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Abstract

Injuries to the developing brain contribute considerably to the mortality and the long-term
neurologic and neurocognitive morbidity of children. The immature brain reacts differently
from the mature brain when exposed to potentially damaging environmental factors or
insults. During the so-called brain growth spurt phase, a transient period when the brain is
growing most rapidly, several insults may induce widespread apoptotic neurodegeneration
in infant rodent brains. It is intruiging to decipher whether, depending upon their timing,
lesions of the immature brain carry the potential of influencing developmental events in
their natural sequence and redirecting subsequent development.

The aim of the presented research work was to characterize mechanisms that can
potentially influence normal development and/or participate in reorganization events
following an insult to the developing brain. We have disclosed mechanisms implemented
in brain damage and repair following exogenous insults during critical phases of brain
development and following treatment with neuroprotective drugs such as erythropoietin.
Insults such as hyperoxia/oxidative stress, traumatic brain injury, and an exposure to
substances influencing NMDA and/or GABA, receptor neurotransmission (antiepileptic
drugs, sedatives, drugs of abuse) have the potential of inducing an imbalance between
neuroprotective and neurodestructive mechanisms that may subsequently cause apoptotic
cell death and decrease neurogenesis. In animal models of these conditions, brain proteome
changes were characterized at various developmental stages and time points following
brain injuries using two-dimensional gel electrophoresis (2-DE) coupled to mass
spectrometry (MS) and combined with other histological and biochemical methods. Age-
specific acute and long-term changes in brain proteins associated not only with apoptosis
and cell proliferation but also with synaptic function, neuronal migration, cell
differentiation, and thus neuronal network formation suggest an interference of the
exogenous insults with these developmental processes. Treatment with recombinant
erythropoietin (rEpo) was found to be neuroprotective following hyperoxia in infant
rodents and to lead to a restoration of proinflammatory cytokine and neurotrophin levels,
reduction of oxidative stress, and restoration of proteome changes observed when only
hyperoxia was applied. The protective effect of rEpo is generated through mechanisms
such as a reduction of oxidative stress as well as restoration/reversal of hyperoxia-induced

activation of caspases and depression of neurotrophin levels.



We have further addressed whether alterations of the same isoprotein exist in different
disease entities. Nodal point proteins may integrate different pathways into one pathway in
diseases of the central nervous system, but can also diverge one pathway into several
others. This observation offers an explanation for the clinical heterogeneity and phenotype
overlap of distinct disorders. Moreover, changes in proteins at central network positions
can induce unspecific dysregulations of disease-unrelated proteins. This protein-network
concept provides a way to explain the difficulties that arise in an attempt to elucidate the

fundamental mechanism underlying a specific developmental disorder.



Zusammenfassung

Erworbene Schidigungen des sich entwickelnden Gehirns tragen betrichtlich zur
Mortalitdt sowie neurologischen und neurokognitiven Morbiditit von Kindern bei. Dabei
unterscheidet sich die Reaktion des unreifen Gehirns auf exogene Noxen und
Erkrankungen von derjenigen des reifen Gehirns. Exogene Faktoren konnen im unreifen
Gehirn wihrend der Phase des raschen Gehirnwachstums (,,growth spurt phase®), eine
extensive apoptotische Neurodegeneration auslosen. Abhdngig vom Zeitpunkt des
Einwirkens, konnen Insulte Entwicklungsprozesse akut und chronisch beeinflussen. Das
Verstindnis der Pathomechanimen und damit die Identifizierung von Angriffspunkten fiir

adjuvante neuroprotektive Therapien ist entscheidend fiir den Schutz des unreifen Gehirns.

Das Ziel der vorgestellten experimentellen Arbeiten war die Charakterisierung von
Proteinen und Stoffwechselwegen, welche die physiologische Gehirnentwicklung
beeinflussen konnen und/oder an Reparaturprozessen erworbener Schidden des sich
entwickelnden Gehirns beteiligt sind. Wir fanden Mechanismen, welche potentiell an der
Schéadigung des unreifen Gehirns und an nachfolgenden Reorganisationsprozessen sowie
an der protektiven Wirkung von Substanzen wie Erythropoietin beteiligt sein konnen.
Programmierter Zelltod oder Apoptose wird im sich entwickelnden Gehirn nicht nur
physiologisch zur Reduktion {iberschiissig angelegter neuronaler Zellen beobachtet,
sondern ist auch der vorwiegende Modus des Zelltodes durch eine Imbalance zwischen
neuroprotektiven und -destruktiven Mechanismen nach Hyperoxie/oxidativem Stress,
mechanischem Hirntrauma und Pharmaka, welche die physiologische Neurotransmission
iber NMDA- oder GABAa.Rezeptoren verdndern. In entsprechenden Tiermodellen
wurden Proteomverdnderungen im unreifen murinen Gehirn zu unterschiedlichen
Entwicklungsphasen und Zeitpunkten nach erfolgter Hirnschiddigung charakterisiert.
Hierzu kamen die Zweidimensionale Gelelektrophorese (2-DE) in Verbindung mit der
Massenspektrometrie (MS) und weitere histologische und biochemische Methoden zum
Einsatz. Altersabhédngige akute und langfristige Verdnderungen des Gehirnproteoms,
welche mit Apoptose, Zellproliferation, synaptischer Funktion, neuronaler Migration,
Zelldifferenzierung und somit Netzwerkbildung in Verbindung stehen, deuten auf eine

Beeinflussung dieser Prozesse durch Insulte.

Wir fanden zudem die neuroprotektive Wirkung rekombinanten Erythropoietins (rEpo) bei

hyperoxie-induzierter Hirnschiddigung. Dabei fiihrt rEpo nicht nur zu einer deutlichen



Reduktion hyperoxie-induzierter Neurodegeneration, sondern inhibiert auch die meisten
Verdnderungen des Gehirnproteoms, die nach Hyperoxie auftraten. Wir fanden
Mechanismen, die der neuroprotektiven Wirkung zugrunde liegen konnten, wie eine
Reduktion oxidativen Stresses, eine Normalisierung hyperoxie-induzierter vermehrter

Caspaseaktivierung sowie eine Erniedrigung der Neurotrophinkonzentrationen im Gehirn.

Beim Studium verschiedener Erkrankungen wurden oftmals Verdnderungen bei denselben
Proteinen beobachtet. Wir beschrieben diesbeziiglich Knotenpunktproteine, die in
Proteinnetzwerken auftreten und sowohl verschiedene Stoffwechselwege in einen
zuammenfithren als auch einen Stoffwechselweg in mehrere aufteilen kdnnen. Diese
Beobachtung bietet eine Erklidrung fiir die klinische Heterogenitit und fiir die Uberlappung
von Phénotypen unterschiedlicher Krankheitsentititen. Dariiber hinaus koénnen
Verdanderungen von Proteinen in zentralen Netzwerkpositionen unspezifische
Verdnderungen an Proteinen hervorrufen, die mit einer Erkrankung nicht ursdchlich in
Verbindung stehen. Dies kann die Schwierigkeiten bei der Identifizierung fundamentaler

Mechanismen erklédren, die bestimmten Krankheiten zugrunde liegen.



List of Abbreviations

AED antiepileptic drug

AKT protein kinase B

APV 2R-amino-5-phosphonovaleric acid
ARNP alcohol related neurodevelopmental disorder
CA cornu ammonis (hippocampal region)
CNS central nervous system

2-DE two-dimensional gel electrophoresis
E embryonal day

ERK extracellular signal-regulated kinase
FAE fetal alcohol effects

FAS fetal alcohol syndrome

FASD fetal alcohol spectrum disorder
GABAA gamma-aminobutyric acid type A
IEF isoelectric focusing

IL Interleukin

IL-18BP interleukin-18 binding protein

IME intramyelinic edema

1Q intelligence quotient

IRAK interleukin-1 receptor-associated kinase
JINK c-jun terminal kinase

MAPK mitogen-activated protein kinase
MRI magnetic resonance imaging

mRNA messenger ribonucleic acid

MS mass spectrometry

Mw molecular weight

NMDA N-methyl-D-aspartatic acid

P postnatal day

PCP Phencyclidine

pl isoelectric point

PI3K phosphatidylinositol-3 kinase

R Receptor

Ras rat sarcoma

rEpo recombinant erythropoietin
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

TBI traumatic brain injury
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1 Introduction
Perinatal brain injury contributes considerably to mortality and long-term morbidity of
term and preterm infants.' In Germany, perinatally acquired insults cause severe injury to

the central nervous system (CNS) in approximately 1,000 children each year.2

1.1  Vulnerability of the developing brain

The developing brain reacts differently from the mature brain when exposed to potentially
damaging environment factors or insults.”® Short- and long-term deleterious effects
resulting from an interference with normal brain development differ in their extent and
quality depending on the nature, the timing, and the extent of the insult.” In the past
decades, studies in rodents have provided substantial information on brain development.”"*
Although there are variations in the rates of brain growth among mammals, a comparison
of brain development between species is possible.'*'> The developmental ages of human
and rat embryos or fetuses are comparable when anatomical features and histological
landmarks are similar in appearance in the two species, even though their exact
chronological ages are different.' In the CNS, structures are created by cell proliferation,
migration, and differentiation as well as the establishment of intercellular connections, i.e.
the formation of networks.” Normal function requires a specific number of cells with the
proper characteristics in the correct location at a specific time.” The cycle of neurogenesis
of individual neuronal populations has been determined through autoradiography in rodent

brain, and extrapolations have been made to the human brain.*'*

These studies clearly
indicate that different brain areas develop at different times during gestation, and within a
single brain region, subpopulations of neurons develop at different rates and times.
Cerebellar Purkinje cells, for example, develop early (embryonic days 13—15 in the rat,
corresponding to gestational weeks 5—7 in humans), whereas granule cells are generated
much later (postnatal days 4—19 in the rat, corresponding to gestational weeks 24—40 in
humans).'* Many agents, such as irradiation by x-rays, cause brain damage by interference

with cell proliferation, and if the insult occurs during the stage of formation of a certain

neuronal subpopulation, the involved cells may not develop.

