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Cell death and synaptic remodelling as a consequence of
perinatal asphyxia. Implications of hypothermia.

This thesis will focus on perinatal asphyxia and its consequences for central nervous system
{CNS8) development. It has been estimated that once an hour an infant is born with cerebral
palsy and that every 3 min, an infant is born with mental retardation. Although o.nly a sma‘],l
percentage of these infants have suffered from perinatal asphyxia [13,14], this group is
particularly interesting as their outcome might be improved considerably by appropriate
therapy.

Perinatal asphyxia causes cell death within a critical period in CNS development [4,8,15].
Mitochondrial and endoplasmatic reticulum failure, as a consequence of oxygen and energy
deprivation, play an important role in the rate and morphological type of cell death following
perinatal asphyxia [9,10,12,17]. Immediate cell death after the insult occurs mainly by
necrosis and starts before treatment can be given. Therapeutic intervention has to be aimed
at inhibition of delayed neuronal death (apoptosis) and stimulation of regeneration processes.
One of the most potential and promising interventions is mild hypothermia [1,6,19,20].
Post-asphyxia hypothermia may be able to decrease the amount of cell damage by decreasing
the metabolic rate (energy consumption) and subsequently the production of endogernous
cell damaging agents, such as nitric oxide, stress response genes, activated caspases efc
[5,16,18]. The clinical effectiveness of hypothermia is still largely unknown, but there are
currently three clinical trials addressing the issue.

The neurological outcome after perinatal asphyxia is strongly dependent on neuronal and
synaptic plasticity, which is the ability of neuronal tissue to change or adapt. Several
compensatory mechanisms are described in the CNS after injury: regenerative sprouting,
pre- or postsynaptic changes, network rearrangement, synaptogenesis or neurogenesis.
However, the processes that facilitate function recovery after hypoxic-ischemic injury are
not fully understood. Insight in these processes can be a great asset to treatment strategies.

In this thesis, cell death and synaptic remodelling were studied on different levels: ona
cellular level, 2) neurochemical and neuroanatomical level, 3) behavioural level. At the cellular
level, nitric oxide production, the induction of stress genes and the activation of caspases
were assessed at different times during the first two weeks after perinatal asphyxia in the rat.
Functional outcome (behaviour) was studied using locomotor (open field, grip task, footprint
task) and memory tasks (Morris water maze escape task). The behavioural measurements were
correlated to neurochemical (GABA) and neuroanatomical (total number of neurons and
synapses within brain regions, volume of brain regions) parameters. These data were used to
gain insight into adaptation of the brain during physiological (i.e. CNS development) and
pathological (i.e. neurodegeneration) conditions and explore possible avenue of treatment.



Aims and outline of the thesis

The current state of knowledge of perinatal brain damage and its consequences originates
primarily from animal studies. Experimental animal models generally aim at investigating
the effects of a single factor in order to assure specificity with regard to the source initiating
the pathophysiological response. Perinatal asphyxia, however, is a global hypoxic-ischemic
insult, which is accompanied by altered blood flow, cellular stress and by CNS plasticity.
Consequently, a good animal model of perinatal asphyxia should mimic the multiplicity of
causes acting at both cellular and anatomical levels. In our studies, we used a non-invasive
animal model that induces intrauterine global asphyxia at the time of birth. This animal
model induces cellular damage within the basal ganglia, hippocampus, cerebellum and
spinal cord [2,3]. Furthermore, it is shown that this global asphyxia paradigm can induce
long-lasting behaviour deficits [7,11].
This thesis focuses on cell death and synaptic remodelling as a consequence of perinatal
asphyxia and the usefulness of hypothermia as a therapeutic strategy. The following aims
were formulated:
1. Characterization of a non-invasive animal model of global asphyxia at birth.
2. To gain insight into the cellular processes induced by perinatal asphyxia, which lead
to cell death.
3. To gain insight into the ability of the CNS to compensate for or adapt to cellular
damage during CNS development.
4. To study the long-term consequences of perinatal asphyxia in relation to the aging
process.
5. To gain insight into the effectiveness and possible neuroprotection of post-asphyxia
hypothermia.

In the first chapter of this thesis, an overview of the literature is given concerning experimental
models for perinatal asphyxia, structural and functional consequences of perinatal asphyxia
and potential therapies. The purpose of this review was to evaluate the advantages and
disadvanges of different experimental models for perinatal asphyxia. Moreover, to
investigate whether these models can resemble the clinical symptoms of perinatal asphyxia.
First, mechanisms of cell death during normal development are compared with mechanisms
of cell death after perinatal asphyxia. Secondly, brain structures and neurotransmitter systems
involved in locomotor behaviour and cognitive performance are discussed as well as the
behavioural deficits described in the different experimental models. Finally, we evaluate
which potential therapy could be interesting for clinical use.

First, we present a study in which methodological issues concerning quantification of total
neuronal numbers within the brain are discussed (chapter 2). The following chapters (chapter
3-9) of this thesis describe the experiments with the global asphyxia model at term in the rat.
This model is used to study both short-term and long-term consequences of the asphyctic
insult. The first four chapters address the characterisation of the amount of cell damage and
mechanism of cell damage within several brain regions after the asphyctic insult. The time



course of cell death after perinatal asphyxia is compared with the time course of apoptosis
during normal development (chapter 3 and 4). Furthermore, we studied whether caspase-3
activity, NO production and stress response genes play an important role in the mechanism of
cell death in this animal model for perinatal asphyxia (chapter 4, 5 and 9).

Next, we investigated whether behavioural deficits following this global asphyctic insult at
term were related to loss of GABAergic neurons in the striatum (chapter 6) and/or loss of
presynaptic boutons (chapter 7) within the striatum, hippocampus and/or cerebellum.
Thereafter, the relation between cognitive performance (short-term and long-term memory
performarice) and synaptic plasticity was studied at 22 months after the perinatal asphyctic
insult (chapter 8). These experiments were designed to investigate whether global asphyxia
at term could have long-lasting behavioural consequences related to neurodegenerative
diseases, such as dementia. In addition, we evaluated whether post-insult hypothermia was
able to prevent the cellular stress response (chapter 9). Finally, in chapter 10 a general
discussion of the combined results presented in this thesis is given.

-10 -
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Chapter |

Introduction

Asphyxia before, during or after birth is a common cause of perinatal mortality and
neurological morbidity, with a prevalence of 1.5 to 2.5 per 1000 live term infants [101].
Perinatal asphyxia is a condition defined as a period of global hypoxia and ischemia around
birth. The Greek word ‘asphyxia’ reflects the clinical signs of an infant without visible
breathing or heart action as a result of lack of oxygen [38].

Asphyxia occurs when there is a disturbance in gas exchange between the foetus and mother
during pregnancy or labour. During periods of asphyxia, the foetus reduces its metabolic
rate and utilizes anaerobic glycolysis to meet its energy needs. The subsequent formation of
lactic acid results in a decrease of foetal blood pH (acidosis) [235,236]. The foetus is
equipped with an impressive of physiologic, pharmacological and metabolic adaptive systems
to enable it to survive the hypoxic-ischemic insult. Brain injury only occurs when the
asphyxia is severe enough to impair cerebral blood flow. Within the brain, blood flow
during asphyxia is redirected to the brainstem at the expense of higher cerebral structures
such as the cortex. Furthetmore, several cases were reported with selective vulnerability of
basal ganglia [179], hippocampus [170,199], cerebellum and spinal cord [49,203].
Clinical features observed in the neonate after perinatal asphyxia include seizures, abnormal
respiratory patterns, movement disorders and impaired suck, swallow and feeding behaviour
and multiple organ failure [38]. Some infants recover, whereas others develop permanent
brain damage resulting in mental or motor disabilities, such as hyperactivity and attention
deficit disorders, epilepsy, cerebral palsy or spasticity [128). The prognosis of the infant is
mainly dependent on the duration of the asphyxia. The risk for motor abnormalities, such as
cerebral palsy, has for example been directly correlated to the duration of severely depressed
Apgar scores and clinical signs of seizures, hypotonia, or multiorgan system dysfunction
[186].

Perinatal asphyxia and its consequences are studied in animals by inducing either focal or
global hypoxia-ischemia. Focal hypoxia-ischemia affects a specific region and is
characterized by an infarct within this region (lesion site). It is induced by an occlusion or
vascular interruption followed by anoxia/hypoxia. Global hypoxia-ischemia occurs when
all blood supply to the brain is interrupted. This can be induced intrauterine by clamping or
interruption of the vessels during the prenatal of perinatal period. In the next paragraphs,
two different animal models for perinatal asphyxia are discussed: the Rice-Vannucci model
(unilateral carotid ligation followed by exposure to hypoxia) [196] and the global asphyxia
model (intrauterine hypoxia-ischemia) [15]. The term asphyxia is used in this thesis when
manipulating the concentration of inspired gas mixtures or ventilator seftings, preventing
breathing, or reducing uterine perfusion, produced hypoxia-ischemia. The term ‘hypoxia-
ischemia’ is used when cerebral ischemia was produced by unilateral or bilateral ligation or
occlusion of the common carotid arteries and followed by hypoxia (reducing oxygen
concentration).

<14 -



General introdiction

Experimental models of perinatal asphyxia

Much of our current knowledge concerning the pathophysiology of perinatal asphyxia has
evolved from animal studies, using piglets, sheep or rodents. The rat is most frequently
used in experimental studies, as they are easily handled and suitable for use in models
studying acute and short-term consequences, as well as long-term effects. Another advantage
of using rats as animal model is the large amount of literature already available on baseline
neurochemistry, physiology and neurological methods of behavioural testing. A clear
disadvantage of the rat as a model to study perinatal asphyxia is the uncertainty whether or
not rat brain maturation is comparable to human brain maturation. Compared to the human,
the rat is born very prematurely. Comparing the brain growth, it is suggested that the maturity
levels of the brain of a 10-day-old rat approximates to the developmental stage of a full-
term human infant’s brain [59,60,176]. However, brain maturation in both rat and human has
not been established yet for many critical events during brain development, such as
differentiation, migration, myelination, protein synthesis etc. The postnatal rate of maturation
in rats is also more rapid compared to infants {60]. Finally, a disadvantage of using rats is
the relatively small body size, consequently multiple organ function is difficult to monitor
[198].

The Rice-Vannuecci model

Over the last decade, many researchers have used a model of hypoxic-ischemic brain damage
in the 7-day-old rats to study consequences of perinatal asphyxia. In this model, hypoxia-
ischemia is produced by unilateral carotid artery ligation followed by exposure to hypoxia by
means of reduction of oxygen concentration (8% oxygen) for 1-3 hrs. This animal model is
known as the Rice~Vannueci neonatal adaptation [196] of the Levine procedure in the adult rat
[145]. The model has been modified by several researchers to reduce the extent of the brain
lesion and the variability of neuronal loss, which depends mainly on the length of hypoxia and
the time interval between the ischemic and hypoxic insult. Brain damage in this neonatal hypoxia-
ischemia model is restricted to one hemisphere ipsilateral to the occluded artery and is observed
within the cortex, the subcortical and periventricular white matter, the striatum, and the
hippocampus. In this model, the hypoxic-ischemic insult leads to necrotic cell death within
hours after the insult accompanied by oedema and delayed apoptotic cell death,

The Rice-Vannucci model was modified by Hattori et al. by ligating both carotid arteries and
subjecting the rat pups to 60 min of hypoxia (8% oxygen) [95]. This procedure consistently
produced severe neocortical infarction and selective neuronal death in the granule cell layer
of the dentate gyrus [188,204,243]. Other researchers studied the developmental changes in
the sensitivity of neonatal rat brain to hypoxia-ischemia by applying the Rice-Vannucci model
at different time points up to 25 days after birth [16,76,82,96,100,123,208,246]. The extent
of injury was variable, ranging from focal neuronal death to massive cortical infarction.
Application of hypoxia-ischemia at younger ages (1, 3 or 5 days afier birth) [246] led to a
decrease of the size of the infarct as compared to the older ages (7, 14, 21 days after birth)
[16,82,208].

- 15 -



Chaplter 1

The Rice-Vannucci model has proven to be an excellent tool to study physiological, biochemical
and molecular mechanisms of perinatal hypoxic-ischemic brain damage. In addition, this model
has been used extensively to study plysiological and therapeutic variables [1,178,226,240],
which may be beneficial to the developing brain undergoing hypoxia-ischemia. However, the
major eoncern with regards to the suitability of this model to study perinatal asphyxia is the
invasive nature of the Rice-Vannucci model. Rather than inducing global asphyxia, in which
multiple organ failure is one of the key events, this model creates an infarct in a certain area.
Therefore, this model could be considered as an animal model of perinatal stroke.

Global asphyxia at term

Bjelke and co-workers introduced a non-invasive rat model for studying short-term and long-
term consequences of perinatal asphyxia in 1991. In this model, global asphyxia was induced
during delivery, mimicking the conditions resulting in asphyxia during human labour [1 5,43.44].
Asphyxia was induced in pups by removing the uterus horns of pregnant dams at the last day of
gestation by hysterectomy (see Figure 1). The uterus horns, still containing the foetuses,
were then placed in a water bath at 37°C for various periods of time. The severity of the brain
damage in this model is dependent on the duration of the asphyxia, as well as the temperature
of the water. At 37°C, 100% survival was observed up to a 16 min asphyctic period, and
asphyctic periods longer than 21 min were inevitably associated with 100% mortality, However,
100% survival was still observed for up to a 30 min asphyctic period at 30°C and up to a 100
min asphyctic period at 15°C [152,154]. Rats surviving asphyctic periods longer than 19 min
at 37°C showed chronic alterations in the release patterns of neurotransmitters, morphological
alterations in the striatum and cortex and a decrease in spontaneous motor activity in later life
[43,54,55,102]. Further, apoptotic cell death, but not necrotic cell death, was found in
hippocampus, striatum and cerebellum after asphyxia [54].

Although brain maturation of the rat at the time of birth is di fferent from human brain maturation,
this model seems to be very suitable to study the consequences of global asphyxia, as the
pattern of brain damage is similar to that seen in neonatal infants. Moreover, the model is
casy to perform without the use of any anaesthetics or invasive surgical procedures.
Disadvantages of the model include the high mortality in the group exposed to 19-20 min of
asphyxia (40-80%) and the high variability in the outcome of the pups. Furthermore, the rat
pup is still very small at PO, consequently difficult to monitor and to handle, e.g. for
protective treatments.

- 16 -
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Figure 1. Rat model for perinatal asphyxia. Asphyxia was iduced in pups by removing the
uterus horns of the pregnant dam at the last day of gestation by hysterectomy. CVD: control
vaginal delivery; CCD: control caesarean delivery; SPA: severe perinatal asphyxia.

Cell death during normal development of the CNS

Cell death

Cell death is frequently classified according to morphological or biochemical features into
two types: necrosis and apoptosis [118,119]. Necrosis refers to a passive and acute process
characterized by swelling, disturbance of osmotic balance, cytolysis and tissue inflammation.
The basic mechanism of necrosis is thought to be a loss of control over cell volume, related
to changes in the permeability of the cell membrane. The affected membrane rapidly loses
its’ ion-pumping capacity, resulting in an osmotic shock and the development of intracellular
acidosis. The point of nio return is reached with irreversible damage to mitochondrial structure
and function [19].
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Chapter 1

Apoptosis refers to a selective, programmed type of cell death characterized by cell and nuc}egr
shrinkage, chromatin condensation and nuclear fragmentation [245]. The term apoptosis is
derived from the Greek word meaning “falling off” (as leaves do in autumn) to describe this
natural, timely death of cells [ 118]. Endogenous and/or exogenous agents can initiate apopms'is
in many ways. All different pathways lead eventually to the activation of a family of pmteo_lytlc
enzymes called caspases [97]. A short overview of different pathways that have been identified
will be given in the next paragraph.

Moleculayr regulation of apoptosis

The apoptotic program can be divided into three distinct phases: initiation, commitment of
propagation, and execution phase [163]. The initiation phase is defined as the stage in which
the cell receives a trigger to commit to the cell death process or lost a survival factor. During
the commitment phase, multiple signalling pathways are activated leading to activation of
caspases. This phase is controlled by mitochondrial mechanisms in which the Bel-2 family of
proteins plays an important role. The execution phase involves multiple pathways that lead to
the critical features of apoptosis, such as DNA laddering, lamin disassembly and chromatin
condensation [97,254].

Mitochondria play an important role in the decision on the rate [127] and shape [137] of
cell death. The mitochondria act as a calcium buffer, taking up the calcium when cytoplasmic
levels rise. Increase in mitochondrial calcium levels can lead to opening of permeability
transition pores (non-specific mitochondrial membrane pores), leading to depolarisation of
the mitochondrial membrane, mitochondrial dysfunction and swelling [83,194]. The
intermembrane space of the mitochondria contains cytochrome C, certain pro-caspases,
adenylate kinase 2 and apoptosis-inducing factor (AIF) [149,250]. Permeabilisation of the
outer membrane by the onset of apoptosis results in the release of these factors. Cytochrome
€ is a nuclear DNA encoded protein involved in electron transport during oxidative
phosphorylation. Cytochrome ¢ can bind to Apaf-1 (apoptotic protease-activating factor) and
pro-caspase 9 to form an apoptosome [ 149]. Pro-caspase 9 is then cleaved into active caspase
9, which can further activate pro-caspase 3 resulting in active caspase 3, an active effector
caspase and cell death [256].

The Bel-2 family of proteins play a crucial role in signalling transduction pathways leading to
apoptosis. This family consists of approximately 15 members and can be divided in anti-
apoptotic (Bel-2, Bel-XL, Bel-W, Mcl-1) and pro-apoptotic (Bax, Bak, Bok, Bid, Bad, Bcl-
XS, Bim, Bik, Blk, Hrk) proteins [2,192]. The anti-apoptotic family members all possess Bel-
2 homology domains (BH) 1 and 2, and some contain additional BH3 and BH4 domains. The
pro-apoptotic family members all possess a BH3 domain, but can be subdivided by the presence
of absence of BH1 and BH2 domains [2]. Various members of the Bel-2 family control the
membrane permeabilisation of mitochondria and the release of cytochrome C or AIF. Some
members, such as Bel-2 or Bel-xL, act as anti-apoptotic factors by preventing activation of
n‘exef:u_li‘.mer caspases. Bel-2 homologues can interact directly with caspases or other apoptosis-
inhibiting proteins such as Bag-1 [218] and Raf-1 [242]. Active Raf-1 can protect cells from

-18 -



General introduction

apoptosis and inactivate BAD, a proapoptotic Bel-2 homologue. Bel-2 can also bind to Apaf-
1, enabling Apaf-1 to activate caspases. Bcl-2 and Bel-xL are able to form membrane channels
for specific ions and regulate the permeability of intracellular membranes [193]. In this way,
Bcl-2 and Bel-xL can prevent the release of cytochrome C from mitochondria. In contrast,
overexpression of the Bax, Bak or Bid stimulates both the cytochrome C release and caspase
activation. Bax, Bad, Bak, Bik, Bid, Bim, Hrk, Bcl-xS, can block the anti-apoptotic effects of
Bcl-2 or Bel-xL. These family members promote activation of caspases among others by
dissociating complexes of Bel-2 or Bel-xL with Apaf-1.

The signalling pathways initiating and controlling apoptosis lead to activation of caspases. All
known caspases possess an active-site cysteine, and cleave substrates after aspartic acid
residues. There are at least 14 different caspases [225], initiator (1, 2, 4, §, 8, 10-14) and
executioner (3, 6, 7, 9) caspases, which have been subdivided into subfamilies based on their
substrate preference, extent of sequence identity and structural similarities. For instance,
caspases with caspase-activating recruitment domains (CARDs), which includes caspase-1, -
2,-4,-5,-9, -11 and —-12, are probably activated by the cytochrome C/Apaf-1/caspase-9
complex. In contrary, caspase-8 and —10 are activated by interaction between their so-called
‘death-domain’ and the intracellular domain of ‘death receptors’. These “death receptors” allow
apoptosis to be initated by extracellular factors, inchuding TNF-alpha, the TNF-alpha-related
apoptosis inducing ligand (TRIAL) and Fas-ligand that can bind to the TNF-receptor, the TRAIL-
receptors and Fas, respectively. Finally, recent data have provided evidence that certain caspases,
such as caspase-11 and —12, are activated only under pathological conditions [168].
Proteolytic cleavage by caspases can lead to loss of biological activity of the substrate by
cleaving off a negative regulatory domain or by inactivating a regulatory subunit. Close to
100 caspase substrates have been reported over the years, many of which are not relevant
substrates but more ‘innocent bystanders’. Willy and co-workers described in 1980 that
activation of a DNA ladder nuclease (now known as caspase-activated DNase, or CAD),
which is responsible for cutting the genomic DNA between nucleosomes to generate DNA
fragments [201]. Activation of CAD is induced by caspase-3 mediated cleavage of an
inhibitory subunit of CAD leading to activation of its catalytic activity. Cleavage and
inactivation of nuclear lamins by caspases is responsible for nuclear shrinking and budding
[26,191]. Cleavage of cytoskeletal proteins such as fodrin and gelsolin [126] is required
for loss of overall cell shape. Caspase-mediated cleavage of PAK2, a member of the p21-
activated kinase family, seems to be responsible for the blebbing observed in apoptotic
cells [97,200]. These characteristic features of apoptosis have been used extensively as
markers of apoptotic cell death.

The above-described signalling pathways inducing cell death are all dependent on the
activation of caspases. However, there are other cell death pathways described in the CNS
that are caspase-independent, such as the Bax pathway [79,85,97,115], release of apoptosis
inducing factor (AIF) from the mitochondrial membrane [214] or activation of other proteases
that mediate apoptotic cell death, Bax and Bax-like proteins can, after activation, release
cytochrome C, AIF and other pro-apoptotic molecules. AIF can activate a nuclear DMase.
Proteases that can induce apoptosis in a caspase-independent manner include calpains [212]
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and serine proteases [104]. Little is known about the molecular and biochemical changes
induced by these factors in the CNS.

Detection of cell death in the CNS A
Cell death in the immature brain can be studied in many ways using morphological and
biochemical markers. Essential requirements for apoptosis detection techniques in the central
nervous system include high sensitivity for apoptotic cells, the ability to dif"ﬁemnt.iatf? bfzwieen
apoptotic and necrotic cell death and other forms of DNA damage, and the dlstm.ctmn
between different stages of the cell death process. In this thesis, we used several techniques
to study cell death induced by perinatal asphyxia: 1) the TUNEL (terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labeling) assay; 2) DNA markers (Hoechst
33342); 3) histological staining methods (Hematoxylin-Eosin and Nissl); 4) electron
microscopy (EM) and 5) immunohistochemical staining was used to localize caspase-3
activated cells within different brain regions. In addition, we used a fluorometric assay
designed to measure caspase-3 and caspase-3-like activity in tissue.

The TUNEL assay is based on the specific binding of TdT to a free 3°-OH end of DNA
[73]. The 3’OH ends of DNA fragments are labelled either with biotin-dUTP, digoxigenin-
dUTP, or FITC-dUTP mediated by TdT. This technique allows the detection of DNA
strand breaks in individual cells in tissue sections and allows quantification of damaged
cells by light microscopy. The TUNEL assay cannot be used to distinguish between apoptosis
or necrosis, since positive cells may contain either laddered or randomly digested DINA
and/or active DNA repair systems [40]. Major advantages of this technique are the ability
toreveal early DNA breaks during apoptosis and quantification of the percentage of apoptotic
cells by flow cytometric analysis or direct counting under a microscope. Furthermore, this
technique can be combined with multiple immunofluorescence staining for cell markers to
characterize cell types undergoing apoptosis or with in situ detection of mRNA expression
[206].

Histological staining methods, such as Niss] and Hemotoxylin-Eosin (HE), visualize the
morphological appearance of all cells and are therefore suitable for distin guishing normal
cells from degenerating cells. Condensed chromatin and formation of apoptotic bodies are
easily determined by examining tissue sections stained with Nissl or Hematoxylin [206].
With an electron microscope, morphological changes can be used such as swelling of
organelles, membrane breakdown, cell disintegration (features of necrosis) or cytoplasmic
density, chromatin condensation, membrane-bound apoptotic bodies (features of apoptosis).
Features of necrosis and apoptosis as well as subtle changes in nuclear densities can be
distinguished using electron microscopy [180]. A major disadvantage of the use of electron
microscopy is the time-consuming analysis and complexity in both preparation of the tissue
and analysis.

