the
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“tightening” of vessels by increasing expression of tight junctional proteins thereby resulting in
decreased permeability of vessels (Thurston et al., 1999; Thurston et al., 2000; Valable et al.,
2005; Hansen et al., 2008). Although we did not see a significant change of vascular VEGF or
VEGFR-2 in periventricular white matter, decreased angpt-1 protein expression could also be
indicative of decreased structural support, as increased angpt-1 expression is implicated in
enhancing the interaction between endothelial cells and the recruitment of pericytes (Suri et al.,
1996). Following focal cerebral ischemia, increased VEGF mRNA expression and decreased
angpt-1 mRNA expression has been correlated with a significant increase in BBB permeability
(Zhang et al., 2002b). Our findings that UCO results in a persistent decrease of angpt-1
expression in periventricular white matter could be indicative of vascular leakage or a

compromised BBB in this brain region at 5 — 10 days following UCO.

Further to our findings, although only blood vessels associated expression was analysed, angpt-
1 immunoreactivity was also observed; astrocytes and pericytes (Yancopoulos et al., 2000;
Carmeliet, 2003; Ballabh et al., 2007; Kim et al., 2008). Interestingly, angpt-1 may have
neuroprotective potential as in vitro studies have found ischemic neurons were protected from
apoptosis and necrotic death in the presence of angpt-1 occurring via the activation of PIK-3
pathway. Further quantification of the cellular expression of angpt-1 in our study could help
explain the significance of increased VEGFR-2 expression, also important for neurogenesis,

which was increased in periventricular white matter.

We did attempt to assess angpt-2 expression in fetal brains, however a clear signal could not be
obtained so further investigation of the role of angpt-2 is also required. The vascular
permeability effects of VEGF that may have resulted in the increased incidence of BBB
permeability seen at 24 and 48 h following UCO (Chapter 4), suggests changes in BBB
permeability are transient and an early response to asphyxia. This is consistent with neonatal
and adult focal cerebral ischemia studies in the rat (Zhang et al., 2000; Zhang et al., 2002b;

Kaur & Ling, 2008; Al Ahmad et al., 2010). However, although VEGF associated with blood
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vessels was not significantly increased in this study, but decreased angpt-1 was seen in
periventricular white matter assessment of the tight junctions such as claudin and occludin could
reveal the consequence of these changes in expression. Implications of decreased angpt-1
expression could also be explained by assessment of the expression of pericytes; as pericyte
migration occurs following hypoxia-ischemia (Takahashi et al., 1997; Gonul et al., 2002),

which contributes to an immature and destabilised vasculature.

It was a limitation of the study that fetuses in both UCO groups went into labour between 136 —
144 days gestational age. However, as there was a significant difference in VEGFR-2 and
angpt-1 in groups despite this range of gestational ages as an end point, it suggests that hypoxia
and not gestational age resulted in the significant differences. Subsequent studies could help

delineate the time course of the alterations in expression of these proteins.

This study highlights that regional responses of the vasculature in the fetal brain persists after a
single short hypoxic challenge, and suggests some of the predilection to periventricular white
matter injury may have a vascular origin. Interestingly, following UCO it is apparent that there
are regionally differing responses of cellular and vascular expression of VEGFR-2 also. In
periventricular white matter we saw increased cellular VEGFR-2 expression and no change in
the vascular expression, a region that also showed decreased angpt-1 expression associated with
blood vessels. In contrast, subcortical white matter showed increased vascular VEGFR-2
expression and no change in total expression, suggesting that in this brain region, blood vessels
could be protected while neurons, astrocytes and pericytes could be the cell types that are
susceptible to ischemic injury. Strengthening the argument that white matter is more vulnerable
to injury, gray matter (cortex) was relatively unaffected over the 5 — 10 days following UCO,

except for a trend to an increase in Epo expression associated with blood vessels.

UCO did not affect vessel density, morphology or size distribution, however only low numbers
were available for this analysis. The increased expression of VEGFR-2, but not VEGF, is

consistent with adult brain focal ischemia studies. Angpt-1, a key angiogenic protein important
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for vascular development and maturation, was decreased only in periventricular white matter, a
region known to be susceptible to ischemic injury. Periventricular white matter following in
utero UCO may show greater permeability, due to significant decreased expression of angpt-1,
whereas as subcortical white matter may be protected due to increased VEGFR-2 expression
associated with blood vessels following UCO, severe or mild. The predilection of the perinatal
brain to white matter lesions may be explained, in part, by these regionally-selective vascular

responses to transient global hypoxia.
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IN UTERO AND POSTNATAL
BEHAVIOURAL CONSEQUENCES
FOLLOWING UMBILICAL CORD
OCCLUSION IN LATE GESTATION FETAL
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6.1 INTRODUCTION

The Australian Cerebral Palsy Foundation states that over the last 40 years the incidence of
Cerebral Palsy (approximately 1 in 400 live births) has remained relatively unchanged (Alcorn
& Shean, 1995; Stanley et al., 1995, Cerebral Palsy Australia, 2010). It is commonly thought
that hypoxia-ischemia occurring during pregnancy or at birth significantly contributes to the
cognitive impairment, developmental delay, motor deficits and epilepsy all of which can be
associated with Cerebral Palsy and manifest themselves after birth. However, the pathogenesis

of the injury to the brain is not well understood.

Numerous clinical studies have attributed timing and gestational age to determining the pattern
of injury (Sims et al., 1985; Badawi et al., 1998; Cowan et al., 2003; Van den Broeck et al.,
2007; Foran et al., 2009). Antepartum events such as complications of the umbilical cord or
placental abruption resulting in severe hypoxia or asphyxia are difficult to detect, but may be
the sentinel event that causes a great proportion of the injury not seen until after birth. All forms
of fetal monitoring remain limited in being able to detect fetal brain injury per se, although heart
rate variability and fetal body and breathing movements can provide measures of fetal distress
in utero (Bocking, 2003). For example, Low et al., (1989) noted a case of antepartum asphyxia

resulting in reduced fetal movement a week prior to labour.

Fetal sheep provide a good model to assess complications and behavioural responses in utero.
By 120 days gestational age (GA; term 146 days), electrocortical (ECoG) activity is
differentiated into high voltage (HV) and low voltage (LV) states, and fetal behaviour shows
cyclical changes with time, as for the human fetus (Clewlow et al., 1983; Lamblin et al., 1999;
Vanhatalo & Kaila, 2006; Andre et al., 2010). LV ECoG activity is also associated with eye
movements and diaphragm and fetal breathing movements (FBM) (Jost et al., 1972; Clewlow et
al.,