Neurogenesis produces about twice as many neurons in a given structure as the number
of neurons that survive in the adult organism. This initial excess of neurons is short lasting
and followed by a process known as apoptosis or programmed cell death.'® Apoptosis is
regulated by growth factors and cytokines as well as by neurotransmitters and is executed

by a number of intracellular proteins.*>'”'® Any compound that interferes with these
1



processes may trigger apoptotic degeneration of neurons that would not have otherwise

been deleted from the developing brain, or may, in contrast, promote survival of
unnecessary cells.'” The developing brain is especially vulnerable during a transient period
when the brain is growing most rapidly, the so-called brain growth spurt.'’ This period
occurs in the first two postnatal weeks in the rat and in the third trimester of gestation and

first two years of life in humans.'?

Cell migration, by which neurons reach their final location, is another important
process during brain development. It is indispensable for the construction of complex
circuits, and any interference with cell migration can have deleterious effects on the
developing brain.'” During development, migration occurs in waves associated with
different cell types.”” Neurons must subsequently form connections during the process of
synaptogenesis. This developmental period is critical for the formation of the basic
circuitry of the nervous system, although neurons are able to form new synapses
throughout life.”® Furthermore, evidence exists that neurotransmitters can modulate
proliferation of neural stem cells, neuroblasts, and glioblasts, regulate migration, and
induce differentiation.”’?* Thus, pharmacological agents that interfere with
neurotransmission during development may cause permanent defects in the central nervous

system.

Pruning, defined as a loss of synapses, also occurs physiologically in the developing
brain."” Such trimming of connections is a more extensive process than cell death and
occurs late in childhood and adolescence.” Any interference with this process would be
expected to affect the number of synaptic connections. Most of the developmental
processes discussed so far have focused on neurons. However, it is well established that
glial cells (astrocytes, oligodendrocytes, microglia) play a relevant role in brain function as
well as in brain development. The vulnerability of the developing brain can thus also be
attributed to these cells.

1.2 Causes of perinatal and infant brain damage

8,25,26
77 In term

Causes of perinatal brain damage differ between term and preterm infants.
infants, perinatal asphyxia resulting in hypoxic-ischemic cerebral injury is the leading
cause of infant mortality and neurologic morbidity such as cerebral palsy, mental
retardation, visual impairment, and epilepsy.' In contrast, survivors of premature birth at

23-32 weeks of gestation have a predilection for perinatal brain injury especially to their



periventricular cerebral white matter.*?’ Periventricular white matter injury can be caused

by a wide spectrum of impacts including perinatal asphyxia (hypoxia-ischemia), hyperoxia,
hemorrhage, trauma, infections, metabolic diseases, and intoxications.”® Moreover,
iatrogenic factors such as drug therapy can lead to infant brain damage. In the following,
important causes of early childhood brain damage that are also the topic of the presented

experimental work towards habilitation will be described.

1.2.1 Preterm infants and oxygen
The rate of preterm birth has risen in most industrialized coutries to 5-9% in Europe and up

to 12-13% in the United States.” Although most preterm infants now survive the newborn
period, they still have an increased risk of neurodevelopmental impairment accounting for
about 50% of all children with early childhood brain damage.**>' There is often neither an
obvious clinical explanation nor a clearly correlating finding in conventional ultrasound
imaging studies for the neuropsychologic morbidity of formerly preterm infants.**** In
several cases, magnetic resonance imaging (MRI) modalities applied early in postnatal life
of preterm infants revealed diffuse, multifocal lesions that did not develop into cystic
periventricular leukomalacia later on.”* Moreover, reduced brain volumes and delayed

postnatal development of brain structures were found.****** This developmental delay may

be attributable to environmental pertubations associated with preterm birth.

Due to lung and brain stem immaturity, the preterm infant is exposed to fluctuating
oxygen concentrations in the course of the early extrauterine development. These
newborns exhibit a developmental immaturity of their free radical defences, and they are
also inevitably exposed to relative hyperoxia compared to intrauterine hypoxic conditions
(with an oxygen partial pressure of 25 mm Hg) and more likely encounter further situations
of increased oxidative stress such as oxygen supplementation or systemic infections.
Hypoxic situations as well as relative hyperoxia play a significant role in the genesis of

4549

brain damage. Moreover, hypoxic insults often lead to cerebral hemorrhage in

preterms, which significantly worsens the prognosis for these children.'

1.2.2 Mechanical trauma to the brain

Traumatic brain injury (TBI) is a major cause of long-term morbidity and mortality in the

50-54
d.

industrialized worl The overall incidence of TBI is as high as 1.5 million affected per

50-54

year in the United States, and 6% of the patients suffer from long-term disability. In



Germany, approximately 100,000 children received in-patient care following head trauma

in 2005 according to the annual report of the “Statistisches Bundesamt Deutschland”.
Children under the age of 6 years not only sustain TBI more frequently than any other age
group,”® but those under the age of 4 years also show the worst neurologic outcomes.”>*
Even mild injuries may result in long-term morbidity in preschool children.””* While
mechanical brain injuries in the course of birth, often associated with asphyxia, and child
abuse are frequent causes of TBI in newborns and infants, accidents (especially traffic

accidents) are the number one cause for TBI in toddlers and young school children.'¢!-%*

1.2.3 Antiepileptic and sedative medications

Antiepileptic drugs (AEDs) or sedative medication taken by mothers during pregnancy are

among the most common causes of fetal malformations.®>®

Major malformations in the
offsprings of mothers treated with AEDs during early pregnancy occur in about 3.5% of
live births in comparison with 0.8% of live births in untreated cohorts.®*"® These include
neural tube defects, orofacial clefts and digital anomalies, growth retardation,

developmental delay, and microcephaly.®>%"7!"73

Teratogenic effects have been associated
with the use of phenytoin, carbamazepine, valproate, and phenobarbital. High maternal
blood levels and combinations of several AEDs impose an increased risk of harm to human
infants.”> Moreover, it has been shown that AEDs may have adverse effects on the human
intellect when given to treat seizures in pregnant women, infants, and toddlers. Long-
lasting neurobehavioral effects, such as impaired cognitive development’* and lower
intelligence quotient (IQ) scores,” have been reported in humans following in utero
exposure to phenobarbital. Despite the developmental neurotoxicity of phenobarbital, its
embryotoxicity and teratogenic effects appear to be less than that of other anticonvulsants
in animal models.”” Valproic acid, on the other hand, is a clear human and animal
teratogen.’® Neural tube defects, specifically spina bifida, occur at a high rate upon in utero
exposure to this compound.”” Similar to valproic acid, in utero exposure to

carbamazepine has been associated with an increased risk of spina bifida.*®"®

The pattern
of other carbamazepine-associated malformations (facial dysmorphic features,
microcephaly, growth retardation) resembles that of other anticonvulsants.®®” There is
evidence that phenytoin is a developmental toxicant in humans: the fetal hydantoin
syndrome is characterized by facial dysmorphologies, growth retardation, and other

80,81

anomalies.” " Microcephaly, learning disabilities, and decreased 1Q scores have also been

reported in this context.”*™ Other AEDs or sedative drugs have also been found to be

4



teratogenic in humans.®® For some of the newer drugs, adequate studies of their effects on

the developing brain do not exist.*

The majority of studies, in which the effects of prenatal antiepileptic drug exposure
were investigated, were performed in children under the age of 5 years. In many studies a
trend towards lower developmental scores was reported; however, in a few studies no
adverse effects could be found. In a longitudinal study, children exposed to carbamazepine
and phenytoin had lower developmental and language scores compared to controls. In
children receiving carbamazepine, a deficit in language development was not evident until
an age beyond 3 years, suggesting that specific cognitive deficits may become apparent

only when the child is older.®

Inconsistent results have also been obtained in studies that have investigated the long-
term effects of in utero AED exposure on children older than 5 years.***° Some studies
have reported specific cognitive deficits in visuo-spatial functioning, **' spelling as well as

linguistic abilities.*****

Intrauterine exposure to phenytoin, phenobarbital, valproate, and
carbamazepine is associated with lower intellectual functioning.”*”® Carbamazepine
appears to be the least developmentally neurotoxic compound among the major AEDs.
Although in one study mild mental retardation has been reported in children exposed in
utero to carbamazepine,” no neurologic or IQ differences were found by other

74,92

investigators. In humans, in utero exposure to valproic acid has been associated with

developmental delay, mental retardation, cognitive impairment, and other behavioral

.. 100,101
deficits.”

In a recent retrospective study exploring neuropsychological effects of
exposure to anticonvulsant medication in utero, Vinten and coworkers reported that an in
utero exposure to valproate was harmful to the later neuropsychological development.
Children exposed to valproate had a significantly lower IQ when compared to children
exposed to other AEDs or those not treated at all. The same children were more likely to

have an IQ below 69 and more likely to have memory impairment when compared to other

102
groups. '’

In addition, postnatal exposure to AEDs during the first years of life may be harmful
for cognitive development. In several studies it was shown that therapy with barbiturates
during the first three years of life may cause cognitive impairment that persists into
adulthood.”>'®1% Adverse effects of AEDs have also been demonstrated in animal

studies; reviewed in Kaindl et al. 2006.%



1.2.4 Drug abuse of pregnant women
The abuse of drugs such as alcohol, marihuana, cocain, ketamine (“special K”) and

phencyclidine (“angel dust”) during pregnancy is a common cause of brain damage in the

offspring.