[mrm.ujmlmismchermcal analysis of caspases or products of cleavage by caspases is possible
ow, since many antibodies were produced in the last years. Antibodies recognize the full
length and/or large cleaved fragments of their respective proteins. For example, cleaved
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NECROSIS APOPTOSIS

Figure 2.The morphological appearance of necrosis (left) and apoptosis (right). (1) a normal
cell. At the onset of apoptosis in (2), there is compaction of chromatin around the outside of
the nucleus and condensation of the cytoplasm. In (3) the cell surface has become
convoluted, and apopiotic bodies are formed (nuclear fragments). The apoptotic bodies
are ingested by neighbouring cells in (4). Necrosis begins in (5) with mitochondrial swelling
and clumping of chromatin. This is followed in (6) by disruption of the membrane and loss
of cell integrity. (From Kerr and Harmon, 1991; with permission).

caspase-3 antibody (Asp175) detects endogenous levels of the large fragment (17/19 kDa) of
activated caspase-3 resulting from cleavage adjacent to Aspl175[64,172]. These antibodies
can easily be combined with cell-specific markers for indentification of cell type.

Another method to detect apoptosis in tissue or cell cultures is fluorometric or colorimetric
determination of artificial caspase substrates. These include acetyl-Asp-Glu-Val-Asp (DEVD)
and acetyl-Tyr-Val-Ala-Asp (YVAD), linked either to 7-amino-4-mehtylcoumarin (AMC) dye
orpNA. DEVD is cleaved by all ofthe caspases, except caspase-2, and can be used as a general
measurement for caspase activity. Y VAD is cleaved by caspase-1 and caspase-4, poorly by
caspase-3, and not cleaved by caspase-2, -6, -7 [219]. The selectivity of the substrates is
based on the absolute caspase enzyme substrate cleavage site C-terminal to aspartate. The
cleavage rate for each substrate reflects the proteolytic activity of the caspases present in the
tissue. A major advantage of this method is the fast quantitative analysis of caspase activity
within the tissue. The selectivity of the different substrates is however still under debate.
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Developmental apoptosis

Apoptosis occurs throughout the CNS in neurons, glial and neural progenitor cells. It is
estimated that at least half of the original cell population is eliminated as a result of apoptosis
in the developing nervous system [27,160]. Apoptosis is essential for normal development, as
it is important for optimisation of synaptic connections, removal of unnecessary neurons and
pattern formation. Moreover, apoptosis acts as part of a control and repair mechanism that
contributes to the high level of plasticity during development by compensating for many genetic
or developmental errors. Incorrectly programmed cells fail to receive the trophic signal needed
for their survival and consequently activate their suicide program.

The essential role of apoptosis during neural development is illustrated by knockout mice
lacking caspase-3, caspase-8 or caspase-9 or Apaf-1[39,92,130,131,252]. These mice all
have abnormal development: hyperplasia, disorganized cell distribution, craniofacial
malformations and ventricular obstruction by mitotic and differentiating neurons [39,252].
Deletions of caspase-8 and caspase-9 are both lethal to the embryo, while caspase-3 knockouts
die in the first three weeks of life. Brain development is almost normal in caspase-1, and ~11
knockout mice, suggesting that these caspase are less critical for normal neuronal development.
These mice are deficient in interleukin-lalpha and -1beta and are resistant to
lipopolysaccharide-induced endotoxic shock. In contrast, mice that over express the anti-
apoptotic gene bel-2 or lack the pro-apoptotic gene bax exhibit increases in selected neuronal
subpopulations without gross malformations of the CNS. However, other researchers were
able to show that cells during development can die in a bax and bel-2 independent manner.
These findings implicate a crucial role of apoptotic cell death during morphogenesis of the
developing brain.

Levi-Montalcini and colleagues discovered the target-derived factor for sensory neurons as
Nerve Growth Factor (NGF), for which they received the Nobel Prize {142,143 ). NGF belongs
to a family of neurotrophins that includes NGF, NT-3, BDNF and NT-4/5. These neurotrophins
act on a family of tyrosine kinase receptors trkA, trkB, and trkC. Levi-Montalcini and co-
workers showed that if neurotrophins or their receptors were absent, all neurons that require
these factors would die. These discoveries led to the foundation of the neurotrophin hypothesis,
which proposes that immature neurons compete for target-derived trophic factors, which are
present in limited amounts | 144]. Neurons that are successful in establishing correct synaptic
connections would obtain trophic factors to support their survival. Glial cells seem to depend
on trophic support during myelination or for the regulation of proliferation, differentiation
and survival. For instance, several trophic factors, such as interleukin-1 {IL-1), Insulin-like
Growth Factor (IGF-1), NT-3, were able to inhibit apoptosis in myelinating of differentiating
oligendrocyte populations [10]. After the period of developmental cell death, neurons and
glial cells are less sensitive to growth factor withdrawal.

Little is known about exact time course of pre- and postnatal developmental cell death in the
different brain structures within the human or rat. There seem to be temporal differences in
the timing of developmental apoptosis in various regions of the maturing brain. For example,
in the pons and medulla of the rat physiological apoptosis occurs perinatally, whereas rat
cerebellar neurons undergo physiological apoptosis during the first two postnatal weeks
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[220,247], thalamic nuclei of the rat exhibit apoptotic morphology in the first postnatal week
[211], and cortical neurons of the rat die naturally during the first and second postnatal weeks
[65-67,99,162]. The timing of these events is paralleled by an increase in the expression of
bax and caspase-3 [166].

During development, cell death is primarily a matter of cell suicide (apoptosis), which is
carefully regulated by the caspases, bcl-2 family of genes and by survival signalling pathways.
NGF withdrawal during development results in a decrease in mitogen-activated protein (MAP)
kinase and phosphoiniostitide 3-kinase (PI3K) activity. The MAP kinase cascade includes
subsequent phosphorylation and activation of the kinases Raf, MAP kinase/ERK kinase (MEK)
and extracellular signal-regulated protein kinase (ERK). This cascade plays an important role
in cell survival by activating the of pp90 ribosomal S6 kinase (RSK) protein family members.
RSK can phosphorylate and inactivate BAD and activate the transcription factor CREB. CREB
is known to activate transcription of bel-2 and can stimulate cell survival directly. Active
PI3K enzymes can then catalyse the formation of the lipid 3’-phosphorylated phophoinositides,
which regulate the activity of Ser/Thr kinase Akt. Active Akt in turn supports the survival of
neurons by activating key proteins including apoptosis regulators and transcription factors
[189,195].

NGF withdrawal not only leads to loss of survival factors, but also induces activation of proteins
that can cause mitochondrial damage. After NGF removal, ¢-Jun amino {(N)-terminal kinases
(JNK, also known as stress-activated protein kinases) are activated leading to phosphorylation
of c-Jun. This transcription factor in furn induces the expression of DP5. DPS might translocate
Bax from the eytosol to the mitochondria, causing mitochondrial damage. This resulis in the
release of cytochrome C, activation of caspase -9 and —3, and eventually cell death (see for
review [202]).

Cell death as a consequence of perinatal asphyxia

Hypoxia-ischemia induced neuronal death has long been considered to represent necrosis,
but in the last decade several studies showed that many neurons undergo apoptosis after
global or focal hypoxia-ischemia [174,231]. Furthermore, only recently researchers have
started to accept the fact that the response to injury by the immature brain differs from the
adult brain. Both mechanism and the rate of cell death appear to be different in the immature
CNS after injury.

In the Rice-Vannucci model, perinatal asphyxia leads to necrosis in selective areas in the
first few hours after the insult (primary damage). Thereafter a secondary response is triggered
that can continue for days or weeks, resulting in a greater proportion of delayed brain
damage, primarily apoptosis. This secondary response is often accompanied by an
inflammatory reaction [164,174]. The temporal pattern of apoptosis varies in each brain
region and is dependent on the age at which hypoxia-ischemia is induced. For example, in
frontal and parietal cortex, striatum, globus pallidus and hippocampus, a relatively high
density of apoptotic cells were observed from 6 hr through 7 days after neonatal unilateral
hypoxia-ischemia at P7 (Rice-Vanucci model) [169,174]. In the cingulate cortex, CA3, dentate
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gyrus and thalamus, a peak in density between 24 and 72 hr was found after the insult followed
by a subsequent decline [175]. An increase in apoptotic density was not observed until 24 hrs
after the insult in animals with mild to moderate brain damage [169].

In the global asphyxia model at term [ 15], apoptotic morphology was observed in the thalamus
and amygdala, 1-4 days after birth. Increased number of fragmented nuclei was also observed
in the hippocampus, striatum, frontal and piriform cortex and cerebellum during the 8 days
after the insult, peaking at P8. There was no necrosis or inflammation observed in this model
[54].

In the last decade, a plethora of studies have been published investigating the series of events
leading to cell death after CNS injury in the adult brain. Little is known however, about the
exact mechanisms involved in CNS injury after perinatal asphyxia. Whereas trophic factor
withdrawal has a prominent role in physiological apoptosis, there is little evidence to implicate
trophic factor withdrawal as a primary mechanism in perinatal asphyctic insults. Rather, glicose
and oxygen deprivation may trigger mitochondrial impairment and excitotoxicity. It has been
suggested that in pathological situations such as perinatal asphyxia, glutamate receptor
stimulation is a direct consequence of energy failure [98,255]. Accordingly, it is hypothesized
that this energy-linked excitoxicity may lead to hypopolarisation of neurons, NMDA-R-
mediated influx of Na+ and Ca*' and mitochondrial failure.

It may be speculated that after hypoxic-ischemic injury in the developing CNS different death
pathways and regulatory mechanisms are activated within a single cell. For instance, free radicals
such as superoxide anion (-02’), hydrogen peroxide (H202), and the hydroxyl radical (-OH),
can cause DNA strand breakage and base modification in DNA, lipid peroxidation with
subsequent loss of membrane integrity and eventually to cytotoxicity [93]. Moreover, apoptosis
due to DNA damage involves various cyclins and their specific cyclin-dependent kinases,
which are important components of the cell cycle machinery. Upregulation of these cyclins
by DNA damage leads to apoptosis [45]. The tumour suppressor protein, p53, is also involved
in the apoptotic process after DNA damage. The exact mechanism by which p53 promotes
cell death is not known; several studies have suggested that p53 promotes Bax-mediated cell
death. Furthermore, apoptosis after hypoxic-ischemic injury can be mediated by the activation
of death receptors, such as Fas [173]. These receptors contain a death domain that is shared by
an adapter molecule, named MORT-1/FADD. This molecule also contains a death effector
domain which can bind to pro-caspase 8, creating the death-inducing complex (DISC). When
the DISC binds pro-caspase 8, autocleavage will occur. Active caspase-8 can act directly and
indirectly {via mitochondria) to cleave caspase-3, leading eventually to apoptosis [202].
Neuronal necrosis may represent the morphological type of cell death resulting from a failure
of cells to execute the full apoptotic program. Portera-Cailliau and co-workers showed that
glutamate-induced excitotoxicity during the first week op development induces neuronal death
with features of both apoptosis and necrosis (apoptosis-necrosis morphological continuum)
[185]. This apoptosis-necrosis continuum was also observed in rat pups after unilateral carotid
artery occlusion at P7 (Rice-Vannucci model) [169,187). However, prolonged caspase-3
activation [77] and the presence of cells with an apoptotic-like morphology up to days after
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the hypoxic-ischemic injury [169,188] suggests that the apoptotic machinery plays an important
role in cell death after hypoxia-ischemia in the immature brain.

In summary, several investigators have shown that the cascade of biochemical and molecular
events after unilateral or bilateral carotid ligation (Rice-Vannucci model) includes Fas death
receptor activation, mitochondrial distress, formation of free radicals, accumulation of
cytochrome ¢ and cleavage of caspase 8§ and caspase-3. Furthermore, alterations in the levels
of bax and bel-2 favouring apoptosis-promoting bax, were reported after neonatal hypoxia-
ischemia [173].

Little is known however about the signalling cascade leading to cell death after global
asphyxia at term. Seid! et al. (2001) showed that perinatal asphyxia in this animal model
caused energy depletion in the brain, heart and kidney [205]. Furthermore, it was shown
that global asphyxia at term caused an increase in cerebral blood flow and brain tissue
glucose accompanied with severe acidosis [61,158]. In addition, evidence for the involvement
of glutamate toxicity and oxidative stress in the cell death mechanism following global
asphyxia at term was provided by measuring the release of glutamate [124] and free radicals
[36]. Glutamate release was still increased, 3 months after the asphyxial insult (birth). The
release of free radicals was increased after 5 min of reoxygenation (5 min recovery).
Expression of transcription factors and transporters and metabolic factors were found to be
up- or downregulated in asphyctic rat pups 10 min after the global asphyctic insult, providing
evidence for changes in gene response [133,159]. These data suggest that acidosis, energy
depletion, overstimulation by excitatory amino acids (for example glutamate), and fiee
radical-mediated reactions may be involved in the signalling transduction pathways towards
cell death after global asphyxia at term.

Nitric exide as mediator of neuronal death

Nitric oxide (NO) is an important signalling molecule that regulates several physiological
processes including vasodilatation, inflammation, neurodevelopment and synaptic plasticity
(see for reviews [50,51,72)). Furthermore, NO plays an important role in the synthesis of
cyclic GMP, an important second messenger molecule in the CNS, by regulating guanylyl
cyclase activity [23]. However, excessive production of NO can easily lead to neurotoxicity,
because of its radical chemical properties. NO is a small lipid soluble molecule that can
diffuse readily from the site of synthesis and act on neighbouring cells. The biological
activity of NO is dependent on the rate of synthesis, concentration, rate of reaction with a
target molecule and the concentration of a target molecule.

NO is produced by the enzymatic conversion of L-arginine, in L-citrulline and NO in the
presence of oxygen and NADPH. This reaction is catalyzed by NO synthases (NOS). Three
major isoforms of NOS have been identified: neuronal NOS (nNOS) [22,24], endothelial
NOS (eNOS) [68,134], and inducible NOS (iNOS) [157,248]. nNOS is mainly localized in
neurons using the excitatory transmitter glutamate or inhibitory transmitter GABA. Itis also
found in cholinergic and other aminergic cells in the striatum, cortex and hippocampus and in
glutamergic cells of the cerebellum. Expression of iNOS is observed predominantly in
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owing injury. eNOS is localized in endothelial cells anﬁ asmall
campal pyramidal and granule cells) within the CNS [52,234].
S (and eNOS) is turned on by an increase in Ca®™ influx and
of nNOS triggers the electron

microglia and astrocytes foll
population of neurons (hippo
The catalytic activity of nNO :
calcium binding to calmodulin. The calmodulin binding site
transport cycle necessary for nNOS activity. . .
Several studies demonstrated that NO production could be involved in the mgul.atmn»qf
apoptosis after hypoxic-ischemic damage. Under pafmhological clo‘nditimons, gxcessive'NO
and O2- may react to form peroxynitrite (ONOO-), a highly reactive oxidant. Peroxynitrite
can nitrate or hydroxylate protein tyrosine residues [12,48,106], it oxidizes thiols [190,213],
or decomposes in OH- and NO2',which both can initiate lipid peroxidation [12,48]. Possible
mechanisms of neurotoxicity of peroxynitrite involve DNA damage and activation of poly-
(ADP-ribose) synthase (PARS) [216]. After activation, PARS promotes posttranslation
protein modification by catalysing the transfer of ADP-ribose units onto acceptor proteins
such as histones, and PARS itself. This leads to depletion of NAD and ATP and cell death.
It has been suggested that NO also inhibits the activity of ribonuclease reductase and other
DNA-repair enzymes, causing inhibition of cell proliferation [46]. Interaction of NO with
iron-sulfur-containing enzymes involved in energy metabolism, such as cytochrome ¢ oxidase,
may lead to mitochondrial damage and loss of calcium homeostasis [21]. NO may also
contribute to excitotoxicity by increasing the extracellular concentrations of various
neurotransmitters, including glutamate, aspartate, through enhanced release and/or inhibition
of reuptake [25].

Involvement of NO-mediated toxicity in the mechanism of cell death after perinatal asphyxia
has been suggested in many studies. In the Rice-Vannucci model for perinatal asphyxia,
nNOS immunoreactivity was increased up to P7 in brain regions ipsilateral to the injury,
including cerebral cortex, caudate-putamen, and thalamus [107]. Suppression of this ntNOS
activity by injection of the selective nNOS inhibitor 7-nitroindazole (7-NI) prior to the lesion
reduced the brain damage induced by the hypoxic-ischemic insult considerably [108]. In
addition, suppression of iNOS activity by injection of an inhibitor of iNOS prior to and daily
after the lesion resulted in a decrease in NO production and focal lesion. In the global asphyxia
model, short and long-term changes in cGMP levels and NOS activity were reported in the
striatum and cortex [63,151,152]. However, there are no studies reporting a direct correlation
between the NO production and the amount of cell death in this model. The available data
show that NOS activity is increased after global asphyxia at term and that NO may play arole
in the cell death process after perinatal asphyxial injury.
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Brain structures and neurotransmitters

Basal ganglia

The basal ganglia is a complex neuronal network that is involved in motor control, sensorimotor
integration and learning [31]. It consists of four large subcortical nuclei: the striatum (caudate
nucleus, putamen and nucleus accumbens), globus pallidus (GPi), the subthalamic nucleus
(STN) and the substantia nigra (SN; pars compacta and pars reticulata). The striatum is the
input structure of the basal ganglia, receiving afferents from the entire cerebral cortex, the
thalamic nuclei and the midbrain serotonergic and dopaminergic neurons. The striatum
projects to the pars reticulata of the SN and the GPi (output structures) through both a direct
and an indirect pathway. The direct pathway consists of the GABA/substance P/dynorphin-
containing striatonigral (SNR) and striatopallidal (GPi) projection neurons. The indirect
striatal projection is provided by D2/enkephalin-containing neurons that project to the GPi.
The GP1i in turn provides an inhibitory projection to the SNR and to the subthalami¢ nucleus.
The subthalamic nucleus provides an excitatory input to the SNR. These direct and indirect
pathways have opposite effects on the GAB Aergic output neurons that project to the thalamic
nuclei, the superior colliculus and the SNR (for review see [75]). The ‘balance’ between these
two pathways appears to be essential for the normal regulation of movement [3,74]. Disturbance
of the balance at the levels of the output centers of the basal ganglia are considered to be the
cause of either hypokinetic disorders, such as Parkinson’s disease (loss of dopamine), or
hyperkinetic disorders, such as Hurtington’s disease (loss of subset of striatal neurons) [56].
Neurons in the striatum can be subdivided into two subtypes depending on frequence of spines
on their dendrites: spiny and aspiny neurons [58]. The spiny neurons represent more than 90%
of the total population of striatal neurons [84,251]. The remaining neurons are considered to
be mainly interneurons. The spiny neurons all contain glutamic acid decarboxylase (GAD) the
enzyme responsible for GABA production [122]. These striatal neurons receive excitatory
(glutamatergic) input from the cortex, thalamus and amygdala (see for review [209]). Further,
they receive inputs from dopamine afferents from the SN, inhibitory GABA inputs from axon
collaterals of other spiny neurons, inhibitory input from GABA striatal interneurons as well
as inputs from cholinergic interneurons [75].

Both clinical and experimental studies have shown that the basal ganglia is especially
vulnerable to a perinatal asphyctic insult and that lesions within the basal ganglia can lead
to severe neurological deficits. For example, clinical case studies using computer aided
tomography and conventional magnetic resonance imaging (MRI) have provided evidence of
damage in basal ganglia and thalami as early as 6 h post-insult in several cases of perinatal
asphyxia [8,47,210]. Moreover, infants with more severe lesions evident on brain MR1 such
as basal ganglia lesions, showed persistent and diffuse neurological abnormalities (spastic
quadriplegia, choreoathetosis, and persistent feeding problems) after the first week of life
[161,197]. Using the Rice-Vannueci model to induce neonatal hypoxia-ischemia (P7), Nakajima
and co-workers showed that cell damage was profoundly present in both the thalamus and
striatum [169,173]. In addition, increased striatal immunoreactivity of dynorphin A and

-7



Chapfter 1

decreased striatal immunoreactivity for substance P were detected 7 days after the hypoxic-
ischemic insult (at P14) whereas neuropeptide Y-like [114] and tyrosine hydroxylase
immunoreactivity (enzyme necessary for synthesis of dopamine) were unaltered [29]. On the
other hand, the striatal cholinergic system seems to be relatively resistant to the neonatal
hypoxic-ischemic insult [28].

Similar observations were reported in studies using the global asphyxia model at term.
However, global asphyxia seems to induce more long-lasting alterations in dopaminergic
parameters within striatum; such as an increase in density of striatal TH [43] and D1 and
D2 dopamine receptor mRNA levels up to 4 weeks of age [86], and a decrease in striatal
dopamine release at 6 months of age [154]. Striatal glutamate and aspartate levels were
also decreased 6 months after the global asphyctic insult. In the substantia nigra, global
asphyxia at term caused a decrease in both GABA and aspartate levels [154].

The above-described studies provide evidence for both acute and chronic deficits in
neurotransmission within the basal ganglia after perinatal asphyxia. In addition, these studies
show that there is a selective vulnerability of different cell types within the basal ganglia to
a perinatal asphyxial insult. The reason for this selective vulnerability is not known, but it
is suggested that cell types with a high metabolic rate are more vulnerable for hypoxic-
ischemic insult. Several studies have shown that excessive release of excitatory amino
acids during asphyxia may contribute to the brain injury within the basal ganglia through
overactivation of receptors [14,140]. This overstimulation might lead to a disruption of the
neurotransmitter systems leading to a chronic imbalance in the projection pathways that control
movement. Tracer studies investigating the interactions between the neurotransmitter systems
within the basal ganglia are needed to provide more detailed information regarding the disturbed
projection pathways after perinatal asphyxia.

Cerebellum

The cerebellum plays an important role in sensorimotor coordination, adaptation, associative
learning and acquisition of spatial memory [ 135]. Whereas cortical and hippocampal regions
are involved in spatial and object recognition. The cerebellum seems to be involved in the
navigation to reach a certain object, explore a new environment and acquire spatial information
in relation to personal orientation [183]. The volume of the cerebellar cortex of pre-term
term infants, compared to term infants, is strongly related to cognitive test performance, in
particular the Wechsler Intelligence Scale for Children [4]. Furthermore, experimental stu-
dies with hemicerebellectomized (HCbed) rats demonstrated that the cerebellum is essential
for development of efficient exploration strategies. These HCbed rats displayed circling
behaviour in a maze and were not able to acquire the task if they did not learn the task before
the surgery [184]. The cerebellar cortex consists of three layers: the granular cell layer, the
Purkinje cell layer and the molecular cell layer. The granular cell layer borders on the central
white matter of the cerebellum and consists of small, glutamatergic neurons. The Purkinje
cell layer contains large, GABAergic neurons (Purkinje cells), which are considered the out-
put neurons of the cerebellum. These cells are typically located in a single row at the border
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of the granular and the molecular cell layer. The Bergmanmn glia cells (also called Golgi epithelial
cells) lay between the larger Purkinje cells and provide feedback inhibition to the granular
cells. The molecular cell layer has a low cell content and contains mainly dendritic branches
of the Purkinje cells and the Bergmann glial fibers (for reviews see [237,238].

Purkinje cells are especially vulnerable to hypoxic-ischemic insults, The teason for the
selective vulnerability of Purkinje cells is not fully understood, but several studies suggested
that it may be related to the high expression of AMPA receptors by these neurons causing
increased susceptibility to exctotoxic mediated cell death or to the high metabolic rate of
these neurons [117]. Purkinje cells are rich in calcium and calcium-buffering systems,
which are generally resistant to hypoxic-ischemic mediated cell death. Recently, Katsetos
and co-workers showed that acute hypoxia in guinea pig fetus at term reduced calbindin-D28K
immunoreactivity in Purkinje cells until 72 h after the insult [117]. More interesting, the
same group of investigators showed that immunoreactivity of calbindin-D28K in cerebellar
Purkinje cells from children with hypoxic-ischemic encephalopathy was decreased compared
to children who died without neurological and neuropathological findings [136]. Loss of Ca™
buffering proteins, such as calbindin-D28K, may contribute to delayed cell death or
degeneration within the cerebellum after neonatal hypoxia-ischemia.