Alcohol is the most widely abused drug in the world.'” In two studies published in
2003, 4% and 14.8%, respectively, of all women interviewed confessed to alcohol abuse

107,108 Transplacental exposure of the immature brain to ethanol can

during pregnancy.
cause craniofacial anomalies, microcephaly, mental retardation, and neurobehavioral
disturbances ranging from hyperactivity/attention deficit and learning disabilities to

199112 While the distinctive clinical picture originally described

depression and psychosis.
by Jones and Smith (1973, 1975) is a neurotoxic syndrome referred to as the fetal alcohol
syndrome (FAS), the fetotoxic effects of ethanol can also manifest themselves as a partial
syndrome comprised largely of neurobehavioral disturbances unaccompanied by

109,013,114 Tho Jatter are referred to as fetal alcohol effects

craniofacial malformations.
(FAE) or alcohol related neurodevelopmental disorder (ARND). 'O A oy term
currently emerging to represent all clinicopathological manifestations of ethanol's fetotoxic
effects is fetal alcohol spectrum disorder (FASD).'"”” The prevalence of FASD is estimated
to be approximately 1.5 per 1000 live births and that of FAE around 9 per 1,000 live

births. 06116

,»Angel dust”, ,,special K, and marihuana can cause fetal developmental defects that
can still be detected in juvenile age.''”""” In the United States, 2.8% of pregnant women
reported that they used illicit drugs such as marihuana, and 54% of these additionally
consumed alcohol.'®™ Adverse effects of these drugs have been demonstrated in animal

studies; reviewed in Kaindl and Tkonomidou 2007."'*

1.3 Model systems of perinatal brain damage

Multiple experimental and clinical approaches exist which allow for a study of the
pathomechanisms underlying damage to the developing brain. In neuroscience,
experimental models are used predominantly, since the possibilities to address clinical
topics is naturally limited in children based on our ethic values. In the past several decades,
studies in rodents have provided substantial information on brain development and have
become indispensable for research groups focussing on developmental brain injury. *'*'*!

This has been enabled through extensive descriptions and comparisons of brain

development between species.'*'>'*! The developmental ages of human and rat embryos or
6



fetuses are comparable when anatomical features and histological landmarks are similar

in appearance in the two species, even though their exact chronological ages are

different.'*

human (1U = 1 month)

6% — r

monkey

(1U = 4 days) rat /mouse (1U = 1 day)

4% —|

2% —

brain weight increase
in % of adult brain weight
I

guinea pig
(1U = 1 day)

T T T T 1 T T T T 1 timeinunitsU
-30 -20 -10 birth +10 +20 +30

Figure 1. Brain growth spurt phase in various mammalian species. The developing brain
experiences a period of rapid growth (growth spurt phase) during which various otherwise
innocious environmental factors cause widespread apoptotic neuronal death. The brain
growth spurt starts at about midpregnancy in humans and extends well into the third
postnatal year. In mice and rats, this developmental period occurs within the first three
postnatal weeks. In contrast, monkeys, and guinea pigs are predominantly prenatal brain

developers. Modified figure from Dobbing and Sands, 1973.1

The developing mammalian brain undergoes a period of rapid growth, the so-called
brain growth spurt period (Figure 1)."' During this period, trillions of synaptic connections
are formed while unsuccessful neurons are eliminated by instigation of regulated (or
programmed) cellular events that lead to the demise and removal of these immature
neurons in a very coordinated event, a process designated apoptosis. Different species run
through this phase at different time periods. In the rat, the brain growth spurt period takes
place within the first three postnatal weeks of life. The comparable period in humans starts

in the sixth month of pregnancy, peaks around birth, and ends at the beginning of the third

7



year of life. Thus, several phenomena that take place in the developing human brain

during the brain growth spurt period can be modeled by studying the developing rat brain
during the first three postnatal weeks of life. In the following research work, we studied
perinatal brain damage inflicted upon 7-day-old (P7) rats and mice, which are a good
model for human infants when considering cross-species extrapolation with regard to the
timing of the main growth spurt period. For a detailed description of rodent models for (i)
hyperoxia, (ii) traumatic brain injury (TBI), and (iii) alteration of N-methyl-D-aspartic acid
(NMDA) and/or gamma-aminobutyric acid type A (GABA,) receptor neurotransmission,
the reader is referred to the material and methods sections of individual research papers

presented in chapter 3.

1.4 Mechanisms that lead to perinatal brain damage
In recent years, we have learned about silent triggers of cell death in the developing brain.

Oxygen has been identified as a neurotoxic agent.”*”* Moreover, it has been reported that
compounds used as sedatives,4’5 anesthetics,122 or anticonvulsants'®® in neonatal intensive
care units, which alter physiologic synaptic activity, such as antagonists at NMDA
receptors (ketamine, nitric oxide), agonists at GABA, receptors (barbiturates,
benzodiazepines, anesthetics), and sodium channel blockers (phenytoin, valproate), can
cause massive apoptotic neurodegeneration in infant rats and mice. Similarly, traumatic
brain injury, which affects the immature brain in a much more drastic way than the mature
brain, induces not only excitotoxic but also massive apoptotic neurodegeneration. In
rodents, these neurotoxic effects following various impacts are strictly confined to a
developmental period characterized by rapid brain growth and are associated with an
alteration of neurotrophins and an inflammatory response. Thus, human infants may be
susceptible to and may sustain iatrogenic brain damage from treatments that are considered
safe in older patients. Such mechanisms can potentially silently lead to diffuse brain injury

in infancy and result in cognitive and/or motor impairment that can become evident later in

life.

1.4.1 Hyperoxia
The exposure of infant rodents to high inspiratory concentrations of oxygen (80%) for

several hours during the first postnatal weeks causes apoptotic neurodegeneration in their
developing brains.***’ This cell death is disseminated in the brains and affects cortical
areas, the basal ganglia, hypothalamus, hippocampus, and white matter tracts.*’

Vulnerability to oxygen-induced cell death is age dependent and peaks during the first

8



week of life in the rat.*’ Similarly, hyperoxia has been shown to induce maturation-

dependent apoptosis of oligodendrocytes in vitro."**'* Several mechanisms that are
responsible for hyperoxia-induced apoptotic death in the developing rodent brain have
been revealed. Hyperoxia-induced cell death is associated with production of reactive
oxygen species, an inflammatory response, reduced neurotrophin levels, and decreased

activation of neurotrophin-activated pathways in vivo.*”*

The impairment of survival promoting signals (neurotrophins) and an imbalance
between neuroprotective and neurodestructive mechanisms in the brain is likely to promote
apoptotic cell death during a developmental period of ongoing physiological elimination of
brain cells. Protein levels of active phosphorylated forms of extracellular signal-regulated
kinase (ERK1/2) and protein kinase B (AKT) were reduced in the developing rodent brain
following hyperoxia.”’ ERK1/2 and AKT are key players in two major survival promoting
pathways, the mitogen-activated protein kinase ERKI1/2 (MAPK-ERKI1/2) and the
phosphatidylinositol-3 kinase- (PI3K) AKT pathways, which are activated by tyrosine
kinase receptors upon binding of growth factors.'**'?” Rat sarcoma (Ras) activation results
from binding of growth factors to the respective receptors and initiates signaling via the
MAPK and PI3K pathways. The synRas-transgenic mice, which postnatally overexpress
activated Ras in neurons (that counteracts hyperoxia-induced reduction in Ras activity) and
display higher levels of phosphorylated ERK1/2 in the cortex, were less susceptible to
hyperoxia-induced apoptosis in the brain.*’ Since protection from hyperoxia-induced
apoptosis was not complete in synRas-transgenic mice," it is likely that mechanisms other
than reduced transcription of growth factors and impairment of the ERK1/2 pathway

contribute to hyperoxia-induced apoptotic cell death.

Hyperoxia-triggered apoptosis in the immature rodent brain is further associated with
an increase of caspase-1 (interleukin (IL)-1B converting enzyme) and its substrates, the
proinflammatory interleukins IL-1p and IL-18 in areas with pronounced apoptotic cell
death.*® These molecular changes are pathogenetically linked to cell death, as inhibition of
IL-18 by IL-18 binding protein (IL-18BP) and disruption of the intracellular signaling
cascade activated by IL-1p and IL-18 in interleukin-1 receptor-associated kinase (IRAK-4)
knockout mice confer protection (IRAK-4 is a kinase most proximal to the IL-18 receptor
and pivotal for signal transduction of IL-18 and IL-18).*® The mechanisms by which IL-18
and IL-18 are capable of promoting tissue injury are not completely understood. Since both

cytokines have been shown to activate c-jun terminal kinase (JNK) and p38,'%*'*’ which
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. 130,131
can lead to apoptosis, >

it is conceivable that these two signaling cascades become
active and contribute to hyperoxia-induced cell death. Moreover, clinical studies have
reported an association between high levels of IL-1p and IL-18 in cord blood of preterm

infants and the occurrence of cerebral palsy."**'**

The injury caused by exposure to high levels of oxygen in the infant rat and mouse
brain does not resemble the “classic large cystic lesions” of other animal models of

. . . . .. . . 134
periventricular leukomalacia; white matter injury is more diffuse."

It thereby resembles
the lesions detected in premature infants through early-life MRI application.*® Thus, the
clinical data in combination with the experimental evidence presented suggest that
apoptotic neurodegeneration triggered by a non-physiological, high oxygen environment
(relative or absolute hyperoxia) during a critical stage of development may partly account

for cognitive and also motor impairment of premature infants.

1.4.2 Traumatic brain injury
In traumatic brain injury (TBI), the primary damage may result in diffuse axonal injury,

intraparenchymal contusions and/or intracranial hematomas.” These events are often
followed by a secondary cascade of biochemical, cellular and molecular derangements as
well as extra-cerebral complications which generate further damage.”” Although
similarities in the pathomechanisms triggered by TBI to pediatric and adult brains exist, an
injury to a developing brain poses a unique challenge due to the often diffuse pattern of

injury, the increased vulnerability of the brain, and ongoing developmental processes.