Although many behavioural studies have been performed using the Rice-Vannucci model of
neonatal hypoxia-ischemia, none of these studies have investigated the relation between
cerebellar damage and behavioural function. These studies are strictly related to structural
changes within the hippocampus, basal ganglia or cortex. Using the global asphyxia model at
term, Dell’ Anna and co-workers demonstrated delayed neuronal death in the cerebellum at
postnatal day 8 as a consequence of'the asphyctic insult [ 54]. Furthermore, white matter damage
within the cerebellum was detected 3 months after the global asphyctic insult at term [125].
Yolumes of the different layers and total number of granule and Purkinje cells within the
cerebellum were, however, not affected in asphyctic rats at 2 years of age [244]. These data
provide further support for selective vulnerability of Purkinje cells to perinatal asphyxia. Loss
of Purkinje cells or their synaptic contacts may be related to the behavioural deficits observed
after perinatal asphyxia in both experimental settings and clinical cases. Further studies
exploring the issue are necessary to investigate the direct relation between cerebellar structural
changes and behavioural deficits after perinatal asphyxia.

Behavioural outcome after perinatal asphyxia

The extent of behavioural deficits produced by perinatal asphyxia can give an indication of the
extent of the CNS damage and is important for evaluating the long-term consequences of
post-asphyxial therapy. Locomotor behaviour is mostly studied using the open field task, which
can provide measurements of anxiety or spontaneous activity [102,153]. Both young and adult
rats display exploratory behaviour when subjected to anovel environment. It is believed that
this behaviour is facilitated by arousal, curiosity and fear for an unfamiliar environment.
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Normally, rats start to explore new surroundings following a short delay after placing them in
the middle of the open field. Fear and emotional state of the animal modulate this spontaneous
activity.

To evaluate sensorimotor behaviour, a wide variety of tasks were developed, such as a the
rotating treadmill, circling behaviour, latency to fall off a bridge or wire (grip task), the staircase
task [165], foot-fault test [ 1 1], postural reflex test [18], limb-placing test [ 18] and foot print
task [132,224). These simple tests can easily be applied at any age and scoring is straight
forward and unambiguous. Learning effects can however interfere with the interpretation of
the degree of sensorimotor recovery, due to repeated trials. For example, the increase in time
spent on the bridge over trials might be indicative of an underlying learning process or improved
sensorimotor performance. This makes it difficult to interpret improvement over time within
the same animal.

There are many behavioural tasks for measuring learning and memory-related behaviour, The
Morris water escape task has proven to be an exceptionally useful tool to study learning and
memory abilities of rats {57,167). During this test, rats have to learn to locate a hidden platform
with a fixed location in a water tank during repeated trials. The rat can use a learned sequence
of movements leading it to the platform or it can use the cues/objects from the environment
to orientate itself spatially (spatial reference memory). A probe trial, in which the platform
has been removed, can be used to test whether the rats actually learned the position of the
platform. During the probe trial, the spatial accuracy of the rat is determined, represented by
the time spend in the quadrant where the platform used to be (target quadrant) or by the number
of times it crosses the former platform location.

Locomotor and sensorimotor deficits in animal models for perinatal asphyxia
Animal studies using the Rice-Vannucci model (unilateral carotid ligation with subsequent
hypoxia at P7) demonstrated motor deficits in the rotarod test [110,111,239), grip task [18]
and asymmetry in limb placing and foot-faults [18] at 6 weeks of age. In addition, motor
function was abnormal in the postural reflex test at this age [ 18] and a marked impairment in
the staircase task at 3 months of age [227]. In the open field task after apomorphine
administration, lesioned rats showed a marked turning behaviour ipsilaterial to the lesioned
side [6,239]. Spontaneous activity in the open field task was increased at weaning but not
at 3 months of age [6].

Most experimental studies investigating motor deficits after term global asphyxia describe a
decrease in locomotor activity (S months of age) and anxiety (3 months of age) in the open
field task for male rats [102,153]. Hoeger and co-workers, however, did not observe this
hypoactivity in the open field task at 3 months of age [102]. At 4 weeks of age, Chen and co-
workers (1995) observed an increase in spontaneous activity, motility and rearing (~25%)
after 15-16 min of asphyxia, while following 19-20 min of asphyxia these parameters were
decreased (~50%), as compared to control rats. There were no differences observed in
sensorimotor behaviour between asphyctic and control rats using measures of limb clasping,
limb placing or turning on an inclined grid [17] at 6 weeks of age, or of the grip task or rotarod
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task at 24 months of age [244].

The above-described studies show that long-lasting locomotor deficits are induced by both
hypoxia-ischemia (Rice-Vannucci model) and global asphyxia at term. The locomotor deficits
were more subtle and less consistent in the global asphyxia model. In addition, sensorimotor
deficits were observed after hypoxia-ischemia at P7 (Rice-Vannucci) but not after global
asphyxia at term.

Learning & Memory performance after perinatal asphyxia in the rat

[n the Rice-Vannucei model, perinatal asphyxia resulted in fearning impairments in choice
reaction time task, plus-maze tasks, T-maze acquisition and Morris water escape task
(long-term reference memory), tested between 6 and 16 weeks of age [6,7,105,239,253].
Impairment of short-term memory tested using the radial maze tasks was transient in this
model, tested between 7 and 12 weeks of age [105]. Furthermore, lesioned rats were not
deficient in performing a passive avoidance paradigm at 10 weeks of age.

Global asphyxia at term had no effect on acquisition of spatial learning in the Morris water
maze at 6 weeks of age [17,153]. At 4 months of age, asphyctic rats (10, 15 or 20 min of
asphyxia) were impaired in the initial acquisition of a spatial learning task in the Morris
water maze as compared to control rats [ 17], indicating procedureal learning deficits, At 24
months of age, asphyctic rats were impaired in the ability to relearn the location of the
platform after changing the position of the platform [244]. There were no deficits found in
asphyctic rats in the multiple T-maze at 6 weeks of age [17] or 3 months of age [102].

Regeneration following perinatal asphyxia

Animal and human studies have shown that the injured CNS is capable of reorganisation. For
example, the recovery of function in patients with unilateral brain damage in the perinatal
period was demonstrated in an fMRI study. Finger movements of the affected hand produced
widespread activation of the intact, ipsilateral hemisphere, suggesting that new ipsilateral
projections were developed and functional [35]. Several criteria need to be met before functional
recovery is possible. First, the injured neuron must survive and damaged axons must be able to
regrow towards their original neuronal targets. Furthermore, the axons need to be remyelinated
and functional synapses have to be formed on the surface of the target neuron before re-
connection can be established [ 103]. The extent of functional recovery (regeneration capacity)
after injury seems to depend on the age of the patient, location and extent of the lesion as well
as individual variations in anatomical and functional connections (see for review [42]).
Moreover, environmental factors, such as living in an enriched environment and physical
rehabilitation, can lead to a robust increase in regeneration capacity [232].

Perinatal asphyxia occurs at a time when the brain is undergoing enormous growth and
remodelling. Almost 2/3 of the total number of cells in the brain is produced after birth.
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Stem and progenitor cells within the brain can proliferate and differentiate into new neurons
or glial cells. These precursor cells occur in many regions of the brain, including the
subventricular zone (SVZ), subgranular zone of the dentate gyrus (SGZ) and the granular
cell layer of the cerebellum [70,116,233]. The SVZ is the major source of myelinating
oligodendrocytes and astrocytes within the forebrain during prenatal development [146,147].
In the neonatal and juvenile rats, 8VZ cells do not migrate rostrally to the olfactory bulb as
SVZ newly generated cells do in the adult rats [146]. The age at which SVZ cells switch
from glial production to olfactory bulb neurogenesis has nat been established yet. New
neurons produced within the SGZ in the adult animal migrate into the adjacent dentate gyrus
granule cell layer [81,155). Proliferation and differentiation within the SVZ and SGZ is
regulated by many factors including glucocorticoids [33], sex hormones [222], growth
factors [120,129,241], excitatory neurotransmission [32,34], learning [80], and stress
[139,221] (see for an overview of enhancers and inhibitors of neurogenesis [182]).
Recently, Levison and co-workers reported that hypoxia-ischemia at P7 (Rice-Vannucci
model) produces long-lasting depletion of the SVZ progenitor cells. Futhermore, they showed
that many of the dying cells after perinatal asphyxia within the SVZ were oligodendrocyte
progenitor cells. At 3 weeks of age, the subcortical white matter of the rats, which had
suffered hypoxia-ischemia at P7, was poorly myelinated, depleted of oligodendrocytes and
enriched in astrocytes [ 148]. These data suggest that perinatal hypoxia-ischemia can diminish
the total number of cells within the brain by disruption of proliferation.

In adult rats, proliferation has been shown to be upregulated after injury in the SVZ and SGZ
and cortex [112,113,217,249]. Furthermore, newly made cells within the SGZ were able to
migrate into the granule cell layer of the hippocampus and differentiate inte neuronal cells
within 2 months after global ischemia in the adult rat [109]. Moreover, one study provided
evidence for newly generated neurons within adult humans. For example, Eriksson er al.
described a study with terminally ill patients, which had received the proliferation marker
bromodeoxyuridine (BrdU) to monitor tumour cell proliferation. Samples of the hippocampus
and SVZ of these patients were analysed post-mortem and newborn neurons were detected
in the granule cell layer of all individuals [62]. These data show that neuronal regeneration
can occur after injury within the adult brain. Furthermore, since neural precursors are
present throughout life, stimulation of endogenous precursors could have therapeutic potential.
Growth factors, such as BDNF, NGF and insulin-like growth factor-1 (IGF-1), play an important
role in regulating neurogenesis and synaptogenesis. For example, administration of BDNF
into the lateral ventricle has been shown to result in enhanced neurogenesis in the olfactory
bulb and striatum [ 13,18 1]. Furthermore, administration of NGF to lesioned rats (unilateral
decortication) increased the number of cholinergic boutons and synaptic contacts within the
cortex [71]. Overexpression of GF-1 was also shown to produce a persistent increase in total
number of neurons (neurogenesis) and synapses (synaptogenesis) in the hippocampus during
postnatal development [177]. These growth factors are strongly expressed during recovery of
hypoxic-ischemic insults in rats [91,94,156]. Treatment studies have proven that these factors
are able to offer neuroprotection after injury in the neonatal rat when administered centrally
or systemically [5,88,121,208].
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Little is known about regenerative processes within the CNS after perinatal asphyxia of neonatal
hypoxia-ischemia. Since the neonatal brain is more receptive to trophic factors, it is suggested
that synaptic rearrangement, neurochemical compensation and regenerative sprouting can
compensate for the loss of neurons in the developing CNS. The challenge in the absence of a
direct treatment for perinatal asphyxia is to learn to enhance adaptive compensatory responses
and modify those that do not promote normal function including for example glial scar
formation.

Therapeutic strategies

As discussed previously, perinatal asphyxia leads to brain damage which starts during the
hypoxic-ischemic insult itself (primary damage) and can continue for days or weeks
(secondary damage). The aim of therapeutic intervention in perinatal asphyxia is to prevent
the delayed neuronal death (secondary damage) and to promote functional recovery after
brain injury.

Knowledge about the molecular mechanisms involved in the pathophysiology of perinatal
asphyxia has led to the following therapeutic strategies: 1) prevention of energy depletion,
for example by administration of barbiturates or mild hypothermia; 2) decrease in
excitotoxicity, for example by blocking NMDA receptors or calcium uptake, or by free
radical scavengers; 3} reducing inflammatory response, for example by employing anti-
inflammatory agents; 4) blockade of intracellular evernts, for example by NOS inhibitors/
scavengers, free radical scavengers or anti-apoptotic agents; 5) stimulation endogenous
protection mechanisms, for example by employing growth factors; 6) combined treatment,
for example employing a cocktail containing protease inhibitors and receptor antagonists
(see for reviews [138,176,178,236]).

These therapeutic strategies have predominantly or exclusively been tested in animal models
for hypoxic-ischemic damage. Their application to the newborn human term infant has
proven to be a great challenge. Many of these promising therapeutic strategies failed to produce
clinically significant improvements in adults or are toxic. For example, clinical studies
investigating therapeutic strategies in humans with acute stroke failed to show any benefit for
the patient’s recovery in the use of calcium channel blockers or free radical scavengers.
Moreover, studies investigating the use of NMDA antagonists or the anti-inflammatory agents
in the pathophysiology of stroke were terminated because of toxic side effects
[9.20,53,87,257].

In the term human infant, barbiturates were used for the treatment of seizures in neonatal
hypoxic-ischemic encephalopathy. These studies did not however produce consistent results.
For example, a randomized controlled trial of 32 asphyctic term infants that were given
thiopental by constant infusion over 24 hrs, showed that this treatment did not reduce the
number of seizures or mortality rate. Neurclogical outcome between the asphyxiated and
control group was also similar [78]. An earlier study suggested benefits due to of the use
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of pentobarbital administered shortly after birth [215]. In addition, calcium channel blockers
and free radical scavengers were used in the human asphyxiated term infants to reduce
brain damage. A clinical study in asphyxiated infants using nicardipine, a calcium channel
blocker, as a treatment had to be discontinued because of adverse hemodynamic effects of
this agent [141]. The effect of allopurinol (40 mg/kg intraveously), a xanthine-oxidase
inhibitor and free radical scavenger, was tested on the free radical status and outcome of
severely asphyxiated infants. Allopurinol was able to decrease the amount of free radicals
in plasma, maintain stable cerebral blood volume and electrical brain activity without
inducing toxic side effects [230]. These case studies provide evidence for the use of drugs
after perinatal asphyxia but deserve a critical approach. Potent drugs, such as allopurinol,
have to be tested in randomized multicentre trials before clinical application is possible.

Although many drugs failed to provide neuroprotection in the human term infant, they were
able to reduce damage in experimental animals. This discrepancy is probably due to the
short time window of damage in the animal studies compared to humans. More important, all
these therapeutic strategies block just one individual component of the signal pathways towards
cell death leaving the door open for other inducers of cell death.

One of the most promising therapies for brain damage as a consequence of perinatal asphyxia
is mild hypothermia. Several studies have shown that post-asphyxia mild hypothermia is
safe and easy to apply [89,90]. There is, however, currently no study published describing
a beneficial effect of hypothermia in the term infant. Numerous animal studies showed that
mild hypothermia can have a neuroprotective effect by affecting multiple downstream
mechanisms of cell injury. For example, post-insult hypothermia (30°C) for 24 or 26 h,
starting directly or 2 h after the neonatal hypoxic-ischemic insult (Rice-Vannuecci model at
P7) reduced the size of cerebral infarction [239] and caspase-3 activity at 6 and 24 h after
the insult {69,226]. Post-insult hypothermia (30°C) for 26 h was able to improve cognitive
performance in the Morris water maze at 6 weeks of age. This hypothermia paradigm did
not affect functional outcome in control pups [239]. A larger decrease in temperature
(21°C) did not improve cognitive performance after hypoxia-ischemia, but prevented motor
deficits [253]. However, a number of studies using the Rice-Vannucci model showed that
the brain damage was not prevented but simply delayed by mild hypothermia (32°C, 3 h) [229].
The outcome probably depends on the temperature and time-interval of hypothermia. Recent
studies showed that mild hypothermia (30°C) is most effective in reducing cerebral injury in
the Rice-Vannucci model when applied in the first 72 h after the hypoxic-ischemic insult
[207,223].

The effect of hypothermia on the outcome of perinatal asphyxia was also studied using the
global asphyxia model at term [15]. Hypothermia, during 20 min at 15°C and after 5 min at
15°C global asphyxia, prevented an increase in NOS-dependent cGMP synthesis (measured at
P10) and a decrease in NOS-immunoreactive neurons (measured at 6 months of age) [37,152].
Furthermore, hypothermia during the asphyxial insult was also able to prevent hypoactivity in
the open field task at 5 months of age [153].
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The above described studies illustrate the potential benefit of post-asphyxial hypothermia
treatment. Although the exact mechanism of protection by hypothermia is unknown, these
studies show that hypothermia can reduce cerebral damage probably by a reduction of energy
depletion, reduction of free radical formation, nitric oxide synthesis and caspase activation.
Furthermore, it is postulated that hypothermia can lower excitatory amino acid secretion,
downregulate glutamate receptors [30,150,171,258] and reduce inflammatory response
[41,228].

Unfortunately, there are only few studies investigating long-term outcome after post-asphyxia
hypothermia. It has been suggested that hypothermia might be able to prevent cerebral
damage transiently but not permanently. Therefore, more studies are necessary to study this
important issue at the morphological, biochemical and behaviour level. However, even if
hypothermia is not able to protect permanently, above mentioned studies show that hypothermia
can provide a therapeutic window. As such it seems particularly interesting to combine
hypothermia with caspase inhibitors and anti-inflammatory agents. Recently, Adachi and co-
workers (2001) showed that a combination of hypothermia (29°C for | h) and a caspase
inhibitor, boc-aspartyl-(OMe)-fluoromethyl-ketone (BAF), provided a strong protective effect
against caspase activity, measurement 16 h after the insult, and neuronal damage at 7 days of
age [1]. This study encourages further investigations using combined hypothermia and drug
treatment.

Conclusion

Short and long-term consequences of perinatal asphyxia can easily be studied using animal
models inducing either hypoxia-ischemia or global asphyxia. Hypoxia-ischemia (Rice-
Wannucci model) produces mild or severe focal lesions depending on the duration of hypoxia
and age of induction. Global asphyxia does not produce an infarct, but damages brain areas in
which blood flow is reduced. Both necrotic and apoptotic features were observed in
degenerating cells after hypoxia-ischemia, whereas only apoptotic features were visible in
brain areas affected by global asphyxia at term. Furthermore, hypoxia-ischemia induces an
inflammatory response, in contrary to global asphyxia at term. Mitochondrial failure and
oxidative stress seem to be responsible for the activation of caspases and eventual cell death
after hypoxia-ischemia or global asphyxia.

The basal ganglia, hippocampus and cerebellum are particularly vulnerable to an asphyxial
insult. Loss of neurons in these regions can result in the functional deficits observed after
perinatal asphyxia, such as locomotor, sensorimotor and learning deficits. Long-lasting
locomotor and learning deficits were observed after hypoxia-ischemia and global asphyxia,
whereas sensorimotor deficits were only observed after hypoxia-ischemia.

We conclude that both models are able to resemble clinical features of perinatal asphyxia.
Hypoxia-ischemia induced at P7, however, induces more severe grey matter damage, whereas
global asphyxia (P0) produced mild grey and white matter damage. This is probably the result
of the different time points of inductions (P7 versus P0), since young rat are more resistant
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to hypoxia-ischemia than older rats. Furthermore, there seems to be a direct relation between
the extent of structural damage within specific brain regions and the finctional deficits after
the insult in both models.

Long-term functional consequences are dependent on the extent of the injury and regenerative
capacity, Understanding the mechanisms of neurenal plasticity is essential in order necessary
to design appropriate strategies to up- or down-regulate plasticity changes and to promote
recovery of function after perinatal asphyxia. Little is known however about the regeneration
capacity and compensatory mechanisms after neonatal hypoxia-ischema or global asphyxia.
Although there is no intervention that can be recommended for the treatment of clinical
brain damage after perinatal asphyxia on the basis of consistent randomized trial evidence,
considerable progress has been made concerning the use of post-insult mild hypothermia.
Post-asphyxia hypothermia has been proven to be effective in animal models and non-toxic
ininfants. A large multicentre trial of mild cooling for infants that suffered of perinatal asphyxia
is currently in progress.
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Chapler 2

Abstract

Adequate tissue preparation is essential for both modern stereological and
immunohistochemical investigations. However, combining these methodologies in a single
study presents a number of obstacles pertaining to optimal histological preparation. Tissue
shrinkage and loss of nuclei/nucleoli from the unprotected section surfaces of unembedded
tissue used for immunohistochemistry may be problematic with regard to adequate
stereological design. Inthis study, frozen cryostat sections from hippocampal and cerebellar
regions of two rat strains and cerebellar and cerebral regions from a human brain were
analyzed to-detérmine the potential impact of these factors on estimates of neuron number
obtained using the optical disector. Neuronal nuclei and nuclecli were clearly present in
thin sections of snap-frozen rat (3 pm) and human (6 pm) tissue, indicating that neuronal
nuclei/nucleoli are not unavoidably lost from unprotected section surfaces of unembedded
tissue. In order to quantify the potential impact of any nuclear loss, optical fractionator
estimates of rat hippocampal pyramidal cells in areas CA1-3 and cerebellar granule and
Purkinje cells were made using minimal (1 wm) upper guard zones. Estimates did not differ
from data reported previously in the literature. This data indicates that cryostat sections of
snap-frozen nervous tissue may successfully be used for estimating total neuronal numbers
using optical disectors.
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Introduction

The use of thick cryostat sections (up to 700 pm) and thick methacrylate sections (up to 70
pm) has become routine for estimating total neuronal numbers using the optical disector
(concerning the use of cryostat sections see [9, 25, 26]; concerning the use of methacrylate
sections see [4, 13, 30]). Methacrylate sections have an advantage over crvostat sections
in that they show less shrinkage in section thickness during histological processing (in the
following text, shrinkage in section thickness will be addressed by a thickness shrinkage factor.
By definition, a thickness shrinkage factor of 1 means that there is no shrinkage in section
thickness, whereas a thickness shrinkage factor of, say, 0.33 means that the original section
thickness was three times the thickness afier histological processing). The thickness shrinkage
factor for methacrylate sections has been reported as between 1 [27] and 0.78 [ 1 7], while the
thickness shrinkage factor for cryostat sections of formalin-fixed nervous tissue has been
found to be between 0.8 [9] and 0.32 [24]. However, there are two major disadvantages of
thick methacrylate sections with respect to the application of the optical disector. First,
methacrylate sections may show a substantially lower density of neurons in the core than in
the upper and lower margins of these sections due to compression of the tissue edges by the
knife blade during sectioning | 7, 29]. Second, it is impossible to label specimens adequately
using immunohistochemical techniques or fluorescent markers since the methacrylate resin
is not removed from the cut specimens [1, 19].

In the cerebellar nucleus dentatus a loss of all nucleoli of neurons in the upper 5 pm (related
to the original section thickness) and almost all nucleoli in the bottom 10 pum has been reported
in 100 um thick vibratome sections of a human brain fixed for approximately 10 years in
buffered formalin [1]. The authors suggested that cells in the unprotected section surfaces of
the unembedded tissue may have lost their nuclei when hit by the knife.

Loss of nucleoli or even nuclei at the sections edges may seriously affect reliability of neuron
counts. In order to address this problem, Andersen and Gundersen (1999) suggest that when
using the optical disector for counting neurons, one must respect rather large guard zones,
sometimes on the order of the cell’s diameter, at the upper and lower surface of thick sections
of unembedded tissue [ 1 ]. However, use of such large guard zones is difficult when combining
stereology and immunohistochemistry. For example, in a confocal laser microscopy optical
disector study quantifying GABAergic neurons in the mouse hippocampus, Jinno et al. found
that GAD67 immunostaining for somatic profiles reliably penetrated the section 14 pm from
the surface but was markedly decreased at 18 pm from the surface (perfusion-fixed brains; 50
pum thick vibratome sections; mean thickness shrinkage factor = 0.70) [11]. Therefore, they
used optical sections 2 pm from the upper surfaces as look-up sections of the optical disectors,
and those 4 - 12 um from the surfaces as reference sections. The authors emphasized that
there were no appreciable differences in the numbers of immunoreactive somatic profiles
between the optical sections near the upper surfaces and those at 14 pm from the upper surfaces
of'the investigated sections.

It cannot be excluded that the loss of neuronal nuclei or nucleoli across unprotected section
surfaces reported by Andersen and Gundersen (1999) may also occur in sections of snap-
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frozen nervous tissue. However, dependent on the study objectives, it may be most appropriate
to use snap-frozen sections for counting neurons with the optical disector. For example, several
studies in rats have demonstrated that postnatal experiences such as handling or matemnal
deprivation alter glucocorticoid mRNA receptor expression levels [18, 28]. Since modulation
of peripheral glucocorticoid levels might be associated with glucocorticoid-induced alterations
of neuronal numbers in the central nervous system, it might be worthwhile to estimate neuronal
numbers on adjacent slices of such brains. The most prudent experimental design would be to
use brains that have been snap-frozen immediately after decapitation and apply modern
stereological techniques to sections corresponding with the in situ hybridization sections.
Therefore, it is the aim of the present study to evaluate whether or not there is a general loss
of nuclei or nucleoli in the upper 5 wm (related to the original section thickness) of serial
cryostat sections of snap-frozen rat or human brains. Furthermore, we addressed the question
whether or not sections of snap-frozen rat brain may be used for counting neurons using the
optical disector. To do this, we estimated the mean total number of hippocampal pyramidal
cells and cerebellar granule and Purkinje cells in the brains of adult rats using cryostat
sections and the optical fractionator, deliberately placing the top of the counting frames
only 1 pm below the upper surface of the sections. The results were compared with data
reported in the literature,

Materials and methods

Experiment 1

Experiment 1 was carried out using the brains of a 7-month-old male Lewis rat (L), al-
month-old male Wistar rat (W), and a 29-year-old male human (H) who died of a drug
overdose but was without known neurological or psychiatric disorders. Investigations were
approved by the Ethical Boards of Hannover District Government (Hannover, Germany)
(L), the Studiecentrum voor Kernenergie / Centre d'Etude de I’Energie Nucléaire (CEN-
SCK; Mol, Belgium) (L), and the Faculty of Medicine at the University of Wuerzburg
(Wuerzburg, Germany).

After decapitation of the Lewis rat, the brain was quickly removed from the skull and
immediately frozen in a bucket containing 2-methylbutane kept at -50°C on dry ice. The
brain was stored at -80°C, then moved to a freezer at -20°C fifteen hours before cutting. A
parasagittal cut was made in the right brain half approximately 3 mm from the mediosagittal
line. The resulting surface was used to mount the brain on the specimen holder of a cryostat
(HM500 OMYV, Microm, Germany) using Tissue-Tek (Sakura, Japan; temperature in the
box -15°C, temperature of the specimen holder - | 0°C). Serial sagittal sections of varying
thickness (3 pum to 100 pm) of the left hemisphere were cut using disposable 76-mm
microtome blades (Feather, Japan). Sections were thaw-mounted onto gelatinized glass
slides (room temperature, RT) and dried on a heating plate for 1 h at 37°C. Sections were
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fixed for one hour in acetone (RT), stored for 20 min in Na-acetate buffer (0.2 M; RTY, stained
with cresylviolet [0.01%, 20 min; Merck, Germany), and coverslipped using DePeX" (Serva,
Germany).

The Wistar rat {W) was anesthetized with chloralhydrate (0.005 ml/g body weight [BW], i.p.)
and perfused with 0.1% procaine in Ringer’s solution (37°C; 20 8} followed by 4% formalin
in saline (RT, pH 7.2; 10 min). After opening the skull, the head was fixed for approximately
24 h in 4 % formalin at 4°C. The brain was removed, halved in the mediosagittal line, and
further fixed for 10 days in 4% formalin at 4°C. After rinsing the left half of the brain for 12
hintap water, it was cryoprotected using increasing sucrose 0.1 M Tris buffer solutions (pH
7.4;4°C; 10% for 24 h, 20% for 24h, 30% for 48h). The brain half was frozen in Tissue-Tek
and cut into serial sagittal sections of varying thicknesses (6 pm to 100 pm) on a cryostat
(temperature in the box -20°C, temperature of the specimen holder -15°C). Here we were not
able to obtain thinner sections with adequate gross morphology. Sections were thaw-mounted
onto gelatinized glass slides (RT), dried for 1k at 37°C on a heating plate, and stored for 24 h
at 37°C in a thermostatically-controlled oven. Sections were degreased with Triton X-100
(Merck, Germany; 0.025%, 20 min), stained with cresylviolet (0.01%, 20 min}, and
coverslipped using DePeX™.

The human brain was immersion-fixed in 10% aqueous formalin solution for 24 months.
Blocks of cerebral and cerebellar cortex approximately 1.5 cm® were cut from the brain.
These blocks were processed as described for the Wistar rat brain, starting with the 12 h tap
water rinse. Serial sections of varying thicknesses (5 pum to 100 pm) were collected. We
were not able to obtain thinner sections with adequate gross morphology. In addition to
staining with cresvlviolet, some sections were stained with gallocyanin (0.15%, 24 h).
All sections were examined for the presence of neuronal nuclei and nucleoli using a Leitz
Ortholux II light microscope {Leitz, Germany) and a 40x objective (Leitz NPL FL 40, NA =
0.70) and a 100x objective (Leitz NPL Fluotar 100, oil, NA = 1.32). Representative
photomicrographs were taken from hippocampal area CA3 (L, W), cerebellar cortex (L, W,
), and cerebral cortex layer V (H) of the thinnest sections for each subject.

Experiment 2

Experiment 2 was carried out using two groups of rats. The first group consisted of six 7-
month-old Fischer 344 rats, and the second group of six Lewis rats of the same age.
Investigations were approved by the Ethical Board of Hannover District Government
(Hannover, Germany). Animals were housed at the Central Animal Laboratory at Hannover
Medical School (Hannover, Germany; specific pathogen free [SPF] conditions, three animals
of the same gender per cage, air-conditioned rooms, 24°C, 60% humidity, 12:12 hr light:dark
cycle with artificial lights on at 7:00 a.m., free access to water and Altromin rat chow). The
brains were processed as described for the Lewis rat in experiment 1. The entire left brain
half and the rest of the right brain half were serially cut into 100 pm thick sagittal sections.
The boundary between left and right brain half was determined by inspection of the sections,
considering landmarks at the middle of the brain such as third ventricle, fourth ventricle,
medial parts of the hippocampus etc. Estimates of total number of neurons in specified
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regions of the left hemispheres were carried out using the optical fractionator [5] (applied as
recommended by [23, 24]) and a C.A.8.T. - Grid system (Olympus, Denmark), consisting of a
modified light microscope (type BX50, Olympus), Olympus UPlanApo objectives (40x%, oil,
NA = 1.0 and 100x, oil, NA = 1.35), a motorized specimen stage for automatic sampling
(Maerzhaeuser, Germany), an electronic microcator (Heidenhain, Germany), a CCD colour
video camera (JAL, Denmark), a PC (IBM, England) with framegrabber board (type Screen
Machine I, Fast Multimedia, Germany), installed C.A.8.T.-Grid software (Olympus), and a
17 television screen monitor (IBM). Every third section of the left brain halves were
investigated. All hippocampal pyramidal cells (areas CA 1-3; distinguished from area CA4 and
the subiculum as depicted in [25]) were counted when the top of the nucleus came into focus
within optical disectors systematically and randomly spaced throughout this brain region.
Therefore, the top of the nuclei (not the nucleoli) served as counting unit. All details of the
counting procedure are summarized in Table 1. Optical disectors were also used for counting
cerebellar granule and Purkinje cells, also using the top of the nuclei as counting unit. Details
of the counting procedures are also given in Table 1. Thickness of the sections was measured
according to West er al. [32]. Using the corresponding oil objective and the microcator
attached to the stage, the distance between the upper and lower surface of the section, identified
by focusing up and down on the section, was measured at the position of every fifth optical
disector. The mean tissue thickness was used as the section thickness for the series cut from
that individual. Estimated total neuronal numbers were calculated from the number of counted
neurons and the sampling probability [5, 23, 24]. Coefficients of error of the estimated total
neuronal numbers were calculated as the reciprocal values of the square root of the numbers
of counted neurons [23, 24]. Differences in the mean total neuronal numbers were tested by
the Mann-Whitney test. Differences were considered to be significant if P < 0.05. Calculations
were carried out with GraphPad Prism version 3.00 for Windows (GraphPad Software, USA).

Table 1. Details of the stereological analyses of experiment 2.

_ Fischer344  Lewis
Qerebemari Purkinje cells

gsf 0.333 0.333 0.333 0.333 0.333 0.333

Objective 40x 40x 100x 100x 40x 40x
frame (pm?) 3,060 3,060 197 197 18,357 18,357
height (pm) 7 7 3 3 7 7

top of frame (um) -1 -1 -1 -1 -1 -1
steps (X, Y;um) 225 225 600 600 400 400
Figf 0.060 0.060 0.00055 0.00055 0.115 0.115
tsf 0483 0.185 0.193 0.193 0.380 0.386
(ssfxasf xgr)' 258 268 37,732 37.865 71 68
mean S Qr 2,345 2,240 1,292 1,369 2,087 1,960
mean S cs 700 624 480 478 774 6@5

ssf, gection sampwling@fracﬁon\; asf, area sampling fraction; s » average thickness sampling
fraction; (ssf x asf x (57 )", reciprocal value of the sampling probability; mean S Q, mean number
of counted neurons; mean S ¢s, mean number of analyzed counting spaces.
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Results

Representative photomicrographs of rat tissue used in experiment 1 are shown in Figure 1.
Nuclei and nucleoli were observed both in hippocampal area CA3 and cerebellar cortex,
even on 3 to 6 um thick sections. The quality of the sections facilitated unambiguous
identification of the investigated types of neurons. Representative photomicrographs of human
tissue described in experiment | are shown in Figure 2. Nuclei and nucleoli were observed
both in cerebral and cerebellar cortex, even on 5 um thick sections. The quality of the human
tissue sections also facilitated unambiguous identification of the investigated types of neurons.
Rarely were nuclei with more than one nucleolus observed.

Estimated total numbers of hippocampal pyramidal cells in areas CA1-3 and cerebellar
granule and Purkinje cells of the rats investigated in experiment 2 are shown in Figure 3A
and Table 2. There were no significant differences between the Fischer 344 and the Lewis
rats with respect to estimated mean total numbers of hippocampal pyramidal cells in areas
CA1-3 (P =0.937), cerebellar granule cells (P = 0.240) and Purkinje cells (P = 0.699).
Figure 3B displays the actual thickness of the analyzed sections for estimating the total
numbers of neurons shown in Fig. 3A. No significant differences in mean tissue thickness
of the hippocampal areas CA1-3 (P = 0.180) or the cerebellar granule cell layer (P = 1.000)
were found between the Fischer 344 and the Lewis rats. However, for the cerebellar Purkinje
cell layer, a very small but significant difference was found between the Fischer 344 and the
Lewis rats (Mann Whitney test; P = 0.002). Mean predicted coefficients of error of the
estimated total neuronal numbers varied between 0.021 and 0.028. Mean thickness shrinkage
factors were 0.37 for hippocampal areas CA1-3, 0.156 for cerebellar granule cell layer and
(1.185 for cerebellar Purkinje cell layer. The estimated mean total neuronal numbers presented
here are consistent with previous estimates shown in Table 3 and 4.

Table 2. Results of the stereoclogical analysis of Section 2.2

Group. Fischer344 Lewis  Fischer344 Lewis  Fischer 344 Lewis
Celitype ~ HPC (areaCA1:3)  Cerebellargranule cells. ~  Purkinje cells
# of cells - mean 604,457 603,439 48,738,689 51,848,939 144,647 132,742
#ofcells-SEM 28,442 41,421 3,874,494 2,794,518 11,333 7,128
mean predicted 0.021 0.021 0.028 0.027 D022 0.023

coefficient of error

-57 -



Chapter 2

Figure 1. Photomicrographs of cryostat sections of rat brains, demonstrating the presence
of neuronal nucleoli in 3 to 6 um thick sections. (A, B) Brain of a 7 month old Lewis rat,
snap-frozen, 3 pm thick sagittal section stained with cresylviolet, hippocampal area CAS.
(C, D) Same section, cerebellar granule and Purkinje cell layers. (E, F) Brain of a one month
old Wistar rat, perfusion-fixed with formalin, 6 pm thick sagittal section stained with
cresylviolet, hippocampal area CA3. (G, H) Same section, cerebellar granule and Purkinje
cell fayers. Nucleoli are marked by arrows. Bar, 20 ym.
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Figure 2. Photomicrographs of cryostat sections of a human brain (male, 29 years old,
immersion-fixed with formalin for approximately 24 months), demonstrating the presence
of neuronal nucleoli in 5 pm thick sections. (A, B) Section stained with cresylviolet, cerebral
cortex, layer V. (C, D) Section stained with cresylviolet, cerebellar granule and Purkinje
cell layers. (E, F) Section stained with gallocyanin, cerebral cortex, layer V (G, H) Section
stained with gallocyanin, cerebellar granule and Purkinje cell layers. Nucleoli are marked
by arrows. Bar, 20um.
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Table 3. Compilation of estimated mean total numbers of HPC

[this study] Fischer 344 Male 7 604,457
fthis study] Lewis Male 7 503,439
Rapp and Gallagher (1896) Long-Evans Male 6 » 605,000
Rapp and Gallagher (1996) Long-Evans Male 27-28 » 625,000
West et al. (1981) Wistar 2 1 632,000
Rasmussen et al. (1996) Wistar Male 2 930,000
Sousa et al. {1999) Wistar Male 7 » 660,000
Lukoyanov et al. (2000} Wistar Male 9 » 650,000
Lukoyanov et al. {1999) Wistar Male 14 687,000
Rasmussen et al. (1996)  Wistar Male 24 1,020,000

Data are given as unilateral values. T, data obtained using methacrylate sections and the optical
disector.

Hippocampel pyramidal cells Cerabellar granule cells Cerballar Purkinje calls
{area CA1-3) 2
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Fischer 344 Lewis Fischer 344 Lewis Flscher 344 Lewis
Group

Figure 3. (A) Estimated total numbers of hippocampal pyramidal cells in areas CA1-3 and
cerebellar granule and Purkinje cells of 7-month-old male Fischer 344 rats and 7-month-
old male Lewis rats. There are no significant differences between the Fischer 344 and the
Lewis rats. (B) Actual thickness of the analyzed sections for estimating the total numbers of
neurons shown in (A). Note that there are only small differences in section thickness bet-
ween the Fischer 344 and the Lewis rats, but considerable differences between
hippocampal areas CA1-3 and the cerebellar granule and Purkinje cell layers.
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Table 4. Compilation of estimated mean total numbers of cerebellar granule cells (CGC)
and Purkinje cells (CPC} in the rat brain.

[this study] Fischer 344 Male 7 97,477,378 289,294
[this study] Lewis Male 7 103,697,879 265,484
Bedi et al. (1992) Lister ? 1 204,300
Bedi et al. (1992) Lister ? 2 188,200
Bedi et al. (1992) Lister ? 7 253,800
Armstrong and Schild Wistar Male 2.5 326,000
(1970)

Harvey and Napper Wistar ? [adult] 92,000,000 338,000
(1988)

Hillman and Chen (1981) Wistar ? [adult] »90,000,000 278,000
Larsen et al. (1994) Wistar Male 4 » 300,000,000 = 780,000
Korbo et al. (1993) Wistar Male 7 265,000,000 610,000

Results presented in this study (Table 2) were doubled to make comparisons with data in the
literature easier. 1, data obtained using paraffin sections and a modification of the fractionator; 1,
data obtained using methacrylate sections and the optical disector.

Discussion

Recently, Andersen and Gundersen (1999) reported a loss of all nucleoli of neurons in the
upper S pm of 100 pum thick vibratome sections in the cerebellar nucleus dentatus of a
human brain, as well as a loss of almost all nucleoli in the lowest 10 um of these sections
[1]. The authors suggested that in this unembedded tissue, cells hit by the knife may have
lost their nuclei across the unprotected section surfaces. The results of experiment 1
presented here clearly show that this is not a general feature of sections of unembedded
tissue. Even in 3 pum thick serial sections of snap-frozen rat brains (i.e., of tissue without
any fixation before sectioning), we were able to detect many nuclei and nucleoli of hippocampal
pyramidal cells and cerebellar Purkinje cells (Fig. 1 A-D). The same was found for 6 um thick
sections of rat brains following perfusion-fixation with formalin (Fig. 1E-H) and for 5 pm
thick sections of human brain following immersion-fixation with formalin (Fig. 2). The
differences between these results and the findings of Andersen and Gundersen (1999) are
likely due to differences in the manmer of preparing brain sections [1]. Protocols for obtaining
adequate cryostat sections of the rodent brain for optical disector analysis are given above.
Corresponding protocols for the human brain may be found in this issue of the Journal of
Chemical Weuroanatomy [9,20].

Based on their finding of a lack of nucleoli in the upper 5 pm and the lower 10 pm of their 100
wm thick vibratome sections, Andersen and Gundersen (1999) concluded that one must respect
rather large guard zones close to the upper and lower surfaces of thick sections of unembedded
tissue if using the optical disector for counting neurons [ 1]. However, the results of ex periment
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2 show that the use of large guard zones are not necessary in order to reliably estimate total
neuronal numbers using the optical disector in all unermbedded tissue. When placing the top
of the counting frames only 1 pm below the upper surface of the sections of the snap-fmzem
ral brains, we obtained estimated total numbers of hippocampal pyramidal cells and cerebellar
granule and Purkinje cells which were similar to data reported in the literature (Tab]g 3 and 4;
data obtained using methacrylate sections and the optical disector are marked). The reason
why Korbo et al., Larsen ef al. and Rasmussen er /. have obtained higher estimates t}mlzm
reported earlier in the literature has not been discussed by these authors and remains therefore
unknown [12, 14, 22].

The reason for the greater thickness shrinkage found here for the cerebellum than for the
hippocampus is unknown (mean thickness shrinkage factor of 0.156 for cerebellar granule
cell layer and 0.185 for cerebellar Purkinje cell layer, and 0.37 for hippocampal areas CA -
3). Interestingly, this difference between cerebellum and hippocampus was not observed for
100 pm thick sagittal cryostat sections of mouse brains perfusion-fixed with formalin (mean
thickness shrinkage factor of 0.32 for cerebellar granule and Purkinje cell layer, and 0.34 for
hippocampal areas CA1-3; [25, 26]; all mentioned hippocampal data are similar to thickness
shrinkage factors which can be calculated from data previously reported for frozen sections
of the rat striatum [ 15, 311). This points to the need for determining the actual section thickness
for any analyzed area rather than to use correction factors for tissue shrinkage reported in the
literature. Note that the studies by Schmitz er al. provide protocols for obtaining reliable
estimates of total neuronal numbers using cryostat sections of cryoprotected tissue of
perfusion-fixed animals, which may also be used for immunohistochemical or in situ
hybridization analysis [25, 26].

To summarize, cryostat sections of snap-frozen nervous tissue may successfully be used for
estimating total neuronal numbers using optical disectors. Contrary to methacrylate sections,
the use of cryostat sections of snap-frozen tissue opens the possibility for combining estimates
of total neuronal numbers with any kind of histological, cellular, or molecular analysis of
adjacent sections of the same brain. It can be expected that such combined investigations will
be one of the most dynamic aspects of applied neurostereology in the near future.
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Abstract

Perinatal asphyxia can lead to cell damage in various regions of the brain, such as the
neostriatum. In this study, we investigated the mechanism of cell death that leads to newron
logs in the neostriatum of rat pups. Asphyxia was induced by immersing fetus-containing uterus
horns in a water bath at 37°C for 20 min. This led to an increase in mortality rate (+ 40%)
compared to control pups (0%). TUNEL-positive cell profiles were visible in all groups at
postnatal day (P) 2, P8 and P15, peaking at P8. A significant increase of 40% at P8 and 45%
at P15 in the number of TUNEL -positive cell profiles was observed in asphyctic rats compared
to control rats. Nuclear condensation and fragmentation was visible with the DNA stain Hoechst
33324. Furthermore, laser scanning confocal microscopy showed multiple DNA fragments
in TUNEL-positive cell profiles. We found a decrease of 16% in the total number of striatal
neurons in the asphyctic pups compared to the control pups at 21 days post-asphyxia using
stereology. These data show that asphyxia causes exaggerated apoptotic cell death during the
first week of life and as a consequence a small amount of neuron loss in the neostriatum.
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Introduction

Complications during pregnancy or birth, such as asphyxia, can have a long-term effect on the
developing brain. These insults cannot only lead to mental retardation and/or motor disabilities,
but also to mortality [5, 55, 66]. Many studies have tried to unveil the mechanism for the
pathologic processes leading to cerebral dysfunction [3, 13]. Cellular mechanisms, such as
the presence of antioxidant defense systems, the development and modulation of excitatory
neurotransmitter receptors and Ca**-dependent mechanisms, have been shown to be important
determinants of the susceptibility of the developing brain to asphyxia [44, 54, 62]. Furthermore,
certain regions in the brain, such as the neostriatum, thalamus and hippocampus seem to be
more vulnerable to a hypoxic insult [1, 14, 40, 47].

Cell death in the immature brain is mostly studied using the TUNEL (terminal
deoxynucleotidyl transferase (TdT) -mediated dUTP nick-end labeling) assay, DNA markers,
histological staining methods or electron microscopy (EM) [12, 27, 50]. In the TUNEL assay,
TdT binds to exposed 3°-OH ends of DNA strand breaks, generated principally by apoptosis
signals [17]. Apoptosis and necrosis are distinguished on the basis of different morphological
and biochemical characteristics, such as organized chromatin condensation and preservation
of plasma membrane integrity in apoptosis contrast with cytolysis and tissue inflammation in
necrosis [29, 30, 68]. Several observations have shown that apoptosis plays an important role
in the central and peripheral nervous system, where it regulates developmental, physiological
and pathological cell death [53,67].

Several animal models are used to study shori-term and long-term effects of perinatal
asphyxia [9, 28]. In our study, we use an animal model that induces global asphyxia during
delivery, leading to chronic neurotransmitter alterations such as an increase in striatal dopamine
levels and a decrease in gamma-amino butyric acid (GABA) and aspartate levels [10, 15, 34,
35, 36]. Furthermore, an increase in the number of TUNEL-stained cells has been shown in
this model in the frontal cortex, striatum and cerebellum at postnatal day P8 [14]. However,
none of these studies showed neuron loss due to perinatal asphyxia in the aforementioned
brain areas.

Since the striatum is one of the most vulnerable regions of the brain for perinatal asphyxia,
we determined neuron damage and neuron loss in this area, as a consequence of perinatal
asphyxia, using a modern quantitative neuro-anatomical approach. We applied TUNEL to
label double-stranded DNA breaks. In addition, we analyzed brain sections for morphological
changes, such as nuclear condensation and fragmentation with Hoechst and Hematoxylin-
Eosin staining, in conjunction with confocal microscopy. Finally, we investigated neuron
loss by using state-of-the-art stereology.
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Materials and methods

Animuals

Forty-two full-term pregnant Wistar rats and their male pups (n =72} were used. Dams were
purchased from Charles River-Broekmans (Someren, The Netherlands). They were hqgsed
in the Animal Care Department of the University of Maastricht under standard conditions
(12:12 h light:dark cycles, 20°C, with free access to standard laboratory chow and water). The
ethical board of University of Maastricht approved animal care and procedures.

Induction of perinaral asphyxia “
Asphyxia was induced in rat fetuses at PO by placing the uteri and its contents in a water
bath for 20 minutes, as described previously in Van de Berg et al. [65]. Briefly, dams were
decapitated immediately after one or two pups were delivered vaginally (CVD) on day 21
or 22 of pregnancy. Afterwards, dams were rapidly hysterectomized and the uterus horns
containing the remaining fetuses were detached and one horn was placed in a water bath at
37°C for 20 min (severe perinatal asphyxia; SPA). The other horn was rapidly opened and
pups were removed and placed in an incubator at 37°C (time of procedure < 30 sec; control
cesarean delivery; CCD). After 20 min in the water bath (SPA), pups were removed from
the uterus horn and stimulated to breath by cleaning skin and by gently padding them on the
chest. The maximal duration of the resuscitation was 5 minutes. If a pup was not able to
gasp, it was excluded from the study. The procedures for cleaning and resuscitation were
performed in an incubator at 37°C. The pups were left to recover for 60 min in the incubator,
marked and then placed with a surrogate mother. Each surrogate mother received 10 pups.
The percentage of mortality in the SPA group was +40%. All pups belonging to the control
groups (i.c., CVD and CCD) were gasping immediately after birth and all survived.

General technical procedures

At P2, P8 and P15, the pups were anaesthetized with sodium pentobarbital (60 mg/kg; i.p.;
Nembutal) and perfused through the heart (50 mmHg), first with tyrode, followed by the
fixative containing 4% paraformaldehyde and 2% picric acid in 0.1 M phosphate buffer
(PB, pH 7.6, room temperature; RT). Fol lowing perfusion, the brain was removed from the
skull and postfixed for 24 hours at 4°C in 4% paraformaldehyde in 0.1 M PB for TUNEL
and Hematoxylin-Eosin (HE) staining, or for 72 hours at 4°C in the same solution for stereology.
Brain tissue was cryoprotected either by immersion in 15% sucrose/0.1 M TBS overnight at
4°C for TUNEL and HE staining, or by immersion in 30% sucrose/0.1 M TBS for 48 hours at
4°C for stereological analysis. Afterwards, the brain was quickly frozen by placement in
isopentan for 25 sec, cooled with liquid nitrogen and stored at -80°C until further processing.