TBI can trigger two types of neurodegeneration in the developing brain, excitotoxic
and apoptotic cell death. Whithin the area of impact, excitotoxic cell death occurs and
expands rapidly within approximately 4 hours in rodent brains.®’**'%> Approximately six
hours after TBI, this local excitotoxic response is followed by a delayed, but much more
extensive disseminated apoptosis in many brain regions ipsi- and contralateral to the

6,7,53,135

trauma site hours after the excitotoxic degeneration has run its course. Trauma-

induced cell death is associated with oxidative stress, an activation of the intrinsic and the
extrinsic apoptotic pathways as well as an increase in the transcription of
neurotrophins.”**'*! The severity of apoptotic neurodegeneration following TBI is age-
dependent; the magnitude of apoptotic response was highest in 3- and 7-day-old animals

6,7,135-139

and subsequently followed by a rapid decline. The timing of greatest vulnerability

to TBI coincides with the peak of the brain growth spurt.®”>

10



1.4.3 Alteration of NMDA and/or GABAA receptor neurotransmission

Antiepileptic and sedative drugs as well as drugs abused by pregnant mothers interact with

12 1n this

ion channels, metabolic enzymes, and neurotransmitter transporters in the brain.
chapter, the focus will be on mechanisms of developmental brain damage due to an
alteration of the GABA, receptor (GABAAR) and/or the NMDA receptor (NMDAR)
neurotransmission, since this was also the subject of the presented research work.
GABAAR agonists include benzodiazepines, barbiturates such as phenobarbital (which also
act on calcium and sodium channels), propofol, and ethanol (which is also an NMDAR

antagonist).' ¢ Antagonists at NMDARs include felbamate, ketamine, nitrous oxide, and

ethanol (also a GABAAR agonist).147

Several mechanisms that explain the neurodevelopmental deficits following pre- and/or
postnatal exposure to such drugs have been described. NMDAR antagonists and/or
GABAAR agonists trigger widespread apoptotic neurodegeneration throughout the
immature developing brain when administered to rodents during the period of the brain
growth spurt between PO and P14.*>'®!%* Drug-induced apoptotic neurodegeneration is
associated with reduced levels of neurotrophins and subsequently reduced activation of
neurotrophin-activated pathways.'*® SynRas transgenic mice were less susceptible to the
proapoptotic effect of the NMDAR antagonist MK801 or the GABAAR agonist
phenobarbital.'”” Such changes, which have also been described in in vitro systems
following blockade of NMDA-receptors,'® reflect an imbalance between neuroprotective

and neurodestructive mechanisms in the brain of treated mice.

NMDAR antagonists and GABAAR agonists can not only cause wide-spread apoptotic
neurodegeneration in the developing brain, but also influence other developmental
processes such as cell proliferation and differentiation, synaptogenesis and synaptic
plasticity, neuronal migration, and axonal arborisation and myelination.*> A disruption of
these developmental processes may potentially account for neurological deficits seen in
humans exposed to such drugs pre- or postnatally.*” Unfortunately, the effects of NMDAR
antagonists and/or GABAAR agonists on these processes in the developing brain have not

been analyzed systematically.®

Cell proliferation and differentiation. Glutamate and GABA neurotransmitter systems
are implicated in neuronal proliferation and migration during CNS development. The
application of a single dose of diazepam (5 mg/kg) at P11 induced a significant reduction

of mitotic activity in rodent cerebral cortex and anterior pituitary gland."® Reactive
11



astrogliosis has previously been observed, along with microglial activation, in rats that
were given 250 mg/kg/day vigabatrin, an irreversible inhibitor of the GABA-degrading

enzyme GABA transaminase, for a period of eight weeks beginning at age P28."!

Synaptogenesis and synaptic plasticity. Concerns have been expressed that
neurotransmission modulating drugs may disrupt synaptogenesis and synapse remodelling

152,153

due to inhibition of excitatory neurotransmission. Results of published studies are,

however, somewhat contradictory. NMDARSs are involved in the refinement of synaptic
circuitry and the pruning of synaptic connections during brain development.'*
Pharmacological inhibition of NMDAR activity in 5- or 15-day-old rats for two weeks
through intracranial application of 2-amino-5-phosphonovaleric acid (APV; selective,
competitive NMDAR antagonist) or phencyclidine (PCP) has been associated with
decreased brain weight, cortex layer depth, and total number of synapses.'>> Withdrawal
from these NMDAR antagonists led to similar results initially, but was later (P36)
displaced by a transitory rebound with increased molecular layer depth and total number of
synapses. Chronic exposure of cultured mouse spinal cord neurons to phenobarbital led to
reduced cell survival and decreased length and number of dendrite branches.'”®'”” The
application of NMDAR blockers to hippocampal slice cultures prepared from 6-day-old
rats induced a change of spine appearance.'™ Intracerebral infusion of the NMDAR
antagonist APV led to a disruption of experience-dependent synaptic modifications in the

9

cortex of immature kittens,”” and blocking of glutamatergic transmission decreased

2 In contrast to these findings, Liithi et al.

dendritic filopodial motility in vitro.
demonstrated a substantial increase in synapse number in slice cultures prepared from
newborn rats, a more complex dendritic arborisation, and an increased density of
presynaptic buttons of CA1 and CA3 (CA = Cornu ammonis) pyramidal cells in vitro upon
pharmacological blockage of NMDAR for 14 days."** Similarly, infusion of APV to 14-
day-old ferrets led to an increase in the number of branch points and in the density of

dendritic spines of the lateral geniculate nuclei compared with control animals.'®

Neuronal migration and axon arborization. The relationship between neurotransmitter
receptor activity and neuronal morphology has been studied in cultured dentate granule
neurons from embryonic rat hippocampus. Here, the NMDAR antagonist MK801 blocked
branching of neuronal processes.'® A temporary block of NMDA and non-NMDA
glutamate receptors in immature rats also disrupted the topographic refinement of

thalamocortical connectivity and columnar organization, i.e. the topographic organization
12
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of synaptic connections.

Myelination. Based on results from animal studies, concerns were raised that prolonged

1 164
63,164 Treatment of

vigabatrin administration may induce intramyelinic edema (IME).
rodents with 30 mg/kg/day vigabatrin was associated with IME changes one year following
the initiation of treatment, whereas a dose of 100-300 mg/kg/day triggered IME already
within six months.'®® However, a progression of IME-lesions to demyelination has not
been reported, and microvacuolation has been described as reversible after cessation of

treatment.'®®

Monkeys treated with high doses of vigabatrin (300 mg/kg/day) for up to 16
months demonstrated only occasional mild microvacuolation; monkeys treated with 50-
100 mg/kg/day for six years showed no pathology.'®® Moreover, the phenomenon of IME
has not been documented in humans. Other groups have reported a reduction in
myelination in immature rat brains at P20 and P40 following subcutaneous vigabatrin
injections of 40 mg/kg/day from P12 to P16 and 25 mg/kg/day from P12 to P26,

164,165

respectively. Similarly, long-lasting myelin abnormalities have been reported

following pre- or postnatal administration of phenobarbital to immature mice.'**'’

1.5 Neuroprotective strategies
Neuroprotection of the developing brain is a healthcare priority, since injury of the

immature brain is a leading cause of mortality and long-term morbidity in children.'®®
Moreover, adjunctive neuroprotective therapy in preterms is a promising approach, since
secondary evolving brain injuries can be substantially larger than the damage caused by the
primary insult, and - in an intensive care setting - certain potentially also harmful therapy
regimens such as oxygen supplementation and/or an application of neurotransmission-
affecting drugs are often inevitable. Neuroprotective strategies include hypothermia, i.e., a
reduction in core body temperature to 34 °C.'"” The growth factors erythropoietin and
granulocyte-colony stimulating factor have tissue-protective effects in several organs,
which are unrelated to their hematopoietic functions.'”” Their recombinant forms are
approved for clinical hematopoietic uses in neonatal populations, and long-term
prospective clinical trials to analyze their neuroprotective effectiveness in humans have
been initiated. Other strategies have been evaluated experimentally in specific models of

perinatal brain damage, but have not been replicated in a systematic way in the human
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neonate: (i) antioxidant drugs, like xanthine oxidase inhibitors (allopurinol, oxypurinol),

inhibitors of hydroxyl radical formation from free iron (deferoxamine); (ii) anti-
inflammatory agents, like steroids; (iii) growth factors such as brain derived neurotrophic
factor and melatonin; (iv) magnesium sulphate, (v) blockers of apoptotic pathways; (vi)

preconditioning; and (vii) stem cell therapy.*’-!¢%16%17!

1.6 Proteomic strategies to decipher neurodevelopmental diseases

The continous interplay of gene expression products (proteins) with each other and with
the environment shapes the ongoing activity and development of the nervous system.'”” To
understand why in acquired neurological disease a divergence from the normal
developmental sequence occurs, changes of proteins both throughout physiologic CNS
development as well as through interaction with the environment need to be analyzed. The
availability of powerful instruments of genome, transcriptome, and proteome analysis has
enabled new ways of formulating and addressing biological questions. The traditional
approach of studying one gene, one mRNA, or protein at a time in hypothesis-driven
research projects is now synergistically complemented by a more integrative approach,
allowing the study of many genes, mRNAs, and/or proteins simultaneously. Moreover,
novel techniques have revolutionized the type of experiments conducted currently, and the

concept of protein networks has consolidated.

Investigating proteomes of healthy and diseased tissues enables the identification of
molecular changes that potentially underlie disease pathogenesis and reparation
processes.'” The proteome, a term initially shaped by Marc Wilkins and Keith Williams in
1994, refers to the entire protein complement encoded in the genome of a subcellular
compartment, a cell, a tissue, or an organism.'’* It is a dynamic system that is constantly
subject to change. Protein compositions change from cell to cell type, within subcellular
compartments, between different stages of development, and metabolic states. In this
respect, they represent the functional status of a biological compartment. Proteome
research (proteomics) can be defined as the large-scale characterization of proteins
expressed by the genome. Unlike the study of a single protein or pathway, proteomic
methods enable a systematic overview of expressed protein profiles. An advantage of
proteomics over genomics and transcriptomics is the ability to study co- and post-
translational modifications. The knowledge of protein modifications as well as of protein
translocation and activity is not simply encoded in gene sequences and cannot be derived

from mRNA expression, because of a lack of correlation between transcriptional profiles

14



and actual protein levels in cells.'”>"’

For example, there is limited value in measuring
signal transduction processes at the mRNA levels if they are characterized by protein
phosphorylation or acetylation. Moreover, there are several genes with little correlation

between RNA and protein expression levels.'”>""

Proteomics employs techniques such as protein electrophoresis, mass spectrometry,
and microarrays for the detection, identification, and characterization of proteins. These
proteomic tools have their own individual advantages and limitations affecting their ability
to assess the protein profile. Since the beginning of proteome research, the technology of
two-dimensional polyacrylamide gel -electrophoresis (2-DE) has been improved
considerably and was supplemented by high sensitive protein detection techniques, image
analysis software, mass spectrometry (MS) methods, and database search engines.
Moreover, several gel-free high-throughput screening technologies for protein analysis
such as multidimensional protein identification technology,'” yeast two-hybrid and reverse

180.181 shage-display antibody libraries,'™ and

two-hybrid assays,'”” protein microarrays,
HysTag reagent'™ have been developed. MS techniques have matured rapidly in recent
years, due to the invention of two ionization techniques: electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI). Protein arrays are being developed
involving up to a few hundred antibodies or based on surface-enhanced laser

desorption/ionization (SELDI) for a wider coverage of the proteome.