TUNEL labeling of dying cells

The brain was entirely cut to serial, 16 pm thick, coronal sections on a cryostat. Every eight
section was used for TUNEL staining by using the method developed by Gavrieli et al, [17],
slightly modified to accommodate frozen sections of pup tissue. Sections were penneabifized
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for 15 min using methacarn (methanol: chloroform: acetic acid = 66:33:1; v/v/v), rinsed in
TBS (2 x 10 min) and incubated in terminal transferase (TdT) buffer (1 M potassium cacodylate,
125 mM Tris, Bovine serum Albumin (BSA) 1.25 mg/m] and 25 mM cobalt chloride (pH 6.6,
25°C), TdT (0.3 e.u/pl) and biotinylated dUTP (0.04 mM) (Boeliringer Mannheim, Indianapolis,
IMN, USA} in a humid chamber at 37°C for 2 hr. During incubation, sections were covered with
20 pl of the incubation solution and coverslipped with parafilm. The reaction was stopped by
placing the slides in 2x SSC buffer (300 mM sodium chloride, 30 mM sodium nitrate; pH 7.6)
for 20 min at RT, followed by TBS for 10 min. Subsequently, streptavidin-Cy3 (1:2000 dilution;
for 60 min at RT) was used to visualize nuclei labeled with biotinylated dUTP. After washing
in TBS, sections were counterstained with Hoechst 33324 (1:1000 dilution; 60 min at RT;
Sigma], rinsed again in TBS and mounted with TBS:glycerol (1:3).

As a negative control, sections were subjected to the above procedure, with either TdT or
biotin-16-dUTP omitted. As a positive control, sections were pretreated with 1 pg/ml
DNAse (Boehringer Mannheim, Indianapolis, IN, USA) for 60 min at 37°C prior to the
incubation with the TdT reaction mixture. All cell nuclei were positively stained after
DNAse treatment.

Quantitative and confocal analysis of TUNEL-stained cells

TUNEL-stained cells were counted in tissue of 6 rats of each group (SPA, CCD and CVD)
at each of the following time points: P2, P8 and P15. To do so, all stained sections were
analyzed which contained the striatum, starting at Bregma 2.20 mm. Sections were examined
at a magnification of x400 with an Olympus AX-70 microscope, using epifluorescent
illumination {using the counting method described by Capurso ef al. [7]). All TUNEL-stained
cell profiles in the striatum were counted regardless morphology, using the corpus callosum
and lateral ventricle as landmarks. The total number of positive cells in each rat was estimated
by multiplying the sum of TUNEL-stained cell profiles in all sections by the sampling interval
(i.e., equal to eight). Furthermore, for every TUNEL-stained cell profile it was checked whether
the respective cell was highly pyknotic and whether the nucleus was fragmented, with the
Hoechst 33324 staining.

Laser scanning confocal microscopy was performed to visualize and localize fragmented
DNA strands with a Leica TCS NT system {Leica Microsystems, Heidelberg, Germany). The
argon-krypton laser was used to excite the fluorechromes at 568 nm (Cy3). The fluorescence
emission was separated with a 5380 nm dichroic beam splitter first. Thereafter, the CY3
fluorescence was selected by a 590 nm long pass filter. This way cross-over fluorescence was
negligible. Distribution and amplitude of fluorescent structures were characterized on dynamic
sequences of images (32 images).

Analysis of HE stained sections

For each TUNEL-stained section, the adjacent section was stained with Hematoxylin-Eosin
(HE). Representative TUNEL-stained cell profiles in the TUNEL-stained sections were
identified in the adjacent HE sections and checked for nuclear and cytoplasmic morphology.
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Stereological analysis _
For stereological analysis 18 rat pups (n=6 for each group) were perfused at P21. At this
time-point, there were no TUNEL-positive cells visible. Brain tissue of the pups was entirely
cut to serial, 100 pm thick coronal sections. Due to inadequate dissecting and staining
results, the brain from one SPA pup and one CCD pup was excluded from the study. Every
second section was used for stereological analysis (starting randomly with either the first or
the second section), yielding 8-10 sections per animal. Sections were stained with cresyl
violet (0.01%, 35 min). Estimates of total striatal neuron numbers were conducted using the
optical fractionator [21, 56].

All striatal cells were counted at a final magnification of x3,600, which came into focus
within approximately 450 systematically randomly spaced optical disectors through the left
striatum (distance between disectors in mutually orthogonal directions x and y on the sections:
250 pm). Disectors were 10 um high in an average actual section thickness of approximately
31 pm, measured with an electronic microcator attached to the microscope. The frame area
was 246 um’. All quantification was done with the C.A.S.T.-Grid software (Olympus,
Denmark). Estimated total numbers of neurons were calculated from the number of counted
neurons (on average approximately 600 striatal neurons per animal) and the sampling probability
[21, 56]. Sampling was optimized for prevention of type II error probability due to stereological
sampling [23, 57, 58]. The precision of the estimated total numbers of neurons was predicted
as recently explained in detail [19, 56].

Statistical analysis

The Kruskall-Wallis test was applied to test the effect of perinatal asphyxia regarding the
number of TUNEL-stained cell profiles and the total number of striatal neurons. Mann-
Whitney-U tests were applied to test whether or not the means were significantly different
from each other (pair wise comparisons). Differences were considered to be significant if
P<0.05. The multistage Bonferroni correction was applied to reveal unacceptably high levels
of type I error [59]. All calculations were done using the Statistical Package for the Social
Sciences (SPSS Inc., Vermont, USA).

Results

Morphology

High-resolution light microscopic analysis ofasphyctic rat brains and control rat brains resulted
in a similar range of neurodegenerative profiles. No distinction based on morphological
features was possible between developmental cell death and cell death induced b'y perinatal
asphyxia. Morphological features of apoptosis, such as condensation, shrinkage and
:ﬁ’ymglmuzntﬂtion were seen in sections of both asphyctic and controls. No vacuolated type or
necrotic type of morphology was detectable (Figure 1). Degenerating neurons were darkly
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stained with HE and their size and shape was irregular. Nuclear fragmentation was visible with
HE, TUNEL and with Hoechst 33324 staining within 85% of the stained cells. Fragmented
cells were often more eosinophilic than other cells. Furthermore, confocal analysis showed
internucleosomal DNA fragmentation in all TUNEL-positive cells (see Figure 1). The TUNEL-
stained cell profiles were mainly distributed in the vicinity of the lateral ventricle and in the
dorsal part of the neostriatum in both asphyctic, as control animals. Within the ventral part of
the neostriatum only a few stained cells were visible.

Figure 1. Apoptotic cell profiles in the rat striatum 8 days following perinatal asphyxia as
depicted with HE (A, B), Hoechst (C) and TUNEL (D). A. Overview of a section stained with
HE. The corpus callosum and lateral ventricle were used as borders of the striatum. B.
Higher magnification of the framed area in A. Fragmented nuclei (note single arrows) and
condensated nuclei (double arrows) are visible. C, D. Sections stained with TUNEL (D)
and counterstained with Hoechst (C), showing fragmented nuclei (single arrows and
condensed nuclei (double arrows). Double-staining shows clear fragmentation in TUNEL-
stained cell profiles (compare C and D). E. Confocal image of TUNEL-stained cell profile
in the striatum following perinatal asphyxia. Single fragments are visible. Scale bars: A: 1
mm; B-D: 40 mm; E: 5 mm.
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Time course of TUNEL-stained cell profiles during development and after asphyxia
Figure 2 summarizes the results of the quantitative analysis of TUNEL-stained cell profiles
in the striatum. TUNEL-stained cell profiles were visible at all time points in both asphyctic
and control animals, reaching a peak at 8 days. At P2, there were approximately 2800 (£
TUNEL-positive cell profiles visible in the striatum of asphyctic animals and 2900 TUNEL-
positive cell profiles in the striatum of control animals. At P8, there were approximately
9600 TUNEL-positive cell profiles visible in the striatum of asphyctic animals and 5800
TUNEL-positive cell profiles in the striatum of control animals. At P15, approximately 2000
TUNEL-positive cell profiles were visible in the striatum of asphyctic and 900 TUNEL-positive
cell profiles in the striatum of control animals. The difference between the SPA and CVD is
40% (P = 0.02) at P8 and 45% (P = 0.02) at P15.

[ T
%k

Hurnber of TUNEL-positive profiles

Figure 2. Time course of TUNEL-positive cell profiles during development and i
asphxyia. The total number of apoptotic cells in the stniatu?n was dg‘termin‘ed g;t ﬁﬁﬁgmﬁ
the §gm of TUNEL~Stamed cell profiles in all sections by the sampling interval (i.e., equal
tg sight). Data for eaqh rat on each day are expressed as number of dying cell bru;files in
& left striatum. At this developmental age, there was progressively changing basal level
of naturally oceurring cell death, peaking at P8. At P2 following asphyxia, there was
sygn!fpoant Increase in levels of cell death in the striatum (P > 0.05). By f:’S and P15np
g:ag;rllfn(csxnt :Ongrsease in the total number of TUNEL-positive cell profiles in the striatum w'aEl
it 2_45).'. and P= 0.04, respectively). At all time points, 5 neonates were examined
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88



Neuron loss in the rat striatuim

Sterevlogical analysis

Table I displays the results of the stereological analysis. The mean total number of neurons in
the striatum of control animals, CVD and CCD, was respectively 1,872,394 (+ 183,603 SD)
and 1,906,495 (+ 162,024 SD). By contrast, in the asphyctic animals (SPA) the mean total
number of striatal neurons was 1,624,160 (+ 152,113 SD).

The percentage of difference between SPA and CVD or CCD was respectively 15.3% (P =
0.03) and 17.4% (P = 0.03). The difference between CVD and CCD was only 1.8% (P =
0.47). Considering Bonferroni correction, the difference between SPA and CVD has to be
interpreted as significant but unspecific, and the difference between SPA and CCD as significant
and specific. However, this kind of correction is the most conservative one for controlling
unacceptable levels of type I error, and the difference between these groups would be
considered as specific if the CCD animals would not have been investigated. Therefore is was
reasonable to interpret the difference between the groups SPA and CVD also as a significant
reduction of the mean total number of striatal cells at P21.

Table 1. Characteristics of 3 groups of rats (name, number of animals (n), and results found
for these animals (i.e., body weight, estimated total number of striatal cells (m), and predicted
precision of these estimates).

n 5 6 5
Age (days) 21 21 21
Body weight (g) Mean 431 42.3 40.8
Sb 28 3.1 2.3
Est. total number of striatal cells {m) Mean 1,872,394 1,908,495 1,624,160
SD 183,603 162,024 152,113
CEpred.{m) 0.036-0.046

Note. Kruskall-Wallis test: comparison between SPA, CCD, CVD, P = 0.035. Mann-Whithey-
U test, post-hoc pairwise comparisons between SPA and CCD, P = 0.028 and between
SPA and CVD, P = 0.029. The total number of neurons in striatum of asphyctic animals is
17.4% less than in the CCD and 15.3% less than in the CVD animals.

Discussion

In this study, we showed that asphyxia leads to cell death in the striatum in the first two weeks
of life, with the morphology of apoptosis. Furthermore, the effect was not limited to
exaggerated developmental apoptosis, but it reduced the total number of neurons in the rat
striatum. In addition, the morphology of the apoptotic cells differed from necrotic pattern
observed in other models for perinatal asphyxia [2, 6, 28, 52]. The present study emphasizes
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the repeated warning in the literature to use different staining methods for deteminmg ge“
death or apoptosis in the brain. A combined approach of TUNEF, momhplogcal staining
methods and stereology can give clear evidence of the number of dying cel]s ma deﬁn@d_a'm&
Thus far, there are no studies reporting total numbers of neurons in the rat striatum. In addition,
there is no study in the literature analyzing the total number of TUN]EUStain-:;Td cell proﬁle;s}
during development or following perinatal asphyxia in the rat striatum. To Obmm data as w%hd
as possible, all quantification was done applying state-of-the-art methodplogws, cmnsmde'rmg
all possible shortcomings, especially with respect to stereology [20, 22, 57,.58]. The co‘mbmgd
approach using TUNEL and stereology to determine damage due to the immature rat brain
enabled us to study the time frame of apoptotic cell death. Since TUNEL can also mean an
increased number of DNA-repairing cells, stereological data are necessary to confirm that an
increased number of TUNEL-positive cells do really mean, “more cell death” [8).

Apoptosis is an organized, energy-dependent process, characterized by degradation of the
cell into membrane-bound fragments. 1t plays an important role in brain development, as up to
50% of cells in the developing brain die by apoptosis [49], and there is evidence to suggest
that immature cells are more prone to apoptosis than mature cells [4]. The definition and
detection of apoptosis is mainly based on two hallmarks of the process: typical morphologic
changes [30, 33, 38] and internucleosomal DNA fragmentation, executed by selectively
activated DNAses [16). The significance of apoptosis has mostly been studied using the TUNEL
assay that detects DNA strand breaks in tissue sections and allows quantification of damaged
cells by light microscopy [17]. However, common experience has shown that the TUNEL
assay cannot be used to distinguish between apoptotic and necrotic cells, since positive cells
may contain either laddered or randomly di gested DNA and/or active DNA repair systems {8].
The specificity of the results can be substantiated by combining other methods with TUNEL,
such as the assessment of the pattern of DNA fragmentation or the evaluation of the
morphological features with Hoechst 33324, HE or confocal microscopy.

Morphologically, apoptosis is characterized by condensation of the nuclear chromatin, the
cytoplasm and nucleus, and DNA fi ragmentation. Necrosis is associated with swelling of the
cell, dilation of the endoplasmic reticulum, alteration of the mitochondria and rupture of the
plasma membrane [11, 30]. Furthermore, a third type of morphology has been described in
immature rat brain as a consequence of excitotoxicity, designated as vacuolated [51]. These
different features of cell death are not exclusive forms of cell death but can coexist in one
cell (continuum of different cell types) or brain area [50]. In the present study, an asphyctic
period during birth caused degenerative morphology of apoptosis, identical to the apoptosis
established during normal brain development. Both condensation and fragmentation were visible
in the TUNEL-positive cell profiles following perinatal asphyxia.

The tme course of TUNEL staining of striatal neurons showed an increase in apoptosis after
agphy;_(na from P2 to P15. The peak at P8 gives evidence for a delayed form of neuronal death,
since in other animal models for perinatal asphyxia and in other regions of the brain, cell
death occurs within a few days of the injury [2, 45, 63]. After unilateral hypoxia-ischemia, for
exaffnpile‘, a peak qf induced apoptotic cell death oceurs in the substantia nigra 1-2 days after
the injury [48]. It is important to note that the peak in apoptosis is also seen in control animals
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but to a lesser extent; the time of the increase in TUNEL-positive cell profiles therefore
seems to be a maturation dependent event [37]. The observed peak in TUNEL-staining at P8
after injury correlates to a reported increase of active caspase-3 levels after injury in P7 pups
compared to older pups [25]. Furthermore, it may also be related to the susceptibility of
striatal cells to NMDA-mediated toxicity of the immature brain, which peaks around P7 in
rats [42]. The NMDA receptor is more active in the immature brain compared to the mature
brain and results in excessive calcium influx, activation of second messenger systems, as well
as the activation of lipases and caspases [18, 41].

The cause of the delayed neuronal death in the striatum after perinatal asphyxia remains unclear,
It is hypothesized that asphyxia leads to a sustained alteration of membrane calcium handling,
leading to an increase in free cytosolic calcium concentration and gradual caleium overload
in the mitochondria [32, 43, 61]. Mitochondrial calcium overload, particularly in association
with oxidative stress, can cause delayed cell death. Additional changes in protein synthesis
and signaling transduction deprives cells of enzymes or trophic factor essential for survival
[60]. Our data show that asphyxia predisposes cells to die especially in the first 8 days after
the insult, suggesting that asphyxia triggers a long-lasting reaction which might include
mitochondrial damage.

The neuron loss (-16%), seen 21 days after perinatal asphyxia, is a direct consequence of
cell death induced by the birth asphyxia. Together with the TUNEL data, these data show
that cells die as a consequence of perinatal asphyxia and that this process takes place in the
first 15 days after birth. Furthermore, it indicates that the cells are lost in an apoptotic
manner, since DNA fragmentation is visible in the TUNEL-positive cells {confocal
microscopy). Since the difference in TUNEL-positive cells between the groups is much
larger that the difference in cell counts using stereology, we hypothesize that not all TUNEL-
positive cells are lost or that the extensive increase in apoptotic cell death during the first
two weeks of life is partly compensated for by neurogenesis.

The difference in total number of neurons in the striatum between asphiyctic and control
animals was not found by Kohlhauser ef /., who studied cell density in the striatum following
perinatal asphyxia [31]. This could be a direct consequence of the method applied by
Kohlhauser ef al., since only one micrograph of each brain region/area of each animal was
subjected to the analysis of cell density. Here, more than 600 neurons were counted throughout
the brain region per animal, to give an estimate of the total number of neurons in the specific
region, i.e. striatum, using state-of-the-art stereology.

Interestingly, the finding of striatal neuron loss here is in line with other reports describing
a loss of GABA-ergic and/or cholinergic neurons in the striatum following perinatal asphyxia
[15, 31, 39]. Furthermore, a loss of striatal cells could explain the known behavioural
changes due to perinatal asphyxia such as hyperactivity, attential deficits and mental
retardation and motor disorders. Moreover, it points to potentially important long-term effects
of perinatal asphyxia; the involvement of the striatum may help to explain the risk factor for
mental disorders, such as dementia and schizophrenia, in humans with a clinical history of
perinatal asphyxia [26, 46, 64].
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Chapter 4

Abstract

Cell death is crucial for normal CNS development and has been shown to occur at high levels
during the fetal and early postnatal period. Caspase-3 has been identified as a key proteasein
the execution of both neuronal and glial apoptosis. In the present study, we investigatedthe
effect of global asphyxia at term on the ontogeny of apoptotic cell death during the first 13
days of life. We investigated cell death using the TUNEL assay, immunohistochemistry for
Caspase-3, electron microscopy and a functional Caspase-3-like assay to illustrate both
qualitatively and quantitatively the progression of developmental cell death during the first 15
days after birth. Birth asphyxia increased the number of TUNEL-positive cells within the
striatum and hippocampus, but did not affect the distribution of cell death within these areas.
Inboth control and asphyctic rats, TUNEL and Caspase-3 positive cells were primarily found
within the proliferating regions of the striatum, hippocampus and cerebellum. TUNEL-positive
cells could be partly identified as astrocytes and oligodendrocytes. Ultrastructural analysis
showed primarily the classical features of apoptosis occurring within degenerating cells of
asphyctic rats. Birth asphyxia increased Caspase-3-like activity within the hippocampus at P8
and caused a decrease at P11. In contrast, the time course of Caspase-3-like activity within
the subventricular zone and cerebellum was unchanged by the birth asphyxia. Neuronal and
glial cell death during postnatal development within the hippocampus as a result of birth asphyxia
may alter total neuron number and consequently increase the risk for cognitive deficits in
later life.
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introduction

Human and animal studies have shown that specific cell types within the striatum,
hippocampus and cerebellum are particularly vulnerable to a perinatal asphyxial insult. For
example, the loss of calbindin-immunoreactivity within cerebellular Purkinje cells was
reported in children who suffered from hypoxic-ischemic brain injury as well as in the
guinea pig fetus after acute hypoxia [18,21]. Furthermore, oligodendrocyte progenitor cells
seem to be particularly vulnerable to hypoxic-ischemic injury in premature infants [ 1,28].
Loss of oligodendrocyte progenitors results in long-lasting disturbance of myelination and
an increased risk for periventrular leuckomalacia (PVL) [2]. The vulnerability of the different
cell types to perinatal asphyxial insults seems to be partly dependent on the stage of
neuronal and glial maturation at the time as well as the type of insult [38,43].

Little is known about the morphological type and time course of neuronal or glial cell death
after perinatal asphyxia during the early postnatal period. Dell’Anna and co-workers
described a delayed form of neuronal death with apoptotic features afier global asphyxia at
term in both the striatum and cerebellum of rat pups [9]. Furthermore, our group reported
TUNEL-positive cells within the striatum peaking 8 days afier the global asphyctic insult
at term [41]. There is however a lack of information on the ultrastructural features of cell
death and vulnerability of the different cell types following this model of asphyxia.

The objective of the present study was to characterize, using qualitative methods, which cell
type is pariicularly valnerable to cell death after giobal asphyxia at term (P0) and whether
these cells exhibited morphological features of apoptosis andfor necrosis using electron
microscopy. In addition, we were interested in the time course of caspase-3-like activity after
global asphyxia. Previously, it was shown that normal developmental apoptosis reaches its
highest levels during the first postnatal week and declines thereafter within the striatum and
hippocampus. In contrary, the cerebellum displays a biphasic peak at P10 and P21 [45]. We
hypothesize that caspase-3-like activity in affected areas is increased after global asphyxia, in
particularly within the first week after injury (birth).

Materials and methods

Induction of global asphyxia at term

Global asphyxia was induced in rat pups at term as described previously in detail by Loidl ef
al. [22]. Briefly, time-pregnant Wistar dams were purchased from Charles River-Broekmans
(Someren, The Netherlands). They were housed in the Animal Care Department of the
University Maastricht under standard conditions (12:12 h light:dark cycles, 20°C, with free
access to standard laboratory chow and water). Dams were euthanased by decapitation
immediately after delivery of one or two pups (control pups). Afterwards, dams were
rapidly hysterectomized and the uterus horns containing the remaining pups were detached
and placed in a water bath at 37°C for 20 min (time of perinatal asphyxia). Subsequently, pups
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were removed from the uterus horns and stimulated to breath by cleaning and by gently paxdidmg
them on the chest in a pediatric incubator (37°C and 90% humidity). The pups were lefi to
recover for 60 min in the incubator, marked and then placed with a surrogate dam. The
percentage of mortality in the SPA group was £ 40-60%. All pups belonging to the control
groups were gasping immediately after birth and all survived. Only male pups were ps?d for
this study since previous studies showed behavioural deficits related to the asphyctic insult
occurred primarily in male pups [22]. Animal care and all experimental procedures were
approved by the ethical board of Maastricht University.

Tissue preparation

Control and asphyctic rat pups were randomly assigned to different time points, i.e. P2, P5 or
P8 and used for either light microscopic (n = 5 per group at all time points) or electron
microscopic analysis (n =4 for each group at all time points). For terminal deoxynulceotidy!
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay and
immunohistochemical analysis, pups were anaesthetized with sodium pentobarbital (60
mg/kg; i.p.; Nembutal) and perfused transcardially (50 mmHg), first with tyrode, followed
by the fixative containing 4% paraformaldehyde and 2% picric acid in 0.1 M phosphate
buffer (pH 7.6) at room temperature. The brains were removed from the skull and post fixed
for 24 h in 4% paraformaldehyde in 0.1 M PB at 4°C. Brain tissue was cryoprotected by
immersion in 15% sucrose/0.1 M Tris buffered saline (TBS) for 48 h at 4°C. Afterwards,
the brains were quickly frozen by placement in isopentane for 25 sec, cooled with liquid
nitrogen. The brains were entirely cut to serial, 16 pm thick, coronal sections on a cryostat
(Leica CM3050) and these were stored at -80°C until further processing.

For electron microscopy, pups were perfused through the heart using 4% paraformaldehyde
and 2% glutaraldeyde in 0.1 M PB and tissue was post fixed in the same fixative for 3 days.
The brains were removed from the skull after post fixation. Samples of the striatum and
cerebellum from both hemispheres were microdissected and processed for electron
MICroscopy.

TUNEL labeling

Every eighth section was used for TUNEL staining using the method developed by Gavrieli et
al. (1992), slightly modified to accommodate frozen sections of pup tissue as described
previously [41]. Briefly, sections were permeabilized for 10 min using methacarn (methanol:
chloroform: acetic acid = 66:33:1; v/v/v), rinsed in TBS (2 x 10 min) and incubated in terminal
transferase (TdT) buffer (1 M potassium cacodylate, 125 mM Tris, Bovine serum Albumin
(BSA) 1.25 mg/ml and 25 mM cobalt chloride (pH 6.6, 25°C), TdT (0.3 e.u./ul) and biotinylated
dUTP (0.04 mM) (Roche, Germany) in a humid chamber at 37°C for 90 min. Sections were
covered with 20 pl of the incubation solution and coverslipped with parafilm. The reaction
was stopped by placing the slides in 2x SSC buffer (300 mM sodium chloride, 30 mM sodium
nitrate; pH 7.6) followed by TBS for 2x10 min. Subsequently, streptavidin-Cy3 (1:2000
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dilution; Jackson ImmunocResearch Laboratories, USA) was used to visualize nuclei labeled
with biotinylated dUTP. After washing in TBS, sections were counterstained with Hoechst
33324 (1:500 dilution; Sigma, USA), rinsed again in TBS and mounted with TBS:glycerol
(1:3).