Despite all drawbacks, 2-DE coupled with MS remains the central tool in proteome
analysis and the most powerful tool to separate complex protein mixtures and thereby
reveal simultaneously thousands of proteins and their co- and posttranslationally modified
isoforms (Figure 2). 2-DE combines isoelectric focussing (IEF) in a polyacrylamide gel
that has a pH gradient in the first dimension with a separation on an SDS polyacrylamide
gel (SDS-PAGE) in the second dimension. The principle of 2-DE is to separate proteins
according to two different characteristic parameters, in the first dimension according to the
isoelectric point (pI) and in the second dimension according to the molecular weight (Mw).
Protein spot patterns are obtained following protein staining procedures, and the proteins
giving rise to a certain protein spot can be identified through mass spectrometry and
subsequent protein database searches. On a 2-DE gel, a protein can be represented by one
spot or constitute a pattern of multiple spots, referred to as isospots that are caused by co-
and/or post-translational modifications of the primary protein product or by protein

processing. Such modifications can result in alterations of the pl, the Mw, and/or the
15



conformation of a protein, causing in this way a shift in the position of a spot on a 2-DE

gel (mobility variant) and thus a change of a spot intensity, i.e., a decrease in the relative
concentration of an unmodified protein (presence/absence or amount variants). Protein
isospots that are within close proximity to each other and emerge from one protein are
referred to as spot complexes. Spots can also be considered in terms of spot families,
which comprise the total number of isospots within a 2-DE protein pattern that were

created from one primary protein.

Sample preparation Mass spectrometry
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Figure 2. Typical proteome analysis setup applied in the presented research work.
Following sample preparation, total protein extracts were separated by two-dimensional
gel electrophoresis (2-DE) according to their isoeletric point (pl) in the first dimension
and their molecular weight (Mw) in the second dimension. After silver staining, up to
10,000 discrete protein spots per sample can be detected. Subtractive analyses comparing
disease protein patterns with those of controls enable the detection of disease-associated

protein spots, which can be identified through mass spectrometry.

The power of 2-DE lies in its high resolution allowing for the distinction of up to
10,000 proteins per sample and its ability to detect simultaneously vast amounts of proteins
and to visualize co- and post-translational modifications. Thereby, e.g., disease-associated
proteins can be elucidated through subtractive analyses comparing disease protein patterns
with control patterns. At the stage of subtractive analysis, the approach has the potential to

unravel complex networks of protein interactions.
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2 Topics of the presented research work

Various insults in critical phases of development can lead to a damage of the immature
brain and subsequent neurological deficits. While the importance of research on acquired
developmental disorders of the brain should rank high in healthcare priorities, based on
morality and economic standpoints, research in this field has been accelerating only within
the past few years. Several causes and mechanisms of brain damage acquired perinatally or
in early childhood have been identified. Common pathomechanisms include an imbalance
between neuroprotective and neurodestructive mechanisms, which promote apoptotic cell
death in the developing brain. In many instances, however, it remains unclear in what way
such impacts affect developmental processes acutely and disrupt the physiologic
developmental program in the longrun. Moreover, targets for adjunctive neuroprotective
therapy need to be identified. Such points can be addressed by comparative proteome

analysis studies.

The aim of the presented research work was to explore acute and long-term changes in
the brain proteome following different modes of injury to the immature brain and thereby
gain insight into disrupted developmental events and identify novel proteins potentially
involved in repair processes. Our results point towards a number of mechanisms that can

potentially influence normal development and/or participate in reorganization events.

Since potentially harmful therapy regimens, such as oxygen supplementation, are
sometimes inevitable in an intensive care setting, the effect of recombinant erythropoietin
(rEpo) on hyperoxia-induced brain damage was analyzed. Our results demonstrate a

protective effect of rEpo and suggest mechanisms involved in this process.

Finally, the finding of alterations of the same protein in different disease entities was
addressed. In consideration of the protein network concept, the presence of nodal point
proteins diseases of the central nervous system was explored. Such proteins may integrate
different pathways into one pathway, but also diverge one pathway into several pathways.
This finding offers a possible explanation for the clinical heterogeneity and phenotype
overlap of distinct disorders. Moreover, changes in proteins at central network positions
may generate an unspecific dysregulation of disease-unrelated proteins. This could explain
the difficulties that arise in attempts to elucidate the fundamental mechanism that underlie

a specific disorder when investigating diseases that are specific for a developmental stage.
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3 Results in five selected original reports
3.1 Proteome changes of the immature brain following hyperoxia

Kaindl AM, Sifringer M, Zabel C, Nebrich G, Wacker M, Felderhoff-Mueser U,
Endesfelder S, von der Hagen M, Stefovska V, Klose J, Ikonomidou C. Acute and long-
term proteome changes induced by oxidative stress in the developing brain. Cell Death

Differ 2006;13:1097-1109.

Premature infants not only exhibit developmental immaturity of their free radical defences,
but they are also inevitably exposed to relative hyperoxia compared to intrauterine hypoxic
conditions and are more likely to encounter further situations of increased oxidative stress,
such as oxygen supplementation or systemic infections. Hyperoxia is a powerful trigger for
widespread apoptotic cell death in the developing rodent brain. The aim of the presented
research work was to explore acute and long-term changes in the brain proteome following
hyperoxia in infancy, thereby gain insight into disrupted developmental events, and
identify novel proteins potentially involved in repair processes. Our results point towards a
number of mechanisms that can potentially influence normal development and/or

participate in reorganization events.
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3.2 Proteome changes of the immature brain following trauma

Kaindl AM, Zabel C, Stefovska V, Lehnert R, Sifringer M, Klose J, Ikonomidou C.
Subacute proteome changes following traumatic injury of the developing brain:
Implications for a dysregulation of neuronal migration and neurite arborization.

Proteomics - Clinical Application 2007;1(7):640-649.

Traumatic brain injury (TBI) is a major cause of morbidity and mortality among children
and adolescents in the industrialized world, and neurologic outcomes are especially
unfavorable in very young patients. A mechanical injury to the immature rodent brain
causes acute and rapidly expanding excitotoxic cell death within the area of impact and a
delayed but much more extensive disseminated apoptosis in many brain regions ipsi- and
contralateral to the trauma site. Neuronal loss following TBI is thus partly responsible for
the described neurologic morbidity. The aim of the present study was to explore subacute
changes in the brain proteome following TBI ipsi- and contralateral to the trauma site and
thereby gain insight into developmental events which are disrupted by trauma as well as
identify novel proteins potentially involved in reparative processes. Our results point
towards a number of mechanisms that can potentially influence normal development

and/or participate in reorganization events.
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3.3 Proteome changes of the immature brain following alteration of
NMDAR- or GABA,R-mediated neurotransmission

Kaindl AM, Koppelstactter A, Nebrich G, Stuwe J, Sifringer M, Zabel C, Klose J,
Ikonomidou C. Brief alteration of NMDA or GABA 4 receptor mediated neurotransmission
has long-term effects on the developing cerebral cortex. Mol Cell Proteomics 2008. - in

press -

Sedative and anticonvulsant agents that reduce neuronal excitability via antagonism at N-
methyl-D-aspartate receptors (NMDAR) and/or agonism at y-amino-butyric acid subtype
A receptors (GABA4R) are applied frequently in obstetric and pediatric medicine. We
demonstrate that a one-day treatment of infant mice at postnatal day 6 (P6) with the
NMDAR antagonist dizocilpine or the GABAAR agonist phenobarbital not only has acute
but also long-term effects on the cerebral cortex. Our results point towards several
pathways modulated by a reduction of neuronal excitability that might interfere with
critical developmental events and thus affirm concerns about the impact of NMDAR

and/or GABA AR modulating drugs on human brain development.
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3.4  Neuroprotection through recombinant erythropoietin
Kaindl AM, Sifringer M, Koppelstaetter A, Genz K, Loeber R, Boerner C, Stuwe J, Klose
J, Felderhoff-Mueser U. Erythropoietin protects the developing brain from hyperoxia-

induced cell death and proteome changes. Ann Neurol 2008. — in press -

Oxygen toxicity is a risk factor for neurocognitive morbidity in survivors of preterm birth
and induces disseminated apoptotic neurodegeneration in infant rodent brains. In the
present study, we demonstrate that a systemic treatment with recombinant erythropoietin
(rEpo), widely used in neonatal medicine for its hematopoietic effect, significantly reduces
hyperoxia-induced apoptosis in infant rodent brains. Moreover, rEpo inhibited most brain
proteome changes observed when hyperoxia was applied exclusively. Our results suggest
that rEpo generates its protective effect against oxygen toxicity through mechanisms such
as a reduction of oxidative stress and a restoration of hyperoxia-induced increased levels of
caspases and decreased levels of neurotrophins. Our findings are highly relevant from a
clinical perspective since oxygen administration to neonates is often inevitable, and rEpo

may be applied systemically as an adjunctive neuroprotective therapy.
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3.5 Nodal point proteins

Zabel C*, Sagi D*, Kaindl AM* Steireif N, Kldre Y, Mao L, Peters H, Wacker MA,
Kleene R, Klose J. Comparative Proteomics in Neurodegenerative and Non-
neurodegenerative Diseases Suggest Nodal Point Proteins in Regulatory Networking. J

Proteome Res 2006;5(8):1948-58.

In this research work, we address the occurrence of alterations of the same protein in
different disease entities. Such proteins may be nodal point proteins within protein
networks and thereby integrate different pathways into one pathway, but also diverge one
pathway into several pathways. This finding offers a possible explanation for the clinical
heterogeneity and phenotype overlap of distinct disorders. Moreover, changes in proteins
at central network positions may generate an unspecific dysregulation of disease-unrelated
proteins. This could explain the difficulties that arise in attempts to elucidate the
fundamental mechanism that underlie a specific disorder when investigating diseases that

are specific for a developmental stage.
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4 Discussion

Various insults to the brain, when they occur in critical phases of development, result in
brain damage and thereby contribute considerably to the mortality and long-term
neurologic morbidity of children. Despite recent progress in this field, the underlying
mechanisms are in many cases still unknown. In the presented research work, we reported
for the first time on acute, subacute, and long-term proteome changes of the rodent brain
subjected to hyperoxia/oxidative stress (Kaindl et al. 2006),* traumatic brain injury
(Kaindl et al. 2007),' or substances influencing NMDAR and/or GABAAR
neurotransmission (antiepileptic drugs, sedatives, abusive drugs; Kaindl et al. 2008)'*
during infancy, on postnatal day 6 (P6). Our results indicate that such insults lead to
reproducible proteome alterations not only (sub)acutely on P7/P14, but, most remarkably,
even four weeks later, on P35, when the animals have almost reached adulthood. The
finding of proteome changes on P35 is in line with the long-term effects seen in humans
following insults to the immature brain. We have disclosed mechanisms implemented in
brain damage and repair following exogenous insults and following treatment with

186

neuroprotective drugs such as erythropoietin (Kaindl et al. 2008).""> We have further

analyzed the overlap of brain proteome changes in several neurodegenerative diseases and

discuss the presence of nodal point proteins (Zabel,* Sagi,* Kaindl* et al. 2006)."

4.1 Physiologic changes of the brain proteome throughout development
An analysis of the murine cerebral cortex proteome at three different stages during

postnatal brain development (P7, P14, P35) and in adult mice (P56) disclosed a
physiologic change of silver stained 2-DE protein patterns from the early postnatal age P7
to adult age of P56 (Figure 3). Between P7 and P56, 30 to 40% of protein spots in 2-DE
gels of whole brain samples are differentially regulated,'®® and the actual percentage may
be even higher than can be detected by quantitative measurements of silver stained 2-DE
gels. The observed physiologic protein changes throughout brain development can be
assigned to one of four groups: (i) early expression group (EG): proteins that can be
visualized during early brain development but diminish or disappear in the course of
development, (ii) late EG: proteins that cannot be visualized or are only present at small
amounts during early brain development and appear later at high concentrations, (iii)
transient EG: proteins that appear only at a specific age, (iv) stable EG: proteins that can

be detected largely unchanged at all ages evaluated (Figure 4).
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Figure 3. Cerebral cortex protein changes throughout development. Cerebral cortex
protein patterns in representative 2-DE gels from untreated male C57BL6 mice change
from early postnatal to the adult age (P7, P14, P35, P56). Proteins were resolved by 2-DE
according to isoelectric point (pl) in the first and molecular weight (Mw) in the second

dimension and subsequently revealed by silver staining. Figure from Kaindl et al. 2008.*%

A classification of proteins into one of these groups may vary as further ages are
introduced into the analysis, i.e., a protein assumed to be present at all ages may not be
synthesized at earlier or much later ages. Also, various isospots (isoproteins) of one protein
may fall into different groups. The change of phenotype (concentration, isospot number)

throughout development is often in line with the associated protein function.

These dynamics of protein levels throughout physiologic brain development and in
adulthood need to be considered when examining differences in brain proteomes following
pharmacologic treatment at various ages. The detection of a protein change at a certain age
upon drug treatment through proteome techniques applied in this study requires that a
specific isoprotein is present and that the isoprotein level is high enough for detection in
the physiologic or pathologic state. The finding that protein changes occur at a specific
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time following drug treatment, i.e. acutely (P7), subacutely (P14), or as a long-term effect

(P35), but not at all time points analyzed may reflect that (i) a protein change occurs truly
only at a specific time, (ii) a (iso)protein does not exist yet or not anymore at a specific
age, (ii1) a (iso)protein quantity is below detection level due to a reduced gene expression,
reduced protein synthesis, change in co-/post-translational modification and/or increased
turnover at specific ages, or (iv) the dynamics of protein changes may differ between ages
and thus be present but not significant at certain ages. Protein isoforms may possess
different functions at various developmental periods and/or be part of a different pathway

at various ages.

P7 P14 P35 P56

Figure 4. Protein expression groups throughout brain development and in adult age.
Protein spots can be classified in expression groups (EG): (i) stable EG: protein spot
abundance is largely unchanged at all evaluated ages; (ii) early EG: protein spots can be
visualized early in development but diminish or disappear with age; (iii) late EG: proteins
appear at later ages; (iv) transient EG: protein spots can be visualized only within a

specific period (not illustrated). Figure from Kaindl et al. 2008.'%°

4.2 Brain proteome changes following damage of the immature brain
Through a comparison of brain proteomes in 2-DE protein patterns, we detected

reproducible qualitative and quantitative differences in proteins of mice exposed to
hyperoxia/oxidative stress, traumatic brain injury, or treated with the NMDAR antagonist

dizocilpine or the GABAAR agonist phenobarbital in infancy as compared to untreated
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littermates at P7, P14, and P35. Most of these isoproteins can be assigned to the stable

expression group. Protein dysregulation occurred primarily in the acute phase after
treatment and resolved within one (P14) to four weeks (P35). While acute protein
alterations can be explained as direct effects of treatment on cell metabolism (e.g.
apoptosis), protein changes that persist or even occur later in development indicate long-
term disruption of brain function/morphology and/or ongoing reorganization processes.
The above named injuries cause acute functional and morphological changes in the
developing brain.*>!8474985:120123.138-190 11, 5 4dition, acute functional and morphological
changes may induce further functional and morphological changes in the period of rapid

brain growth and thereby result in an irreversibly damaged adult brain.

4.3 Mechanisms of brain damage
Acute and long-term modifications of brain proteins detected in the presented studies

indicate that hyperoxia/oxidative stress, traumatic brain injury or a brief alteration of
NMDAR- or GABAaR-mediated neurotransmission in infant rodents not only result
acutely in an increased rate of apoptosis, oxidative stress, and inflammation in their brains,
but may also elicit long-term alterations in cell maintenance/proliferation and neuronal
circuit formation.*"'®*'® Most alterations observed in infant mice did not occur in adult

mice exposed to similar insults and thus appear to be specific for the infant brain.

4.3.1 Apoptosis, oxidative stress, and inflammation
We identified acute and long-term changes in brain proteins that can be linked to increased

rates of apoptosis and oxidative stress levels in the developing brain following hyperoxia/
oxidative stress, traumatic brain injury, or a brief alteration of NMDAR- or GABAAR-
mediated neurotransmission. Consistent with the results of the proteome analysis, we
demonstrated previously that the above named injuries significantly increase the rate of
apoptotic cell death in the brain.*®*"'*'%" This vulnerability is significantly increased in
neonatal rodents and subsides in the course of the growth spurt period by P14 in rodents. +
647123140 Apoptotic cell death following hyperoxia, traumatic brain injury, or treatment
with NMDAR-antagonists or GABAsR-agonists may be associated with oxidative stress as
suggested by observed protein changes. The dysregulation of free radical defenses/
scavengers such as peroxiredoxin (Prdx) isoforms, dysregulated in all of the animal models
studied likely reflects a physiologic activation of endogenous antioxidant defense
mechanisms to prevent oxidative damage or a consumption of these proteins as a result of

overwhelming oxidative stress. Prdx2 was downregulated in brains of neonatal mice
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following hyperoxia, Prdx1 and 6 were upregulated following traumatic brain injury, and
Prdx1 was upregulated in the cortex of neonatal mice treated with the NMDAR antagonist
MKS801 or the GABAAR agonist phenobarbital on P7. The role of peroxiredoxins in coping
with oxidative stress has long been established. A neuroprotective role of peroxiredoxins
against oxidative damage has been demonstrated in the neonate in a model of NMDAR-
mediated brain lesions and in oxygen-mediated injury of the lung in neonatal
baboons.'*”'*® Moreover, a dysregulation of Prdxl has been reported in adult mouse
models of neurodegenerative and non-neurodegenerative diseases,'®’ and PRDX6 was
upregulated in the frontal cortex of patients with Parkinson’s disease.'’

4.3.2 Cell proliferation

Acute and long-term changes of proteins that indicate a modulation of cell maintenance
and proliferation were detected following hyperoxia, traumatic brain injury, or a brief
alteration of NMDAR- or GABA R-mediated neurotransmission. Oxidative stress has
been linked to reduced cell proliferation in the brain.'”> Correspondingly, our recent results
indicate that both NMDAR antagonists and GABAAR agonists markedly suppress cell
proliferation within the brain when administered to infant rats during the second postnatal
week of life.'"”® In line with our finding, an activation of the NMDAR has been reported to
increase proliferation and differentiation of hippocampal neuronal progenitor cells in the
developing brain'* and to decrease the diameter of neurospheres in the embryonic rat
brain.'”> Glutamate has also been reported to enhance proliferation and neurogenesis in
human neuronal progenitor cell cultures derived from the fetal cortex'*® and to act as a
positive regulator of neurogenesis.'”’ Our findings are in line with these reports on the role
of NMDAR in the developing brain which is a stimulatory effect on cell proliferation.
GABA constitutes a developmental signal during stages of embryonic neurogenesis,
progenitor proliferation, neuronal migration, and neurite outgrowth.'”® The effect of
traumatic brain injury on cell proliferation in the developing brain has not been studied. In

the adult, traumatic brain injury stimulates cell proliferation and neurogenesis.'**"

4.3.3 Neuronal network formation

Neuronal network development depends not only on genetic determinants but also on
exogenous factors. In our experimental models proteins that can play a role in neuronal
migration and axonal arborisation were dysregulated following hyperoxia/oxidative stress,
traumatic brain injury, and drug-induced modulation of neuronal excitability in infancy but

not in adulthood. Quantitative and qualitative differences of proteins involved in growth
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cone guidance were detected in the above named animal models in response to treatment.
These include Rab and Rho GDP dissociation inhibitor (RabGDI, RhoGDI) isoproteins as
well as isoproteins of downstream effectors such as collapsin response mediator proteins

(Crmp).
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H‘““\- l -'"#’.. .0 SemalA

. Membrane
Receptor e.g. Plexin/Neuropilin

.
! ! |
e .