Double labeling

TUNEL-stained sections were processed for immunohistochemistry to study the co-
localization of TUNEL with cell-specific markers. TBS (0.01 M) with 0.2% Triton X-100
(TBS-T) was used for washing and diluting antibodies. An antibody against glial fibrillary
acidic protein (anti-GFAP) (1:1600; Sigma) and vimentin (1:1; Zymed, USA) was used to
identify astrocytes. Oligodendrocytes were detected with a monoclonal antiserum against
04 {1:50; MAB345, Chemicon International, USA). Negative controls were performed by
omitting the primary antibedy. After TUNEL-staining, sections were incubated with primary
antibodies overnight at 4°C. Subsequently, sections were incubated with the secondary
antibody (goat anti-mouse Alexa Fluor® 488 (1:100; Mol. Probes, USA) and coverslipped
with TBS:glycerol (1:3) after washing.

Sections were examined at a magnification of x400 and x1000 with an Olympus AX-70
microscope. Images of the sections were captured using a cooled CCD video camera
attached to the microscope which was equipped with a narrowband MNIBA-type FITC
filter, or MING filter for CY fluorescence (Chroma Technology, The Netherlands). Using
the Image Analysis System (SIS), grey scaled images were directly converted into artificial
colors. All sections were stained simultaneously and recorded on the same day to minimize
experimental variation.

Immunohistochemistry for caspase-3

Sections adjacent to the TUNEL-stained sections were processed for caspase 3
immunohistochemistry. Prior to incubation with the primary antibody, sections were inumersed
in 70% methanol for 10 min and washed with TBS. Sections were incubated with a rabbit
polyclonal antibody directed against caspase-3 (67341 A; Pharmingen, Europe) diluted 1:500
in TBS-T. The anti-caspase-3 antibody recognizes both 32 kDa proenzyme and the 12, 17 and
20 kDa active fragments (Pharmingen). The caspase-3 antibody was visualized using a
biotinylated goat anti-rabbit antibody (1:400; Jackson Immunoresearch Laboratories) and
streptavidine Cy-3. Sections were coverslipped using TBS:glycerol (1:3).

Quantification of TUNEL and caspase-3 positive cells

TUNEL and caspase-3 positive cells were counted in tissue of six rats of each group (control
and asphyctic) at P8 as described previously in Van de Berg ez al. (see chapter 2). Al TUNEL-
positive cells were counted regardless of morphology in the striatum, pyramidal cell layer of
the hippocampus and granule cell layer of the cerebellum. The total number of TUNEL-positive
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cells was estimated by multiplying the number of counted cells in all sections by the sampling
interval (i.e., equal to eight).

Ultrastruetural analysis of dying cells within striatum, hippocampus and cerebellum
After fixation the samples were processed for transmission electron microscopy using
established techniques. The samples were washed twice with 0.1 M phosphate butfer, postfixed
for one hour with 1% osmiumtetroxide in 0.1 M phosphate buffer, dehydrated in a graded
series of ethanol and embedded in epon 812. Semithin sections of 1 im were cut on a Reichert-
Jung ultracut, stained with 1% toluidin blue dissolved in 1% borax, and screened. An area of
interest was selected, ultrathin sections (approx.70 nm) were cut and collected on 75 mesh
formvar coated copper grids, subsequently the grids were contrasted with uranylacetate in
50% ethanol for 10 minutes followed by a 5 minute lead citrate staining. The contrasted
sections were examined using a Philips CM 10 microscope at 80 KeV.

Fluorometric assay of Caspase-3-like activity

Another set of control and asphyctic rat pups was used for analyses of Caspase-3-like activity
at P2, P5 or P8, P11 and P15. The pups were euthanased by decapitation at the appropriate
time points. The brains of the pups were carefully removed and microdissected using the
method of Wagner ef al. [44]. The sub ventricular zone (SVZ) within the rostral forebrain, the
hippocampus and the cerebellum were collected, weighed and snap frozen in liquid nitrogen.
Tissue samples were stored at -80°C until analysis. All dissection was done by the same
experimenter to prevent inconsistency.

The tissue samples were homogenized in a lysis buffer containing 137mM NaCl, 20mM Tris-
HCI (pH 8.0), 1% NP-40, 10% glycerol and a complete protease inhibitor tablet (Roche,
NL). The tissue samples of SVZ, hippocampus or cerebellum were homogenized in 1 ml or
250ml of homogenization buffer using a Mini-Bead Beater (Biospec products, USA) thrice
for 30 scconds with cooling on ice between runs. The tissue samples were briefly centrifuged
and an aliquot of the supernatant (30 or 50ml) were taken to determine the Casgpase-3-like
activity.

We used a fluorometric assay to measure Caspase-3-like activity within the homogenates as
described previously by Puka-Sundvall and co-workers [32,33]. Briefly, samples of
homogenates were mixed with extraction buffer | (70 or S0ml) containing 50 mM Tris-HCL
(pt7.4), 100 mM NaCl, 5 mM EDTA, 1 mM EGTA, 3 mM NaN3, | mM PM SFE, 1 mg/ml
pepstatin, 2.5 mg/ml leupeptin, 10 mg/ml aprotinin and 0.2% CHAPS, on a 96 wells microtiter
plate (Microfluor; Dynatech, VA). Aftera 15 min incubation period at room temperature, 100
ml of peptide substrate, 50 mM Ac-Asp-Glu-Val-Asp-AMC (Ac-DEVD-AMC; Biomol,
Germany) in extraction buffer 2 (extraction | without inhibitors and CHAPS, but with 4 mM
DTT) was added. Cleavage of the Ac-DEVD-AMC was measured at 37°C using a Spectramax
Gemini microplate fluorometer (Mol. Devices) with an excitation wavelength of 380 nm and
an emission wavelength of 440 nm. The cleavage was followed at 2-min intervals for 3h,and
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Vmax was calculated from entire linear part of the curve (as described by supplier). DEVD
cleavage was expressed as AMC fluorescence (UFA) per mg of wet weight and minute.
Measurement of protein concentration, as described by Whitaker and Granum [46], was not
possible due to the small amounts of tissue available at P2, P5 and P8.

Statistics

Data regarding the number of TUNEL and caspase-3 positive cells were analyzed using Student’s
t-test. The differences in Ac-DEVD-AMC cleavage between control and asphyctic rats were
evaluated using a pairwise two-way ANOVA analysis and post-hoc tests using Bonferroni
correction for repeated measures. Statistics were carried out using SigmaStat™ software
version 2.03. Differences were considered significant if P = 0.05. All data are presented as
mean + standard error of the mean (SEM).

RESULTS

Qualitative analysis of TUNEL-positive cells

Light microscopy analysis of brains from asphyctic rat pups did not reveal any infarcted areas
within the striatum, hippocampus of cerebellum at any timepoint. TUNEL- and caspase-3
positive cell profiles were visible in both the grey and white matter of striatum and cerebellum
of control and asphyctic pups during the first week of postatal life. The distribution of TUNEL-
positive cells within the asphyctic rats was similar to the control rats within the examined
regions. Figure 1 illustrates the distribution of TUNEL-positive cells with the striatum,
hippocampus and cerebellum of asphyctic rats at P8.

At P2 and P53, TUNEL-positive cells were found mainly within the subventricular zone and the
dorsolateral part of the caudate putamen (CPu), whereas at P8 TUNEL-positive cells were
more diffusely distributed throughout the entire striatum. TUNEL and caspase-3 positive cell
profiles were visible in the corpus callosum at all ages (especially at P2). These cells exhibited
different morphological features, e.g.elaborate cell-processes, compared to the TUNEL
positive cells within the grey matter. In the hippocampus, TUNEL and caspase-3 positive profiles
were present in the pyramidal cell layer (CA1-CA3), as well as in the surrounding areas of the
pyramidal cell layer at all time points. Furthermore, TUNEL and caspase-3 positive cell profiles
were observed within the fimbria of the hippocampus and in the dentate gyrus. In the cerebellum,
TUNEL and caspase 3-positive cells were found within the white matter and in the granular
cell layer at P2 and P5. At P8, TUNEL- and caspase 3 positive cells were mainly observed
within the granular cell layer. At all time points, TUNEL and caspase-3 positive cell profiles
were also observed within the cingulate cortex.

Previously, we have shown that global asphyxia at term induces an increase in TUNEL-postive
cells within the striatum at P8 and P15 [41]. Although, we counted approximately 980 78
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TUNEL-positive cells within the striatum of asphyctic rats at P8, we only fsounted‘”i 12 £59 (-
27%; P < 0.05) caspase-3 positive cells within adjacent sections of the striatum of these rats.
This difference between TUNEL and caspase-3 positive cells was also observed within the
other examined areas (data not shown).

Figure 1. Photomicrographs of TUNEL-stained sections of the SVZ (A,B and H), caudate
putamen (A, B, C and D), hippocampus (E,F and G) and cerebellum (1) of asphyctic rats at
postnatal age 8. All sections were counterstained with Hoechst 33324 (blue) to reveal
cytoarchitecture. A) area next to the lateral ventricle (LV) showing TUNEL-positive cell
profiles (red). B) medial-ventricular part of caudate putamen (Cpu). C) dorso-lateral part of
the CPu. D) TUNEL-positive cell profiles within the corpus callosum (cc) exhibiting glial-
like morphology. E) TUNEL-positive cell profiles within the CA1 regions of the hippocampus
and outer regions of the pyramidal cell layer. F) TUNEL-positive cell profiles in the border
zone of the CA2. G) TUNEL-positive cell profiles within the dentate gyrus (DG) and CA3
region of the hippocampus. H) TUNEL-positive cell profiles within the fimbria (fi) of the
hippocampus next to the lateral ventricle (LV). I) TUNEL-positive cell profiles within the
white matter and granule cell layer of the cerebellum. Scale bars: A- |, 40 mm; J, 5 mm.
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Figure 2. Photomicrographs illustrating co-localization between TUNEL and cell-specific
markers, GFAP (astracytes) or O4 (oligodendrocytes). A and D) GFAP immunoreactivity
within the white matter of respectively the cerebellum and the corpus callosum. G and J)
O4 immunoreactivity within respectively the cerebellum and the corpus callosum. C and F)
co-localization between GFAP and TUNEL, indicative of a dying mature astrocyte. |) no
co-localization was observed within the cerebellum between O4 and TUNEL. J) co-
localization between O4 and TUNEL within the corpus callosum, indicative of a dying
immature oligodendrocyte. Scale bar: 10 mm.
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Co-localization between TUNEL and cell-specific markers . . ‘
Double labelling with cell-specific markers revealed TUNEL—SM!_nmg \‘['O go—lmcalmze w‘mth
astrocytes (GF AP-immunoreactive cells) and immature astrocytes (ylmemm—}lm?nqnoreactwe
cells) within the white matter of the corpus callossum and cerebellum and within the grey
matter of all areas examined in control and asphyctic rats. The O4 antibody labeled both the
plasma membrane and cytoplasm of oligodendrocytes. Photomicrographs illustrating the co-
localization between TUNEL and cell-specific markers are shown in figure 2.
Co-localization with TUNEL and 04 was visible within the corpus callossum and the white
matter of the cerebellum. Only a very small percentage (approximately 5%) of the TUNEL-
positive cells, however, could be identified as being either astrocytes or oligod.endmcytes»in
control rats. In asphyctic rats, more TUNEL-positive cells showed co-localization with GFAP
(approximately 10-15%) or O4 (approximately 10-20%) than in control rats. Moreover,
TUNEL-positive cells within the white matter of asphyctic rats showed a primarily glial-like
morphology, i.e. a cell body with many processes. TUNEL-positive neuron-like cells were
observed within the pyramidal cell layer of the hippocampus and granule cell layer of the
dentate gyrus and cerebellum (see Figure 1E and 11).

Ultrastructural analysis of dying cells

Ultrastructural analysis of dying cells within the areas examined (striatum, hippocampus and
cerebellum) revealed the classic features of apoptosis as described previously by others [20,31]
in both neurons and glial cells of control rats. Both condensed and/or fragmented nuclei were
observed in all three areas (Figure 3). Organelle and plasma integrity were preserved at early
stages of apoptosis in control rats (see Figure 4A). Dying cells within the striatum,
hippocampus and cerebellum of asphyctic rats also exhibited the classical features of apoptosis
iFigure 3). Furthermore, most neurons and glial cells displayed a normal ultrastructural
appearance. However, some mitochondria within cells with a normal appearance (size and
structure) were extremely dilated and exhibited fewer cristae. This type of swollen
mitochondria was only found within the hippocampus of asphyctic rats at PS or P8 (Figure
4C). In addition, the endoplasmic reticulum exhibited a swollen appearance in some cells
within the hippocampus at P5 and P8 and striatum at PS (Figure 4D). The plasma membrane
integrity and organelles of cerebellar cells seemed to be less affected.

Quantitative analyses of caspase-3-like activity during development and after global
asphyxia

To assess the time course of caspase-3-like activity during normal development and after
global asphyxia, we measured DEV D-cleavage in homogenates of the subventricular zone,
hippncampus and cerebellum of control and asphyctic rats during the first 15 days ofpostnatai
life. The results of DEV D-cleavage activity are shown in F igure 5.

Eﬁﬁl‘:jai]gig gui g(l:: iiviFy wab d%l‘ectab‘l? &at: ‘al]ﬁtmffe points ir.l both groups and decieased after
?5 inthe SVZ 4 ippocampus. Constitutive DEVD cleavage activity in the SVZ peaked at
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P'$, and showed a strong reduction by P15 (P2 vs. P15 -63%; P <0.001). Constitutive DEVD-
cleavage activity in the hippocampus decreased gradually over time and was reduced to 56%
by P15 (P2 vs. P15 —-54%; P <0.001). The pattern of DEVD cleavage in the cerebellum was
different compared to the other regions in that it was more stable during the first week of life,
droppedat P11 (P8 vs. P11; P <0.01) and than increased again at P15.

The time course of DEVD cleavage activity was not different between control and asphyctic
group in the SVZ and cerebellum, in conirary to the time course of DEVD cleavage activity
within the hippocampus, which was altered by global asphyxia. DEVD cleavage activity
within the hippocampus remained at high levels until P8 in the asphyctic group (group x
time; P=0.01). Furthermore, global asphyxia caused an increase in DEVD cleavage activity
within the hippocampus at P8 (P = 0.02), and a decrcase at P11 (P = 0.02). At P2, a small
decrease in DEVD cleavage after global asphyxia was observed, this was however not significant
(P = 0.06). Figure 6 shows a comparison of DEVD cleavage activity between control and
asphyctic groups for the SVZ, hippocampus and cerebellum. This figure clearly illustrates
that global asphyxia did not affect DEVD-cleavage activity during the first days after injury,
but instead caused delayed changes in DEVD-cleavage activity during the second week of
postnatal life.

Figure 3. Examples of electron micrographs illustrating morpholegical features of dying
cells within asphyctic rats. Cells exhibited classical features of apoptosis. A and B) these
photomicrographs illustrate shrinkage of nucleus and chromatin condensation. C and D)
nuclear condensation (C) and formation of apoptotic bodies (D). Scale bars: A,D 3.8 mm;,
B,2.2mm;C, 0.7 mm.
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Figure 4. Photomicrographs of the striatum of a control rats (A) and striatum and
hippocampus of asphyctic rat (B, C, D) at P8. A, B) Mitochondria and endoplasmic reticuli
within the striatum of control (A) and asphyctic (B) rats with a normal appearance. C) Swollen
mitochondria within hippocampal neuron-like cells with loss of cristae. D) Swollen
endoplasmatic reticuli within hippocampus of asphyctic rats at P8. Scale bars: A, BO3
mm; C, D 2.2mm.

Discussion

In the present study, we showed that both neurons and glial cells in specific areas of the
SVZ, hippocampus and cerebellum exhibit apoptotic features during the 15 days of postnatal
life in both normal and asphyctic rats. Global asphyxia at term did not affect the distribution
of TUNEL and Caspase-3 positive cells but significantly increased the number of TUNEL
positive cells within the striatum and hippocampus, but not within the cerebellum. Furthermore,
our results demonstrate that Caspase-3-like activity, which is associated with apoptotic cell
death, is high during the first week of posinal development and declines afterwards in the SVZ
and hippocampus in both control and asphyctic rats. The Caspase-3-like activity in the SVZ
presumably corresponds with the appearance of apoptotic neurons and glial cells (TUNEL
and Caspase 3-positive cells) within the ventricular zone and dorsolateral part of the striatum,
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corpus callossum and sparse neurons within the cortex. Whereas Caspase-3-like activity within
the hippocampus likely corresponds to glial cell death within the regions surrounding the
pyramidal cell layer, granule cells in dentate gyrus and cells in the subventricular zone. The
pattern of Caspase-3-like activity in the cerebellum is unique in that it declines after the first
week of postnatal life, but increases again afterwards (P15).

Global asphyxia at term increased Caspase-3-like activity within the hippocampus at P8, which
may reflectan increase in neuronal death, as TUNEL-positive cells were observed within the
pyramidal cell layer (primarily in CA1-CA2) only after asphyxia. The decrease in Caspase-3-
like activity at P11 within the hippocampus after global asphyxia, however, might indicate a
spatial shift in the pattern of Caspase-3-like activity during normal development within the
hippocampus rather than an increase in total number of dying cells.

Distribution of apoptotic cell in the CNS after global asphyxia

Apoptotic cell death is crucial for the normal development of the CNS and occurs in all brain
areas during fetal and postnatal life [4,24]. During the fetal period and early postnatal life,
widespread apoptosis has been shown mainly in proliferative regions of the CNS [5]. These
regions include the sub ventricular zone (SVZ), the subgranular layer of the dentate gyrus and
the granular cell layer of the cerebellum [46]. Afterwards, apoptosis occurs primarily in post-
mitotic cells throughout adulthood. The results from our study clearly illustrate the large
magnitude of cell death within proliferative regions of the CNS during early postnatal
development within control and asphyctic rats. These data support previous studies showing a
large amount of postnatal neurogenesis and postnatal cell death within the SVZ, hippocampus
and cerebellum [3,45,46].

In addition, we showed that selected neurons, astrocytes and oligodendrocytes exhibit
apoptotic features during postnatal development. Recent reports provided evidence for an
active regulatory role of mature astrocytes in neurogenesis and synapse formation during
development [39]. In addition, oligodendrocytes not only posses myelinating properties, but
provide trophic support and are able to effect neuronal development [16]. Cell death of
astrocytes and oligodendrocytes during postnatal development may therefore play an important
role in determining the total number of neurons in later life. Global asphyxia at term increased
the number of TUNEL-positive astrocytes and oligodendrocytes within the corpus callosum
and cerebellum. Therefore, global asphyxia may not only alter total number of neurons directly
by inducing death, but also by inducing glial loss and thereby causing loss of support by
astrocytes and oligodendrocytes.

The ontogeny of apoptetic cell death after global asphyxia at term

The ontogeny of apoptosis during early postnatal development has primarily been studied by
counting pyknotic cells (cresyl violet or silver impregnation method) or TUNEL-positive
cells within the brain [5,13,23]. Further, the pattern of physiological cell death has been studied
using an ELISA for oligonucleosomal DNA fragments [45] and a quantitative immunoblotting
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Figure 5. Caspase-3-like activity (DEVD cleavage) within the sub ventricular zone,
hippocampus and cerebellum of control and asphyctic rats during the first 15 days after
birth. The Caspase-3-like activity after global asphyxia was compared using a two-way
ANOVA with a bonferroni correction for repeated measures. * P=0.06; * P <0.05.
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technique using antibodies against inactive and active Caspase-3 [25]. In present study, we
measured Caspase-3-like activity in different brain regions using a fluorometric DEVD cleavage
assay. This method has been extensively used to study Caspase-3-like activity within cell
cultures [ 19,29] and homogenates of CNS tissue [15,33]. Furthermore, DEVD cleavage activity
has been shown to correlate positively with the activation of Caspase-3 [6]. The pattern of
Caspase-3-like activity within the SVZ, hippocampus and cerebellum in both control and
asphyctic rats showed a similar pattern of cell death as that described by others. This supports
the idea that Caspase-3 plays an important role in both physiological apoptosis and cell death
after asphyxia with the early postnatal period [14,27].

Caspase-3 is a cysteine protease that is activated via cleavage of its proenzyme (32 kDa protein)
into smaller fragments (20, 17 and 12 kDa) [10]. After activation Caspase-3 cleaves
endogenous substrate proteins, such as the inhibitory protein of Caspase-activated DNase
(ICAD) [12,37], poly(ADP) ribose polymerase (PARP) [11], lamins [34] and PAK2 (a member
of the p2 1 -activated kinase family) [36]. Inactivation or activation of these proteins by cleavage
of caspase-3 leads to the morphological hallmarks of apoptosis, including the degradation of
DNA into DNA fragments, nuclear shrinking and blebbing [17]. In our study, ultrastructaral
analysis revealed primarily apoptotic features within dying cells of asphyctic rats, which again
supports the role of Caspase-3 in delayed cell death after global asphyxia at term.

Although our group and others described an increase in TUNEL-positive cell profiles within
the striatum and cerebellum of asphyctic rats (global asphyxia at term) during the first postnatal
week [9,41], we did not observe an increase in Caspase-3-like activity within these regions
after global asphyxia at term. This difference is likely due to both the selective cell loss
within these regions after global asphyxia at term and the method of microdissection.
Previously, we have shown that global asphyxia at term only produced a very small amount of
cell loss (-16%) within the striatum [41]. In this study, the SVZ contains part of the cortex,
striatum and the entire SVZ region. There has not been any increase in cell death reported for
the cortex within this global asphyxia model. In addition, cell death in the cerebellum after
global asphyxia at term was only described for sparse cells [9]. Furthermore, we observed
less Caspase-3 positive cell profiles than TUNEL-positive profiles in asphyctic rats, suggesting
that the time window of Caspase-3 activity proceeds the time window of TUNEL-labelling.

Global asphyxia at term versus neonatal hypoxia-ischemia

Cell death after perinatal asphyxia has mainly been studied in rats using the Rice-Vannucci
model [35], which induces cell death and infarction within the cercbral cortex, striatum,
thalamus, hippocampus and in the white matter [7,27,40]. Both necrotic (cytoplasmic swelling,
disruption of cell membrane, mitochondrial swelling, inflammation) and apoptotic (cellular
shrinkage, nuclear chromatin condensation, nuclear fragmentation) features have been descibed
in neurons and oligodendrocytes following this model [27,28]. We used a rat model that
produces global asphyxia (rather than focal asphyxia) at term, which also induces delayed
apoptotic neuronal and glial cell death within the striatum, hippocampus, cerebellum and spinal
cord [8,9,41]. However, no clear necrotic features were visible within dying cells of asphyctic
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rats. Furthermore, previous studies showed that there is a lack of inflammation after global
asphyxia at term [9,42], supporting the idea that global asphyxia primarily induces delayed
apoptotic cell death. The discrepancy in the severity and morphological type of cell death is :
likely due to the time of induction and type of insult. Global asphyxia is induced in a non-
invasive matter reducing the blood and oxygen supply to the entire fetus at term (P0) as occurs”
clinically during birth asphyxia. Neonatal hypoxia-ischemia is induced by unilateral carotid -
artery ligation at postnatal day 2, 3, 7, 11 or 21 followed by exposure to hypoxia (8% oxygen)
for 15 min to 3 h [35], and therefore primarily resembles perinatal stroke.