[T |

Rhe family GTPases  Rho j————y  Rac/Cdcd2

ol e il e

\ Mediaters g Crmp

i v

Axon formation [ Cytoskeleton dynami

Figure 5. Dysregulation of axon growth and guidance-associated proteins through
hyperoxia/oxidative stress, traumatic brain injury, and drug-induced modulation of
neuronal excitability. In this simplified scheme of prospective signalling through Rho
family small GTPases, proteins/protein groups dysregulated by the insults mentioned above
are indicated by thunderbolts symbols. Extracellular signals (extracellular matrix, growth
factors, guidance cues) directly or indirectly control cytoskeleton dynamics by modulating
the function of Rho family small GTPase regulators such as guanine nucleotide exchange
factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide dissociation
inhibitors (GDIs). GTP-bound Rho family GTPases modulate cytoskeletal morphology
through a wide variety of effector molecules including collapsin response mediator protein

(Crmp) isoforms. Figure from Kaindl et al. 2007.'%*

Growth cone guidance may be influenced by the acute and long-term modulation of

Rho family small GTPase regulators RabGDI1 and RhoGDI1; both proteins bind to the
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GDP form of Rho GTPases, slow the rate of GDP dissociation from Rho GTPases and
thereby decrease the activity of these proteins. GTP-bound Rho family GTPases modulate
cytoskeletal morphology through a wide variety of effector molecules (Figure 5).%"'
Molecular guidance cues directly or indirectly control cytoskeleton dynamics by
modulating the function of Rho family small GTPase regulators such as guanine nucleotide
exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide
dissociation inhibitors (GDIs).**! Moreover, GTP-bound Rho family GTPases modulate
cytoskeletal morphology through a wide variety of effector molecules including Crmps.*!
The function of Crmps, proteins initially identified as mediators of semaphorin3A/
collapsin-induced growth-cone collaps, is crucial for axonal growth and branching,
determination of axon-dendrite fate, establishment of neuronal polarity, and kinesin I-
dependent transport of proteins to growth cones.”**?* In line with data from other research
groups, we have found that total Crmp levels are high at early stages of development and
then diminish massively following the period of rapid brain growth within the first
postnatal weeks.*'®

The observed Crmp isoform dysregulation as well as the upregulation of total Crmp2
and 4 mRNA and protein levels following hyperoxia, traumatic brain injury, and
dizocilpine or phenobarbital-induced neurodegeneration may reflect neuronal regeneration
or detrimental CNS damage through the formation of aberrant axons and/or a loss of
neuronal polarity as demonstrated in the context of other models in vitro.**?* This
hypothesis is based on the following observations: A Crmp2 overexpression in primary
hippocampal neuronal cultures disrupted neuronal polarity and induced the formation of
supernumerary axons.”’® On the other hand, Crmp2 overexpression in dorsal root ganglions
accelerated the regeneration of injured neurons,”” and a re-expression of CRMP4 has been
detected during axonal regrowth following axotomy.””* Moreover, nematodes with a
mutated Crmp-homolog C. elegans gene have coordination disturbances and display an
axon guidance disorder with a premature termination of axon arborisation.”®® The
hypothesis of a pathologic neurite formation following hyperoxia/oxidative stress is
supported by the finding of Katoh and co-workers, who described a hyperoxia-induced
formation of a differentiated neuronal phenotype in PC12 cells which is otherwise induced
only by the supplementation of nerve growth factor.””” In the adult brain, plasticity-
associated events (increase in dendritic arborization, spine density, and synaptogenesis)

have been described.**®***” Moreover, NMDAR antagonists have been reported to affect
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branching of neuronal processes in embryonic rat hippocampal neurons, and a temporary

block of NMDA and non-NMDA glutamate receptors in immature rats also disrupted the
topographic refinement of thalamocortical connectivity and columnar organization, i.e. the
topographic organization of synaptic connections.'®""'®* Similarly, agonists and antagonists
of GABAAR have been associated with effects on neuronal migration and differentiation

including neurite outgrowth.'***!02!!

4.4  Neuroprotective effect of erythropoietin
Adjunctive neuroprotective therapy in infants is a promising approach, since secondary

evolving brain injuries can be substantially larger than the damage caused by the primary
insult, and certain potentially also harmful therapy regimens such as oxygen
supplementation and/or an application of neurotransmission-affecting drugs can be
inevitable. We reported on the neuroprotective effect of systemic treatment with
recombinant erythropoietin (rEpo) in our hyperoxia-animal model and pointed out several
mechanisms through which rEpo may entertain its tissue-protective effect against oxygen

toxicity. '™

Pursuing the question by what mechanisms rEpo ameliorates the apoptotic
component of hyperoxia-induced brain damage, we compared brain proteomes of infant
mice treated concomitantly with oxygen and rEpo to those of controls (normoxia, normal
saline injections). Through a comparison of brain proteomes in 2-DE protein patterns and
identification of protein spots by mass spectrometry, we detected reproducible qualitative
and quantitative differences in 24 proteins in mice treated with hyperoxia and rEpo in

infancy as compared to untreated littermates.

We demonstrated previously that apoptotic cell death following hyperoxia is associated
with a dysregulation of brain proteins in infant mice that have been associated with
oxidative stress, apoptosis, cell maintenance and growth, and the formation of neuronal
connections.*’ Consistent with our histological results, systemic rEpo treatment prior to the
initiation of hyperoxia decreased the range of infant murine brain protein changes detected
by proteome analysis. Only myosin regulatory light chain was dysregulated following

hyperoxia regardless of a co-treatment with rEpo.

4.4.1 Decrease of apoptotic cell death
An exposure of infant rodents at P6 to a high inspiratory oxygen concentration of 80%

(hyperoxia) over a period of 24 hrs increased the rate of cell death in the developing rat
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brain acutely. In previous studies, we demonstrated that hyperoxia-induced cell death
displays morphological features of apoptosis and occurs in a disseminated fashion
throughout the immature rat brain with the highest susceptibility towards oxygen in the

first week of life.***” A

significant decrease of cell death was detected when rats were
treated systemically with 10,000 or 20,000 IE/kg rEpo prior to an exposure to high oxygen
levels (apoptotic score decreased by 70%). This effect indicates possible therapeutic

implications of rEpo in neonatal medicine as a preventive neuroprotective agent.

A neuroprotective effect of rEpo has been reported in experimental rodent models of
hypoxia-ischemia, excitotoxicity and neonatal stroke, as reviewed by Juul and Felderhoff-
Mueser.'”” Moreover, an improvement of long-term neurological outcome of neonatal
stroke/hypoxia-ischemia has been reported.”'**"* Still, tissue-protective properties of rEpo
have been more extensively studied in adult models than in developing organisms, whilst
the precise mechanisms of rEpo action in the immature CNS, which might differ from
those in the adult CNS,?'* have not been fully defined. Potential effects of rEpo include an

215-217

induction of anti-apoptotic signaling pathways, a decrease of inflammation,”'” and a

decrease of excitotoxicity.”' "

4.4.2 Decrease of effector caspase production
A systemic concomitant rEpo treatment blocked the dysregulation of apoptosis-associated

brain proteins following hyperoxia. To determine whether the decrease in hyperoxia-
induced apoptotic cell death following rEpo treatment is associated with a decreased
activation of intrinsic and extrinsic apoptosis/caspase pathways, we analyzed activated
caspase 2, 3, and 8 protein levels as well as caspase 2 and 8 enzyme activities in rats at P6
subjected to hyperoxia with and without rEpo treatment and in normoxic controls.
Hyperoxia during infancy increased the production of caspase 2, 3, and 8 protein levels and
enzyme activities, and this effect was reduced by a treatment with rEpo. In line with our
data, rEpo has been demonstrated to prevent inflammatory cell demise through pathways
that involve phosphatidylserine exposure, microglial activation, protein kinase B (Akt),

and the regulation of caspases.”*’

4.4.3 Antioxidant defense
Proteins that can be linked to rEpo countersteering increased production of reactive oxygen

species in the developing brain were modulated upon combined rEpo and hyperoxia as
well as upon single rEpo treatment. We reported that levels of oxidized glutathione and
protein carbonyls in the brains of infant rodents exposed to hyperoxia are elevated when
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compared to those kept at room air, findings consistent with oxidative stress.*”* The

protein carbonyl levels decreased through a concomitant systemic rEpo treatment. Our
finding that rEpo decreases hyperoxia-induced oxidative stress is supported by reports of
other groups that rEpo (i) reduces NO-mediated formation of free radicals or antagonizes
their toxicity through, e.g., an increase in the activity of antioxidant enzymes in neurons,**’
(i1) decreases increased lipid peroxidation levels in fetal rat ischemia-reperfusion and

hypoxic-ischemic (HI) brain injury models,”****

(iii) increases glutathione peroxidase
enzymatic activity and decreases nitric oxide overproduction in a HI model,** (iv)
stimulates astroglial glutathione peroxidase production in astrocyte cultures,”** (v) protects
microglia cells from cell death during oxygen and glucose deprivation-induced oxidative
stress,”> and (vi) improves the survivability of manganese-superoxide dismutase double
knockout (Sod2-/-) mice astrocytes in vitro.”?® Such properties may be relevant in the

therapeutic prevention of hyperoxia injury to the developing brain of premature infants, in

whom antioxidant systems are immature.

Brain proteins altered upon systemic rEpo treatment indicate molecular mechanisms
potentially involved in a reduction of oxidative stress. When rEpo was applied prior to
hyperoxia-treatment, we detected a dysregulation of glyoxalase I (Glol), heat shock
protein 2 (Hsp2), and carbonyl reductase 1 (Cbrl) isoproteins. Systemic rEpo treatment
similarly lead to a dysregulation of Glol and Prdx2, but also induced a change in the
proteins latexin (Lxn), protein phosphatase 3 regulatory subunit B, alpha isoform (Pp3r1),
ferritin light chain (Ftl1), and glia maturation factor beta (Gmfb).