Selective vulnerability of hippocampal neurons after global asphyxia at term

Many studies have shown that the hippocampus is particularly susceptible to neonatal hypoxia-
ischermnia and/or asphyxia. It is hypothesized that this is due to the large expression of NMDA
and AMPA receptors within the hippocampus, which makes these cells more susceptible to
excitotoxic cell death [31]. This is supported by previous studies showing attenuation of caspase-
3 activation after neonatal hypoxia-ischemia by administration of MK-801, a NMDA receptor
antagonist [32]. Since, the hippocampus is primarily involved in spatial and object recognition
(spatial memory) [26,30], loss of neurons and glial cells within this regions due to perinatal
asphyxia may detrimentally affect cognitive performance in later Jife.
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Conclusions

In summary, global asphyxia at term primarily caused delayed apoptotic cell death within the
proliferating areas of the striatum and hippocampus. Caspase-3-like activity was at high levels
during the first week of life and declined afterwards in all areas examined. Global asphyxia
caused an increase in caspase-3-like activity within the hippocampus at P8, followed by a
drop in caspase-3-like activity. We conclude that this type of asphyctic insult (P0) causes
" hippocampal neuronal and glial death within the second week of life and without necrosis.
This is in contrast to other models for neonatal hypoxia-ischemia (Rice-Vannucci) that induce
necrotic cell death within hours after the insult and apoptotic cell death within 3 days after the
njury [35].
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Abstract

N-Methyl-D-aspartate receptor-mediated toxicity after perinatal asphyxia may depend on
the generation of nitric oxide (NO). 4,5-diaminofluorescein (DAF-2) can react with NO in
combination with O2 of O2~ to yield the fluorescent derivative DAF-2 triazole. In the present
study, we studied DAF-2/NO fluorescence following global asphyxia at term in slices of
neonatal rat brain by confocal microscopy. Fluorescence in DAF-2 loaded slices was
detected in cells and fibers in the striatum and cerebellum at postnatal day (P)S, P8 and
P12. Perinatal asphyxia led to a large increase in the intensity and density of DAF-2
fluorescént cells at P5 and P8 in the striatum, but not in the cerebellum. In consecutive
slices, an increase of cGMP immunoreactivity was observed in the striatum and cerebellum
at PS5 and P8, whereas nNOS immunoreactivity was unchanged. There was no gliosis detected
in the striatum or cerebellum during the first week after perinatal asphyxia. Incubation with
NY-nitro-L-arginine, a NOS inhibitor, suppressed the DAF-2 fluorescent signal in the striatum
at all ages. Incubation with sodium nitroprusside, a NO donor, led to a strong increase of the
fluorescent signal in both the striatum and the cerebellum. We conclude that perinatal
asphyxia increases DAF-2/NO fluorescence and cGMP levels during the first week after
birth within the striatum, but not within the cerebellum, without marked gliosis.
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Introduction

Perinatal asphyxia is a common cause of mortality and morbidity in childhood. The production
of nitric oxide (NO) has been proposed as an important cause of neuronal death afier
asphyxia. NO is a free radical, which functions as an intercellular messenger molecule and is
crucial for several signal transduction pathways used for memory formation, sensory
processing, and the regulation of cerebral blood flow (for reviews see [5,9,23]). NO is
synthesized by oxidation of L-arginine via NO synthases (NOS), yielding citrulline as a co-
product. NO reacts with the soluble isoform of the enzyme guanylyl cyclase, which leads to
increased synthesis of the second messenger guanesine 3°,5"-cyclic monophosphate (cyclic
GMP) [14,25]. In addition, NO can react with free radicals such as superoxide (O2°) or
molecular oxygen (02), which results in the formation of respectively peroxynitrite (ONOO-
J/ONOOH) or dinitrogen trioxide (N203) [1,36]. ‘
Several researchers have studied NO production after perinatal asphyxia using indirect
methods, such as measurement of NOS activity, nicotinamide adenine dinucleotide phosphate
diaphorase (NADPH-d) presence or cGMP synthesis. Using a rat model in which asphyxia
was induced intra-partum, Loidl er al. showed that perinatal asphyxia led to enhanced staining
of NADPH-d in the striatum and cortex in newborn pups and adult rats (6 months of age),
indicating increased expression of NOS. Furthermore, an increase in cyclic GMP (¢cGMP)
levels was detected in this model in the striatum 10 days after perinatal asphyxia [20]. However,
total NOS activity was not increased after perinatal asphyxia in this model and other models
inducing hypoxia-ischemia during development [10,24].

Recently, a fluorometric method has been introduced for imaging of intracellular NO based
on the utilization of the cell permeable 4,5-diaminofluorescein-2 diacetate (DAF-2/DA).
DAF-2/DA penetrates the cell membrane and is hydrolyzed by cytosolic esterases, producing
DAF-2. DAF-2 reacts with NO to form the highly fluorescent derivative DAF-2 triazole
[12,16,17,26]. DAF-2 has high selectivity for NO [16]. Furthermore, the DAF-2 has a low
detection limit (2-5 nM) and has been used for evaluation of intracellular NO in cell
cultures and slices [2,21,22]. However, recent studies have shown that DAF-2 is also able
to react with peroxynitrite [29], and dehydroascorbic acid (DHA) and ascorbic acid (AA)
[13,37]. The selectivity of DAF-2 in different biological systems under both physiological
and pathophysiological conditions are still unclear. The actual fluorescent product is probably
a nitrosylated product of DAF-2, which we abbreviate as DAF-2/NO.

In the present study, we investigated whether perinatal asphyxia increases DAF-2/NO
fluorescence within the striatum and cerebellum during postnatal development. The results
of the DAF-2/DA method were compared with results of immunohistochemistry for nNOS
and cGMP of the same tissue. We hypothesized that perinatal asphyxia has long-lasting
effects of the NO synthesis in both the striatum and cerebellum.
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Materials and methods

Amnimals ; “ o rles River
Twelve full-term pregnant Wistar rats and their male pups (n = 48) were used (Cl.u'xr es Riv ?r-
Broekmans, Someren, The Netherlands). They were housed under standard pondltlons { E‘Q: 12
h light:dark cycles, 20°C) with free access to standard laboratory chow and water. The local

Committee on Animal Welfare approved all animal care and procedures.

Induction of perinatal asphyxia “ .
Global asphyxia was induced in rat pups at PO by placing the uteri and its contents in a water
bath for 20 minutes, as described previously [32]. Briefly, time-pregnant Wistar dE}ms were
decapitated immediately after delivery of two pups (CVD) and rapidly hysterectomized. The
uterus horns containing the remaining pups were placed in a water bath at 37°C for 20 min
(severe perinatal asphyxia; SPA). Afterwards, pups were removed from the uterus horns and
stimulated to breath by cleaning their skin and by gently padding them on the chest. The maximal
duration of the resuscitation was 5 minutes. [fa pup was not able to gasp, it was excluded from
the study. The pups were left to recover for 60 min in a paediatric incubator at 36.5°C and
afterwards randomly assigned to a surrogate mother (10 pups per mother), which had given
birth on the same day. The percentage of mortality in the SPA and CVD group was respectively
+ 50% and 0%.

4,5-Diaminofluorescein diacetate (DAF-2/DA) detection in slices

DAF-2/NO fluorescence was studied in slices (300 um) of rat pups at postnatal (P)5, P8 and
P12 (n = 6 per group at each time point) using DAF2/DA detection assay {Sigma, The
Netherlands). Rat pups were decapitated and their brains were rapidly removed and placed
into ice-cold Krebs-Ringer bicarbonate buffer (pH 7.4) areated with 95% 02/5% CO?2. The
forebrain and the cerebellum were chopped into 300 pm coronal slices using a McIllwain
tissue chopper. Slices were separated under a microscope and transferred to multiwell culture
plate containing Krebsbuffer (4°C; pH 7.4) and 1 mM isobutyl-methy| xanthine (IBMX) to
inhibit 3°,5"-cyclic nucleotide phosphodiesterase (PDE) activity. Alternated slices were
transferred to a second multiwell plate and used for immunochistochemistry.

All slices were incubated in Krebs-Ringer buffer containing IBMX for 30 min and slowly
warmed t0 35.5°C or 25.5°C under an atmosphere of 5% C02/95% 02. Slices were incubated
in the presence or absence of the NO donor 0.1 mM sodium nitroprusside (SNP; Sigma) for
10 min, or the NOS inhibitor 0.1 mM N€-nitro-L-arginine (Sigma) for 30 min. NS-L-nitro-
arginine was included in the experimental solution throughout the remainder of the experiment.
The slices were incubated with 1.5 ml 10 mM DAF-2/DA solution {(150mM Tris-HCL, 3mM
tetrahydrobiopterin, ImM flavin adenine dinucleotide (FAD, Sigma), 1mM flavin
mononucleotide (FMN, Sigma), ImM NADPH, 0.6mM CaCl2 {(Merck) and 100mM L-arginine
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(Sigma) in distilled water, pH 7.4) per well for 45 min at 35.5°C or 25.5 °C. During incubation
with the DAF-2/DA solution, lights were turned off and a dark box was placed over the
incubation chamber. As a negative control, slices were incubated in media lacking DAF-2/DA.
Following incubation with DAF-2/DA, the slices were washed in phosphate-buffered saline
(pH 7.4) and placed on non-coated slides using a 5 ml pipet with a cut tip (without touching
the slices) and coverslipped using PBS-glycerol (1:4).

The DAF-2/NO fluorescent signal was measured immediately after the experiment. Di gital
images were captured using a CoolView CCD camera system attached to a MR C600
confocal microscopy (Leica Microsystems, Germany). The microscope was equipped with
an excitation (488 nm) and emission (530 nm) green filter for fluorescein. Images were taken
at different levels (10 pm vertical distance) throughout the slice, vielding approximately 25
images per area per slice, using the same settings throughout the whole experiment. The images
were combined into one image per area using image analysis software (Biorad). From each rat
pup, 3 slices per area (striatum and cerebellum) were analyzed using the semi-quantitative
histogram analysis of the images (grey values) using the SIS image analysis system (AnalySIS®,
Germany).

4,5-Diaminofluorescein diacetate (DAF-2/DA) detection in frozen sections

The DAF-2/DA staining on frozen tissue was performed according to the method of Lopez-
Figueroa ef al.[22]. CVD (n=3) and SPA (n= 3) rat pups were decapitated at PS and P8 and
P10 and their brains were rapidly removed and snap frozen using liquid nitrogen. The forebrain
was cut to serial, 16 pum thick, coronal sections on a cryostat. The sections were washed in
25mM Tris-HCl (pH 7.4) for 5 min at room temperature, washed twice in TBS (pH 7.4) for 5
min at 37°C. This was followed by incubation in 10 mM DAF-2/DA (Sigma) incubation buffer
for 90 min at 37°C. After 45 min incubation, buffer was refreshed once. The sections were
washed once with TBS at room temperature, and coverslipped using TBS:glycerol (1:4). The
optimal incubation time was tested on several sections of different animals. The best result
was seen after 90 min incubation time (refreshing the incubation buffer after 45 min) using a
DAF-2/DA concentration of 10 mM.

Control sections were preincubated in 0. ImM NY-nitro-L-arginine for 10 min, washed twice
in TBS at 37°C and incubated in DAF-2/DA buffer comtaining 0.1 mM N®-nitro-L-arginine
for 90 min at 37°C. To detect background levels, sections were incubated for 90 min at
37°C with the incubation buffer lacking DAF-2/DA. To investigate whether fixation would
improve DAF-2/NO fluorescent signal, we fixed sections with 4% paraformaldehyde in TBS
(pH 7.4) for 10 min prior to incubation with the DAF-2/DA solution. All sections were
examined at a magnification of x200 with an Olympus AX-70 microscope, using
epifluorescent illumination. Pictures were captured using a CCD video camera.
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Immunohistochemistry “
Adjacent slices were used to visualize cGMP-producing and NOS active structures, using
antisera against formaldehyde-fixed cGMP [7] and nNOS [11]. Furthermore, we used antisera
against glial fibrillary acidic protein (GFAP; Sigma) or vimentin (Zymed) as glial markers.
After incubation in the presence or absence of SNP or N%-nitro-L-arginine, slices were fixed
for 2 h with ice-cold 4% (wt/vol) freshly made paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4), containing 10% sucrose. Slices were aligned in a plane, quickly frozen into Tissue-
Tek OCT compound using CO2 and 10 pm thick sections were cut on a cryostat. Sections
were stored at —20°C until further processing.

All sections were washed and rinsed with TBS and TBS with 0.3% Triton X-100 (TBS-T). The
sheep anti-cGMP and anti-nNOS antisera were used respectively at a dilution of 1:4,000 and
1:2,000 and visualized using a Alexa-conjugated donkey anti-sheep antibody (1:100; Mol.
Probes). Mouse monoclonal antibodies against glial fibrillary acidic protein (GFAP) and
vimentin were used respectively at a dilution of 1:1,600 and 1:2 and visualized with a Cy3-
conjugated donkey anti-mouse antiserum (1:800). The sections were incubated overnight at
4°C with the primary antibody and 2 h at room temperature with the secondary antibody.
Parvalbumin was visualized using a rabbit antiserum (1:1,500) kindly provided by P.C. Emson
(Babraham Institute, Cambridge, UK) in combination with a donkey anti-rabbit biotinylated
antiserum (1:400) and streptavidine-Cy3 (1:2,000).

Images of the sections were captured using CCD camera attached to an Olympus AX-70
microscope equipped with a narrowband MNIBA-type FITC filter, or MNG filter for CY
fluorescence (Chroma technology). All images were saved on computer files and analyzed
using the analySIS® system. All sections were stained simultaneously and recorded on the
same day to minimise experimental variation.

Image analysis

Fluorescence intensity of the images obtained from the slices loaded with DAF-2/DA and
immunostained sections (¢GMP, nNOS) were analyzed using a macro designed for measuring
grey values in a given area (region of interest, ROI). Background values were measured
using the slices incubated with the incubation buffer lacking the DAF-2/DA or lacking the
primary antibody. Measurements were performed on 3 sampled images of 3 systematically
sampled slices. From these data, the mean grey value in the area (striatum or cerebellum)
was calculated for each area.

GFAP and vimentin immunofluorescence intensity in the striatum and cerebellum was
converted into grey values divided in 16 classes. Differences between control and asphyectic
rats in the amount of pixels per grey value intensity class were analyzed for the 7 classes
with the maximum pixel number. Measurements were performed on 3 sections per slice (3
slices per animals).
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Statistical analysis

Data are expressed as mean *standardard error of means (+S.E.M). Grey values of
immunofluorescence intensity measurements were evaluated using a Student’s t-test. The level
of significance was P < 0.05 for all analyses.

Resuits

The distribution of DAF-2 in slices (ex vivo)

DAF-2 distribution and intensity in control rats

Slices of the striatum and cerebellum of control and asphyctic rats (P5, P8 and P12) were
examined using a confocal microscope after loading with DAF-2/DA. A bright fluorescent
signal could be observed in the striatum and cerebellum of all pups. The fluorescent signal
was localized intracellular in neuron-like cells, proximal dendrites and vascular structures
(Figure 1). The fluorescent signal was punctate and seemed to be confined to the cytoplasm
of the neuron (only visible at high magnification).

The lifetime of the fluorescent signal was determined by the duration and intensity of
illumination. No direct fading or loss of intensity was seen when studying the slices under the
confocal laser scanning microscope. After 5 h (slices were stored in between in a cold chamber
at 4°C} the tluorescent signal became more diffuse and cells were more difficult to distinguish.
After 24 h, the fluorescent signal had faded and had a diffuse appearance. Similar observations
were made in cortical slices (data not shown).

The effect of perinatal asphvxia on DAF-2 distribution and intensity

Fluorescence in DAF-2 loaded slices of control rat pups was clearly visible throughout the
entire striatum, predominantly in the dorso-medial part of the striatum. The intensity of the
fluorescent signal in the striatum was higher at P5 and P8 than at P12 in control rat pups (P =
0.04). The intensity of the fluorescent signal was increased in slices of perinatal asphyctic rat
pups at P5 and P8 compared to the control rats (P = 0.04), but not at P12 (P > 0.05). Within
the cerebellum, DAF-2/NO fluorescence was visible throughout the molecular and granular
cell layer. There was no apparent difference in fluorescence pattern or intensity in the
cerebellum between conirol and asphyctic rats at PS, P8 or P12 (see Figure 1). The fluorescent
signal was however less intense at P12 than at P5 or P8 (P = 0.04).

The effect of temperature and NO modulators on DAF-2 distribution and intensity
The effect of temperature on the DAF-2/NO fluorescent signal in slices was tested by incubation
of the slices at 25.5°C instead of 35.5°C, The lower temperature helped to preserve the quality
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of the slices, but led to a major decrease in the brightness of the fluorescent signal in both the
striatum and cerebellum (Figure 2). Incubation with 0.1 mM Naitro-L-arginine slightly
suppressed the DAF-2/NO fluorescent signal at P5, P8 and P12 in both striatum and cerebellum.
Pre-incubation with the NO donor SNP led to a major increase in the intensity and density of
the fluorescent signal in the both striatum and cerebellum. Background levels were mare
intense after pre-incubation with SNP and almost all cells showed an extremely bright diffuse

fluorescence (see Figare 2).

&

Figure 1. DAF-2 fluorescence in tissue slices from striatum (A, B) and

| ‘ : a , cerebellum (C,D) of
a con’ﬁrol (A, C)and agphyotlc rat (B, D) at postnatal day 8. Images were taken mréughzjm
Fhe slice {300 um.) with a confocal laser scanning microscope, and combined into one
Image per area using an image analysis system. Scale bar is 50 um for all photographs.

- 108 -



DAF-2NO fluorescence

Figure 2. DAF-2 fluorescence in tissue slices of a control rat incubated (A, B) in the presence
of 1 mM IBMX at 35.5°C for 45 min; and (C, D) in the presence of 1 mM IBMX at 25.5°C for
45 min; (E, F) incubated in the presence of 0.1 mM N®-nitro-L-arginine at 35.5°C for 45 min;
and {G, H) incubated in the presence of 0.1 mM SNP at 35.5°C for 45 min. Hypothermia or
incubation with Ne-nitro-L-arginine led to a decrease in fluorescent signal in both the striatum
(C, E) and cerebellum (D, F). Pre-incubation with SNP led to a strong increase of the
fluorescent signal in both the striatum (G) and cerebellum (H). Scale bar is 50 um for all

photographs.
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D‘AF-Z/ DA system on frozen tissue .
DAF-2/NO fluorescence was observed in neuron-like cells of the striatum and cerebellum in

both control and asphyctic rat pups at all ages. The fluorescent signal was observed extracellular
and intracellular and showed a fine punctate pattern with a morphological appearance that was
not apparently different between rats or groups (Figure 3). There was no difference in the
intensity of the fluorescent signal between sections pre-incubated with or without SNP or N°-
nitro-L-arginine. There was no fluorescent signal in sections incubated with DAF-2/DA buffer
lacking CaCl2 or L-arginine, or incubation buffer lacking DAF-2/DA.. Fixation of the section
prior to DAF-2/DA loading did not improve the fluorescent signal, but led to a major decrease
in intensity of the fluorescent signal. Continuous exposure of the section to the fluorescent
light led to a rapid fading and loss of fluorescent signal (over a period of 5 min).

There were no differences in intensity or density of the fluorescent signal between control or
asphyctic rats at P5 or P8 in cryostat section (P > 0.05), contrary to what was observed in
slices. Moreover, there were no differences in intensity or density of the signal between ages
(P5 versus P8; P =0.05)). The fluorescent signal was more intense in the cerebellum than in
the striatum at all ages in all animals (P = 0.04).

Figure 3. Photographs of fresh frozen sections (16 um) incubated with DAF-2/DA at 37°C
for 90 min of a 8 day old control rat of A) striatum and B) cerebellum. Fluorescent signal
was observed extracellular and intracellular and showed a fine punctate pattern. Scale bar
is 20 pm.

Immunohistochemistry

Data on NO-mediated cGMP synthesis were obtained from slices incubated with 1 mM IBMX
to inhibit PDE activity. Incubation of the rat slices at P5, P8 and P12 with | mM IBMX
resulted in intense cGMP immunoreactivity (¢cGMP-IR) in cells and fibers in the striatum and
cerebellum. Pre-incubation with 0.1 mM NC-L-nitro-arginine abolished the cGMP signal,
indicating that this NOS inhibitor abolished NOS activity and as a consequence NO production
and cGMP synthesis. Incubation of the slices with SNP (0.1 mM) resulted in an increase of
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c¢GMP-IR in cells and fibers in both the striatum and cerebellum. nNOS-IR was observed in
cell bodies and varicose fibers in grey and white matter of striatum and cerebellum. Co-
localization between cGMP and parvalbumin was found in cells and fibers in the striatum and
cerebellum at P35, P8 and P12. There was no co-localization visible between nNOS and
parvalbumin (see Figure 4). An increase of cGMP-IR was found in cells and fibers throughout
the striatum of asphyectic rats compared to control rat at P5 and P8 (P < 0.05), but not at P12
(P > 0.05). There was no detectable difference in nNOS-IR between control and asphyctic
rats in the striatum or cerebellum (P > 0.05).

cGMP-PV3

s“.rmu,mvf%',b stnatum-L striatum=M

NOS-PV3

striatum-D striatum-L § striatum-M

CGMP-PVE |nosPvs

cerebellum

Figure 4. Double labeling of cGMP and parvalbumin (PV-3) in dorsal (A), lateral (B.) and
medial striatum (C) and cerebellum (G). Arrows indicate double Ivab‘leled cellsﬂ or fibers.
Double labeling of nNOS and PV-3 in dorsal (E), lateral (F) and medial (G) striatum and
cerebellum (H). There was co-localization found between cGMP and PV-3, but not between
nNOS and PV-3. Scale bar is 50 pm.
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GFAP-IR was very weak or not visible at PS. At P8 and P12, GFAE-]R wa,s W‘Cﬂk m the grey
matter, but strong in the white matter, Vimentin-IR was clearly visible m ‘stljnatum and cwarebe],]um:
in both white and grey matter at PS, P8 and P12 in control and asphymlcwrats, The results of
the image analysis in the striatum and cerebellum did not reveal any d.ufferemes l‘)‘etw‘een
control and agphyctic rats at any time point (see Figure 5; P> (.05). The hlstugmm of the grey
value distribution was determined of 3 sections sampled throughout the obtained shce.s. Thf:.
fluorescence pattern appeared to be relatively homogeneous over the entire slice in this
experiments as judged by comparison between the section position and the amount of pixels
in each clags.

90000 |
80000 -
70000

60000 -
50000 -
40000 -
30000 -

Amourt of pixels

20000 -

10000 -

0 -

1 2 3 4 5 6 7
Grey value intensity class

Figure 5. Histogram of division of pixels over intensity classes of GFAP immunoreactivity
in striatum of control and asphyctic rats, at P8. Immunofluorescence intensity was converted
to grey values divided over 16 classes. The results of classes 10-16 are shown as almost
no pixels were present in other classes. Black bar: control rats (CVD; n = 5); Grey bar:
asphyctic rats (SPA; n = 5). There was no difference in distribution or amount of pixels per
grey value intensity class between the groups. Data are expressed as mean +S.E.M.

Discussion

In the present study, we provided evidence for an increase in DAF-2/NO fluorescence after
perinatal asphyxia within the striatum at 5 and 8 days, but not in the cerebellum, during the
first 8 days of life. DAF-2/NO fluorescence in slices was observed in the cytoplasm and
dendrites of a subpopulation of neurons in the stri atum and cerebellum. Furthermore, cGMP-
IR within the same slices was increased after the perinatal asphyxia at P5 and P8, whereas
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NOS-IR was unchanged. Both GFAP and vimentin-IR were unchan ged after perinatal asphyxia,
mdicating that there was no gliosis induced by the injury. These data show that perinatal asphyxia
induces an increase in NO synthesis up to 8 days after the injury within the striatum. Since
NOS-IR is unchanged by the asphyctic insult, we speculate that glutamatergic activation of
NOS is increased.

To confirm that the DAF-2 has a high selectivity for NO, we studied the effect of a NO
modulators (NOS inhibitor and NO donor) on the cellular distribution and intensity of the
fluorescent signal. DAF-2/NO fluorescence was attenuated in slices incubated with NS-nitro-
L-arginine (NOS inhibitor) and intensified with SNP (NO donor). Previously, Brown ef al.
described an inhibition of DAF-2/NO fluorescence with the NOS inhibitor L-NAME in slices
of adult rats [2]. Taken together, these data show the the DAF-2/NO fluorescent signal is
dependent on NOS activity and NO production within the slice and can easily be modulated by
NO-nitro-L-arginine and SNP.

Kojima and co-workers demonstrated that DAF-2 has a high selectivity for NO [16).
Furthermore, they showed that DAF-2 could provide reliable information on intracellular NO
levels regardless of the Ca?" and Mg? concentrations [31]. The selectivity and detection limit
of DAF-2/NO fluorescence make it a suitable method for detecting intracellular NO in living
cells or slices. Furthermore, the location of DAF-2/NO fluorescent cells in slices correlated
well with the distribution of NOS as described in immunohistochemical studies or by staining
with NADPH-dependent diaphorase [2]. Qur study provides further evidence for the suitability
of the DAF-2 system for visualization of NO presence within neurons. We show that DAF-2/
NO fluorescence is easily detected in slices using confocal microscopy. Furthermore, we
show that results obtained using the DAF-2/DA assay in slices correlate well with data obtained
using cGMP-IR measurement in the same slices.