Glo1 modulation may be part of rEpo antioxidant defense mechanism, as its expression

is partially regulated by oxidative stress,”*’ it is part of a glutathione-dependent glyoxylase

enzyme system that protects cells from advanced glycation endproduct formation,??’*°

231

and it is over-expressed in several apoptosis-resistant tumor cells.””" Glol gene expression

is also regulated by mitogen-activated protein kinases (MAPK) under stress conditions in

2

Saccharomyces cerevisiae?®® and by tumor necrosis factor-o. (TNF-a).*° On the other

hand, glycation end products can activate multiple signaling pathways including Erk1/2
MAPK, Rho GTPases, phosphoinositol-3 kinase, and the Jak/Stat pathway as well as

228,230
downstream effectors.”™

4.4.4 Neurotrophin rescue
A further potential mechanism of rEpo action in the amelioration of hyperoxia-induced

damage of the immature brain is the recovery of decreased neurotrophic factors since
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several proteins that were modulated by rEpo have been associated with cell maintenance
and growth and may influence neurotrophins. Neurotrophins provide trophic support to
developing neurons, the withdrawal of which may lead to neuronal death.”*> We detected a
decreased synthesis of neurotrophic factors BDNF and GDNF as well as reduced levels of
the active phosphorylated forms of ERK1/2 and Akt. ERK1/2 and Akt are key players in
two major survival promoting pathways, the Mek-ERK1/2 and the PI3 kinase-Akt
pathways, which are activated by tyrosine kinase receptors upon binding of growth factors.
Ras activation results from binding of growth factors to the respective receptors and
initiated signaling via the MEK and PI3 pathways. rEpo application partially counteracted
the effects of hyperoxia on brain BDNF mRNA expression/protein levels and restored
levels of phosphorylated ERK1/2 and Akt in the brain. These results indicate that rEpo-
mediated signaling crosstalks with intracellular signaling mediated by neurotrophins. Such
crosstalking of Epo-mediated signals with other second messengers may account for its
neuroprotective action. Supportive observations exist in the literature. rEpo has been
shown to exert cytoprotective effects in a variety of experimental models.***** Thus, rEpo
inhibits apoptosis of cultured cortical neurons deprived of growth factors or exposed to
kainic acid and of endothelial cells by activating MEK-ERK1/2 and PI3-kinase-Akt
pathways.**' rEpo may also exert a neuroprotective effect by recruiting the transcriptional
factor NF-kB, which upon phosphorylation translocates to the nucleus and activates
expression of neuroprotective genes such as superoxide dismutase or inhibitors of
apoptosis proteins.”**

4.4.5 Potential deleterious effects on the developing brain

To assess the impact of erythropoietin on infant brain proteins and thus distinguish it from
effects caused by a co-treatment of rEpo with hyperoxia, we assessed brain protein
changes following a single systemic rEpo treatment of infant mice at P6. In response to
systemic rEpo treatment, we detected reproducible qualitative and quantitative differences
in 37 protein spots of mice treated with rEpo in infancy as compared to untreated
littermates with 2-DE, and mass spectrometry enabled the identification of 36 discrete
proteins which have been associated with processes such as oxidative stress, inflammation,
cell maintenance and growth, and neuronal circuit formation. Though this protein
modulation may be beneficial, our results also raise the question whether rEpo may also
exert negative effects on brain development. rEpo does, e.g., increase the level of Crmp2

and does not ameliorate hyperoxia-induced modulation of this cell polarity and axon
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outgrowth-associated protein. It remains to be elucidated if this is a beneficial
(regeneration of injured neurons?) or a further detrimental (abnormal circuit development)

effect.

This concern is supported by reports on neurotoxic effects of very high dose rEpo

treatment in Vvitro in neuronal culture and brain-slice models of mild hypoxia, as well as in

241
Moreover, the

234
d.

Vivo in a neonatal rat model of mild brain injury (40,000 IE/kg/d i.p.).
concern that Epo may amplify diffuse axonal injury has been recently expresse
Reassuringly, lower doses of 2500 or 5000 IE/kg did not show acute toxicity in neonatal

: 241,243
rats or adverse long-term behavioral effects,”

and single clinical studies in preterm
babies report no negative long-term neurodevelopmental effects of erythropoietic doses of
rEpo when compared to placebo.*** Still, it needs to be questioned what impact the effect
of a decrease of physiologic apoptosis, an important aspect of normal brain development,
and the modulation of further developmental processes will have in the long-run. Thus,

caution needs to be exercised as it may not only be beneficial but may also influence

normal brain development.

4.5 Nodal point proteins
In different disease entities alterations of the same protein can often be detected. To further

address this point, we compared the brain proteome changes found in mouse models of
seven neurodegenerative and non-neurodegenerative disorders of the brain.'®” Thereby, we
identified proteins which were altered in several neurodegenerative diseases (ND) but not
in non-ND as well as proteins which were altered in both ND and non-ND. In addition, we
investigated whether proteins altered in disease show changes in normal mice due to
protein polymorphisms. In all diseases investigated, numerous brain proteome changes
were found. Interestingly, however, up to 36% of abnormal protein changes occurred in
multiple disease states. Seven proteins (11 protein isospots) were differentially regulated in
at least three out of seven investigated neurological conditions. Protein expression changes
that are not specific for a single disease may be explained by integration of proteins within
networks. Widespread interaction between proteins in highly complex protein networks

246

has been demonstrated for several organisms such as yeast,”* drosophila,**® and

humans.**’*** An alteration of one protein in a protein network may therefore cause
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changes in many other proteins within the network by direct or indirect protein-protein

interactions. Thus, while genetic defects, non-genetic disorders, and naturally occurring
variations such as polymorphisms may primarily modulate only one or a few proteins
specifically, many other proteins may become involved due to network effects. Proteins
most frequently targeted may be those which occupy nodal points in the proteome network.
Therefore, alterations in a tissue or cell induced by conditions that differ as much as ND,
non-ND, and normal populations (polymorphisms) may, nevertheless, affect to some
extent the same nodal point proteins, which will become obvious by quantitative changes

in these proteins.

An interesting observation of our study was that all seven nodal point proteins detected
were altered in their expression between different mouse strains as well. These differences
were in some cases very similar to those observed under disease conditions. Expression
polymorphisms of a nodal point protein may be caused by alterations of proteins
interacting with it. Nodal point protein encoding genes are unlikely to carry mutations
themselves since adaptive evolution suggests that this is least likely for genes encoding
proteins that hold a high number of interactions.***** Between mouse strains C57BL/6 and
SPR, a frequency of 15% protein polymorphisms has been observed, representing a high
level of variation between mouse strains.”' Therefore, proteins altered by polymorphisms
may act on nodal point proteins and alter their expression which is seen as protein
expression polymorphisms. In this way, protein polymorphisms may serve as disease

associated modifiers, e.g., changing the onset of disease.

In conclusion, our investigation has shown that quantitative changes of proteins in
various neurological diseases can be quite unspecific to the disease under consideration
and may even reflect frequently normal variability of proteins due to polymorphisms.
These proteins may occupy nodal points in the network of protein-protein interaction and
regulation and be responsible for overlapping metabolic pathways and clinical symptoms
of different genetic disorders. Thus, these proteins may play an important role in disease

pathology.
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5 Conclusion and outlook

The immature brain reacts differently from the mature brain when exposed to potentially
damaging environmental factors or insults. Our knowledge on mechanisms underlying
injuries to the developing brain has progressed throughout the past years, though most
processes have been studied only in the mature brain. It is now known, that several insults
have the potential to induce widespread apoptotic neurodegeneration in infant rodent
brains during the brain growth spurt phase, a transient period when the brain is growing
most rapidly. In what way other developmental processes are affected has not been
analyzed in detail so far.

In the presented research work, we have disclosed mechanisms that can potentially
influence normal development and/or participate in reorganization events following
damage to the developing brain through hyperoxia, traumatic brain injury, or an exposure
to substances influencing NMDAR and/or GABA AR neurotransmission. Depending upon
their timing, lesions of the immature brain carry the potential of influencing developmental
events in their natural sequence and redirecting subsequent development.

While acute brain protein alterations in response to the above named impacts within the
period of rapid brain growth most likely represent direct effects on cell metabolism,
sustained or newly evolved differences in brain protein phenotypes four weeks after an
impact may constitute secondary changes such as irreversible morphological alterations (a
possibly ongoing shift in normal developmental program) and/or reorganization events. In
comparison to the adult brain, insults disturb a vulnerable and developing system in which
the cellular phenotypes, protein concentrations, protein compositions, and interactions
change rapidly according to a predetermined developmental program. So far, little is
known about the effects of antiepileptic and sedative drugs on dynamic processes in the
developing brain. Our results demonstrate that comparative analysis of the brain proteome
facilitates insight into the nature of developmental events which may be disrupted by
oxygen, traumatic brain injury, or drugs. Impairment beyond that of acute apoptotic
neurodegeneration became evident. The described effects did not occur in mice at an age
beyond the period of rapid brain growth. Our findings indicate that the above named
injuries may cause oxidative stress, inhibit cell proliferation, and induce abnormal neuronal
migration/arborization. Ongoing studies will need to explore functional and morphological
aspects of these effects.

Detailed knowledge on pathways involved in a damage of the developing brain may
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enable the identification of therapeutic targets which again may permit a selective

inhibition of pathologic processes without disturbing intact cells/physiologic cell function.
We have identified erythropoietin as a neuroprotective agent in hyperoxie-induced brain
damage. This finding is highly relevant from a clinical perspective since oxygen
administration to neonates is often inevitable and rEpo may be adopted as adjunctive
neuroprotective therapy. The experimental evidence we present here and data of others,
however, also call for caution with the unrestricted use of rEpo in neonatal medicine prior
to further studies on the effect of this drug on dynamic processes of physiological brain
development and subsequently randomized, controlled clinical trials. It remains to be

elucidated if the protective effects of the drug provide a net benefit to the immature brain.
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