Our data also show that DAF-2/NO fluorescence is affected by the cell conditions, fixation,
concentration and/or time of incubation. For example, the DAF-2 fluorescent signal appeared
punctate (extra- and intracellular) and weak in the fresh frozen sections, compared to the
strong intracellular signal in the slices. The punctuated distribution may indicate that DAF2 is
incorporated into vesicles in the cells. Furthermore, incubation of the slices at 25-26°C for
45 min led to a major decrease of intensity and density of the DAF-2/NO fluorescence in
cells and fibers compared to incubation at 35.5°C. An earlier study of Lopez-Figueroa er af.
showed that the DAF-2 system was able to detect NO production in fresh frozen tissuc of rats
injected with [L-1b. In this model for CNS inflammation a major increage in inducible NOS
(iNOS) mRNA and protein was observed. The asphyxia paradigm that was used in our study,
does not lead to a major inflammation [8], which might explain why we were not able to detect
any changes in the frozen sections after perinatal asphyxia.

Several researchers have provided indirect evidence for an increase or change in NO production
in the striatum in the same asphyxia paradigm. An increase in NADPH diaphorase histochemical
staining, an indicator of NOS-containing cells [34], was found in striatal cells in newborn
pups and 6 months old rats exposed to perinatal asphyxia [19]. Furthermore, an increase in
cGMP levels in the striatum were observed 10 days after the induclion of perinatal asphyxia,
suggesting NOS activity and NO production was mncreased [20]. Atthe protein level, an increase
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in imimimoreactive nNOS 136,000 mol. wi protein using Western blot analysis was described.
At the transcriptional and activity level of NOS, no changes were found in whole brain samples
using northern and dot blot analysis, and NOS activity assay [24]. Taken together with our data,
these results suggest that this perinatal asphyxia paradigmhas a long-lasting effect on the NO
synthesis within the striatum resulting in an increase in cGMP.

In an earlier study, we showed that perinatal asphyxia predisposes cells in the striatum to die
especially in the first § days after the insult [33]. Moreover, Dell’ Anna er af. showed that cell
damage occurred mainly in the striatum, frontal cortex and cerebellum at P8 in this model of
perinatal asphyxia {8]. An increase in reactive oxygen species was detected in the striatum of
perinatal asphyctic rats after reoxygenation in the striaturn, indicative of a strong involvement
of free radicals in cellular damage after the injury [4]. Our data show that asphyxia triggers a
long-lasting reaction leading to an increase in NO synthesis up to 8 days after the injury.
Taken together, this suggests that NO might play an important role in mediating cellular damage
in the striatum after perinatal asphyxia. Indeed, NOS inhibitors are potent neuroprotective
agents in most animals model for hypoxia-ischemia and excitotoxicity in vitro [3,10,27,30]
NO s produced in nNOS-containing neurons, localized all throughout the brain, after activation
of glutamatergic receptors. In the striatum, virtually all ANOS-containing neurons are GABA-
ergic and contain neuropeptide Y and somatostatin [18,35]. cGMP immunoreactivity is present
in cholinergic and parvalbumin-containing neurons in the striatum [6]. Indeed, in the present
study, co-localization of cGMP and parvalbumin was found in the striatum and cerebellum.
Parvalbumin and cholinergic immunoreactive neurons in the striatum have been proven to be
particularly vulnerable to perinatal asphyxia [ 15] (see chapter 6). These data again illustrate
that an increase in NO can play an important role in signaling transduction pathways after
injury. In the cerebellum, nNOS is localized in ghutamatergic granule cells as well as GABA-
ergic basket cells [28]. It is yet unknown whether cells in the cerebellum are vulnerable to
perinatal aphyxia.

[n conclusion, our results provide evidence for an increase DAF-2/NO fluorescence and cGMP
levels in the striatum in the first 8 days after the perinatal asphyctic insult without marked
gliosis. Moreover, these data suggest an increase in NO synthesis during the first 8 days after
the insult, indicative for a long-lasting damaging reaction. Furthermore, DAF-2/DA is a sensitive
method for identifying the distribution of intracellular NO within cells of brain slices. Since
the DAF-2/DA method is easy and rapid to apply, it can become an important tool in the early
detection of cellular damage.

Abbreviations

cGMP, guanosine 3',5’-cyclic monophosphate; CY3, cyanine-3; DAF-2/DA, 4,5-
diaminofluorescein diacetate; GFAP, glial fibrillary acidic protein; IBMX, isobutyl-methyl
xanthine; -IR, immunoreactivity; NADPH-d, nicotinamide adenine dinucleotide phosphate
diaphorase; nNOS, neuron nitric oxide synthase; NO, nitric oxide; PDE, phosphodiesterase;
PV-3, parvalbumin; RO\, region of interest:; SNP, sodium nitroprusside; SPA, severe perinatal
asphyxia; TBS-T, Tris-buffered saline containing 0.3% Triton-X-100.
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Chapter 6

Abstract

Perinatal asphyxia can cause neuronal loss and depletion of neurotransmitters within the -
strigtum. The striatum plays an important role in motor control, sensorimotor integration.

and learning. In the present study we investigated whether perinatal asphyxia leads to motor -
deficits related to striatal damage, and in particular to the loss of GABAergic neurons.
Perinatal asphyxia was induced in time-pregnant Wistar rats on the day of delivery by ©
placing the uterus homs, containing the pups, in a 37°C water bath for 20 min. Three motor
performance tasks (open field, grip test and walking pattern) were performed at 3 and 6
weeks of age. Antibodies against calbindin and parvalbumin were used to stain GAB Aergic
striatal projections neurons and interneurons, respectively. The motor tests revealed subtle
effects of perinatal asphyxia, i.e. small decrease in motor activity. Analysis of the walking
pattern revealed an increase in stride width at 6 weeks of age after perinatal asphyxia.
Furthermore, a substantial loss of calbindin-immunoreactive (-22%) and parvalbumin-
immunoreactive (-43%) cells was found in the striatum following perinatal asphyxia at two
months of age. GABAA receptor autoradiography revealed no changes in GABA binding activity
within the striatum, globus pallidus or substantia nigra. We conclude that perinatal asphyxia
resulted in a loss of GABAergic projection neurons and interneurons in the striatum without
alteration of GABAA receptor affinity. Despite a considerable loss of striatal neurons, only
minor deficits in motor performance were found after perinatal asphyxia.
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Introduction

Perinatal asphyxia is an important cause of chronic neurological disability including
spasticity, epilepsy and mental retardation in later life [2,33]. However, the precise
relationship between specific neurochemical, structural and behavioural changes remains
unclear. The striatum plays an important role in motor control, sensorimotor integration,
and learning [9]. It receives excitatory input from the entire cerebral cortex and projects to

both the substantia nigra and globus pallidus [7,61,77]. The primary neuronal population
within the striatum is the medium spiny y-aminobutyric acid (GABA) -ergic neurons which
project to the globus pallidus and substantia nigra pars reticulata [15]. Most other neurons
within the striatum are considered to be aspiny interneurons containing GABA/parvalbumin
[19], somatostatin, neuropeptide Y [68], acetycholine [46], NADPH-diaphorase [47] or
substance P [42].

Recent animal studies have indicated differences in the vulnerability of different siriatal

cell types to neonatal hypoxia-ischemia and perinatal asphyxia. NADPH-diaphorase and

somatostatin interneurons in the striatum seem to be relatively resistant to hypoxia-ischemia
induced cell death in the neonatal rat [18,43,48], whereas striatal cholinergic interneurons
seem to be more susceptible [44]. Dopamine, glutamate and aspartate levels in the rat
striatum have been shown to be decreased after perinatal asphyxia [51]. Furthermore,
repeated asphyxia in fetal sheep severely decreased calbindin-IR and parvalbumin-IR
neurons, but not somatostatin-IR neurons in the striatum [55]. The effect of perinatal asphyxia
on the total number of GABAergic projection neurons or GABA/parvalbumin-IR interneurons
in the developing rat striatum is unknown.

GABA, amongst other neurotransmitters, is considered to be a key player in the regulation

of neurogenesis, cell migration and apoptosis during early postnatal life [6,36,54].
Degeneration of GABAergic neurons and/or disruption of GABA receptor functions during
carly brain development can have long-lasting effects. For example, exposure to a GABAA
antagonist during early postnatal development leads to a decrease in the total number of
parvalbumin-immunoreactive interneurons in the striatum, suggesting that GABA increases
the total number of striatal neurons via a GABAA receptor mediated mechanism [54].
Furthermore, loss of GABA or impairment of GABA function can lead to profound changes
in the control of movement, as illustrated in Huntington’s disease [16]. Huntington’s discase
is, among others, characterized by a major loss of both GABA/enkephalin and GABA/
substance P interneurons in the striatum [1,21,62].

Experimental studies investigating behavioural changes and neurologic outcome of perinatal
asphyxia report impairments in motor activity, anxiety and long-term memory performance
[32,35,73]. The behavioural outcome, however, depends strongly on the animal model used
and time point of investigation. For example, postnatal anoxia (100% N2 for 25 min at
approximately 30 h after birth) induced transitory hyperactivity in the open field task between
postnatal day (P) 25 and 40 and permanent spatial memory deficits [37,69]. By contrast, at
term induced perinatal asphyxia resulted in hypoactivity in the open field at 5 months of age
and deficits in long-term memory performance at 18 months of age [50,73]. Furthermore,
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ins the same model anxiety-related behaviour was reduced at 3 months Qf age [35].

We have previously shown that perinatal asphyxia, induced at term, ].eﬂds to ‘neu%ﬂonﬂl loss
in the striatum [74], In the present study, we investigated whet.heﬂr perm:tttal asphyx:a ]r_aauz‘iia ]
striatal dysfunction and a loss of the tetal number of GABAergic ‘medmm~silzed pmﬁcu‘m
neurons and/or interneurons in the striatum and frontal cortex. Striatal functxon was smdlm ’
using sensorimotor tasks, including open field task, glﬁg test apd fogt prmt.task. GAB:{W@W
projection neurons and interneurons were identified using amlbpd:les against calbmd'm afnd
parvalbumin, respectively. Furthermore, we investigated changes in GABA@ receptor bmdmg
activity as as consequence of perinatal asphyxia in the projection areas of striatal GABAergic
neurons, such as the globus pallidus and the substantia nigra pars reticulata, A rat)n.mdel for
perinatal asphyxia was used, which reproduces clinical situations where umblhcal ccmrd!
circulation is altered. In this model acidosis, hypercapnia and hypoxia are present in the whole
animal [52,53].

Materials and methods

Animals

Thirty full-term pregnant Wistar rats were purchased from Charles River-Broeckmans
(Someren, The Netherlands). They were housed at the Animal Care Department of University
of Maastricht under a reversed 12:12 hours dark:light with lights on at 06:00 p.m. at 20°C,
with free access to standard laboratory chow and water. The ethical board of the Maastricht
University approved animal care and procedures.

Induction of perinatal asphyxia

Perinatal asphyxia was induced as described previously by Loidl and coworkers [49]. Dams
were decapitated immediately after one or two pups were delivered vaginally (control vaginal
delivery; CVD), the uterus horns were isolated through an abdominal incision and placed ina
water bath at 37°C for 20 min (severe perinatal asphyxia; SPA). Subsequently, the uterus was
placed in an incubator (37°C), the pups were removed from the uterus, cleaned and resuscitated
by gently padding them on the back. Afier 5 min the resuscitation stopped, the surviving pups
were left to recover for 60 min in the incubator and placed with a surrogate mother. A total of
10 pups were assigned random| y toasurrogate mother. The survival rate was + 40% in the SPA,
group and 100% in the CVD group. The wei ght of the pups was measured weekly.

Behavioural analysis

Twenty-seven male rat pups (15 CVD pups, 12 SPA pups) were tested in the following
behavioural taks at 21 days (P21) and 42 days (P42) after birth.
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Open field

Amnimals were tested in the open field task as described previously by Loidl and co-workers
[50]. Spontaneous locomotor activity was studied by placing the rat in the center of a 50 by
30-cm square. The square had a 30-cm high enclosure. A radio was playing softly, providing
background noise. Movements of the rat were recorded with a film-camera as soon as the rat
was placed in the center of the square. The camera, directly mounted above the open field, was
attached to a computer running the Ethovision™ program (Noldus Equipment, Wageningen,
the Netherlands). The whereabouts of the rat in the live image acquired by the program were
converted to X and Y coordinates and stored in a data-file. All rats were placed in the open
field for 30 min, and the distance moved and mean velocity was measured every 5 min. Both
total distance moved and mean velocity within the 30 min, as differences between 5 min
intervals were analysed.

Grip test \

Muscle strength was measured using the grip test. Rats were placed on a horizontal wire 30
cm above the surface. The rats were introduced to the wire such that both forepaws came in
contact with the wire and there was equal chance of grasping the wire. After grasping the wire,
the rat was released and the time elapsed before it fell off was measured, with a maximum
duration of 60 s. A five-point scale was used to score whether a rat reached with one forepaw
(1) or two forepaws (2). Furthermore, the rat was scored three when the rat used its hind paws
but did not climb onto the wire, was scored four when it used its hind paws to climb onto the
wire and was scored five when it used its tail to climb onto the wire.

Foot print test

For evaluation of walking pattern, the footprint task was performed as described previously
[12,45,71]. The hind paws of the rats were dipped in black body paint and placed ina walking
corridor (length 150-cm, width 12-cm) covered with white paper. A light was placed at the
starting-point of the corridor, at the end of the corridor was a dark cave.

Five footprints of each trial were analysed using a computerized footprint analysis programme
{(Footprints, Version 1.22). The following parameters were measured: area touched per foot,
foot length, spreading toes 1-5, spreading toes 2-4, stride width and stride length (Figure 1).

Morphological analysis

Tissue preparation

At P56, 11 male rats (six CVD pups and five SPA pups) were chosen at random and perfused
through the heart for immunohistochemistry. Rats were anaesthetized with sodium pentobarbital
(60mg/kg; i.p.; Nembutal®) and perfused with Tyrode (0.1 M) followed by the fixative
containing 4% paraformaldehyde, 15% picric acid and 0.05% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.6). Brains were removed from the skulls and post fixed overnight at
4°C in the fixative omitting the glutaraldehyde. Brain tissue was cryo-protected by immersion
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in 30% sucrose / 0.1 M tris buffered saline (TBS, pH 7.4) for 48 hours at 4°C.
Amnother 12 male rat pups (six CVD pups and six SPA pups) were decapitated and processed -
for receptor autoradiography. The brains of all animals were quickly frozen and stored at— ;
80°C until further processing. Tissue was sectioned in the coronal plane of section on a cryostal

at 30 pm for immunocytochemistry and at 16 pm for receptor autoradiography. wl
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Figure 1. Image of footprint of a control rat at 6 weeks of age. Variables measur :
‘f‘om length; (B) spreading toe 1-5; (C} spreading toe 2-4; ‘(‘gD) stride width, i.e. d?‘.g::"ligbﬁ)
tween two subsequent fast on the x-axis; (E) stride length, i.e. distance between two
subs‘eq‘u‘ent feet on the y-axis. In addition, the area touched (i.e. total surface of foot in back
ink) was measured (not indicated in figure). All variables were measured in centimeters.
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Immunohistechemistry

Immunochistochemistry for calbindin and parvalbumin was performed using free-floating
sections (30 um). All sections were washed and rinsed with TBS and TBS with 0.3% Triton X-
100 (TBS-T; pH 7.4). The calbindin-D46 and parvalbumin (PV3) antibodies (P. Emson,
Cambridge, UK) were both used at a dilution of 1:10,000 in TBS-T [bovine serum albumine
(BSA); Sigma]. Sections were incubated overnight at 4°C with the primary antibody. After
washing with TBS and TBS-T, the sections were immersed in biotinylated donkey anti-rabbit
IgG (1:800; Jackson Immunoresearch Laboratories, Inc., PA, USA) for 1.5 h at room
temperature, followed by ABC-kit (1:800; Vectastain, Burlingame, CA). The sections were
pre-incubated for 10 min in 0.3% 3.3 -diaminobenzidine tetrahydrochloride (DAB, Sigma)
and stained for 5 min in 0.3% DAB containing 0.03% H202. The sections were washed and
mounted on gelatin-coated slides. After air-drying, the sections were dehydrated in ascending
concentrations of alcohol, cleared with microclear and coverslipped with Permount.

Brain areas used for stereological analysis of calbindin and parvalbumin

The frontal cortex and striatum were defined according to Paxinos and Watson [60]. The area
between bregma 2.6 mm anterior and ~0.8 mm posterior was identified as the frontal cortex.
Medially a line was drawn from the dorsal tip of the left-brain side to the top of the corpus
callosum. Laterally a line was drawn from the ventral tip of the lateral ventricle to the cortex
in an angle of 45°. Anterior and posterior boundaries for the striatum were set at bregma 1.6
mm and —0.8 mm. At bregma 1.6 the corpus callosum first crosses the midline, at bregma —
0.8 mm the fornix joins the dienencephalon. Dorsal and lateral boundaries were defined by
the corpus callosum; a line drawn from the ventral tip of the lateral ventricle to the rhinal
fissure was used as a ventral boundary [73]. The globus pallidus was excluded from the striatum.

Stereology

For estimates of the total number of IR cells, every 8" section of the brain was analysed using
the optical disector. The thickness of every section was determined using a microcator, attached
to a computer. To test whether the immunohistochemical staining penetrated the whole section
thickness, we analysed 8 sections of the striatal area ad random chosen of three CVD and
three SPA pups for both antibodies (calbindin and PV3). We studied five planes (3 pm thick)
throughout the Z-direction (per plane ~90 optical disectors). There was almost no staining in
the middle plane of the section, so we concluded that the immunohistochemical staining did
not penetrate the whole section (see figure 2). Therefore two focal planes (4 pm thick) were
used in counting the IR cells per disector, the first layer was 1 to 5 pm below the top of the
section and the second layer was the last 4 pm, | pm above the bottom of the section. The
C.A.S.T.-Grid system (Olympus, Denmark) was used for quantification. The IR cells, which
came into focus within approximately 450 systematically randomly spaced disectors, were
counted at a final magnification of x3,600 (distance between disectors in mutually orthogonal
directions x and y on the sections: 250 um). The optical disectors had a base area of 1231
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pm?. Estimated total numbers of IR cells were calculated from the number of counted neurons
and the sampling probalitity [27,64]. Sampling was optimised for prevention of type Il error
probability due to stereological sampling [30,65,66]. The precision of the estimated total
numbers of neurons was predicted as recently described in detail [20,64,66].

Volume estimates of the striatum and frontal cortex were obtained using the point-counting
method and the Cavalieri’s principle [28]. The area of the upper surface of each section was -
measured using the C.A.S.T.-Grid system. Volume estimates were calculated by multiplying
the average surface area with the section thickness (post-processing thickness), the number
of investigated sections, and a factor of eight since every eighth section was analysed.

Autoradiographic localization of GABA  receptor ,
Slide-mounted sections (16 im) were processed for the autoradiographic localisation of
GABAAa/benzodiazepine receptors as previously described by Waldvogel and co-workers [76].
Sections were labelled at 4°C for 90 min by incubation with 1 nM PH}flunitrazepam (FNZ,
88.0 Ci/mmol; Amersham, Little Chalfont, England), 1 nM [*H]flunitrazepam in the presence
of 200 nm CL 218.872 (high affinity for type I and low affinity for type Il benzodiazepine -
receptors, FNZ2) or with 1 nM of the benzodiazepine receptor antagonist [*’H]Ro15-1788 -
(Rol5, 70.8 Ci/mmol, New England Nuclear, Boston, USA). The sections were washed twice
in 50 mM Tris-HCl for | min and dipped in distilled water. Sections were air-dried under a fan

number of counted cells

o : ( : ,‘
0 1 2 3 4 5
planes in Z-direction
Figure 2. Penetration of the antibodies. The total number of calbindin-IR or parvalbumin-IR
cells were counted in 8 sections of the striatal area ad random chosen of three CVD and
three SPA rats. Five planes (3 um thick) throughout the Z-direction (per plane ~90 disectors;
base area of the optical disectors 1231um?) were analysed. The mean section thickness
was 17 £0.4 um. The first and last 1 um of the section was not used for analysis. Since the
antibodies were not able to penetrate the whole section (incubated free-floating), there

Wéaé W.:j:\most no staining in the middle plane of the section. Results are presented as mean
oM.
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at4°C overnight. A tritium sensitive Hyperfilm (Amersham) was exposed to the slides and
placed in X-ray cassettes for 6 weeks. After 6 weeks the film was developed using D19 (Kodak,
Auckland, New Zealand).

Quantitative analysis of autoradiogram

Densitometric analysis of globus pallidus, striatum and substantia nigra (SN) were made using
the MD30 Image Analysis System (Leading Edge Pty, Australia). A distinction between
substantia nigra pars compacta (SN¢) and substantia nigra pars reticulata (SNr) could not be
made so the whole SN was quantified as one structure. Per animal an average of 25 sections of
the striatum, 10 sections of the globus pallidus and 8 sections of the substantia nigra were
investigated. The density measurements were converted to ‘nCi tritium bound/mg protein’
using a standard curve derived from the density reading of the autoradiographic calibration
slides; in which log nCi/mg was plotted against log density (y = 79,151 x" %%, These values
were further converted to femtomoles of triated-ligand bound/mg tissue using the known
specific activity of the labelled ligand [72].

Statistical analysis

Results are presented as mean + standard error of the means (£SEM). Data of the open field
task were analysed by three-factorial (group x interval x age) analysis of variance (ANOVA)
with repeated measures over intervals and age. Footprints were analysed using a two-factorial
group X age) ANOVA with age as repeated measures. The grip test was analyzed using the
Chi-Square test and a Fishers” exact test, for the measures fall-off latency and strategy,
respectively. Stereological and autoradiographical data were analysed using a two-tailed t-
test. The level of significance was P < 0.05 for all analyses.

160 -
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Days after birth

Figure 3. Weights of the rats during the experiment. Closed circles: control rats; Open circles:
asphyctic rats. Date are expressed as mean +SEM.
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‘Results

Body weight and qualitative observations after perinatal asphyxia
Perinatal asphyxia did not affect the body weight of the rat pups during birth or in the first2 -
months after birth (Figure 3). Directly after the asphyxia, pups were gasping irregularly and
had a purple appearance. Pups that were not able to gasp within the first 5 min after the asphyxia
were excluded from the study. Asphyctic rat pups were not active in the first 30 min after
birth. Control rat pups had a pink appearance and started moving 5 min after birth. After 60
min in the incubator, there was no visible difference between asphyxia and control rat pups in
terms of breathing, colour and movement.

Analysis of behaviour

Open field

The locomotor activity of all rats was tested at three and 6 weeks of age. The results of the
open field task for the mean distance moved (:SEM) and mean velocity (+SEM) are given in
Figure 4. To remove inhomogeneity of the variances among observations, the data were
logarithmically transformed (log') for analysis. Both groups showed a decline in motor activity
[F(5,125) = 9.88 and F(5,125) = 25.08, P < 0.01] and mean velocity [F(5,125) =5.14 and
F(5,125)=7.91, P <0.05] during the 30 min in the open field task at three and 6 weeks of age
(Figure 4A and B). At P21, the mean total distance moved by the SPA rats is only one third of
the distance moved by the CVD rats, However, high interindividual variability among the CVD
rats prevented statistical significance. At P42, there was no difference between the mean total
distance moved and mean velocity between asphyxia and control group (Figure 4C and 4D).
Furthermore, there were no differences in the performance of the rats between intervals. The
variance of the data was significantly larger in the control group than in the asphyxia group.
There was a tendency for an age x group interaction effect suggesting that the decrease in
motor activity was more pronounced in CVD rats than in SPA rats [F(1,125)=3.46, P = 0.07].
A similar effect was found for mean velocity [age x group F(1,125)=2.86, P <0.05].

Grip fest

Performance of the grip test was tested at 6 weeks of age and depended on the number of
repetitions (Table 1). There was no difference in the overall number of scores or fall-off
latency between CVD and SPA rats in the three trials. All rats increased the fall-off latency
during acquisition of the task.

Foot print analysis

The effect of perinatal asphyxia on the walking pattern was tested using the footprint task
at three and 6 weeks of age (Figure 5). Footprint analysis revealed significant age related
change in walking pattern over time for both the CVD and SPA rats on the variables area, foot
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lf%ngth., spreading toe 1-5 and 2-4, stride width and stride length (Figure SA-F) [general mean
mea: F>4.5,P <0.05 for all variables]. Analysis of stride width revealed a s:'u‘gniﬁcam increase
inwidth due to the perinatal asphyxia (Figure 5E) [time x group: F(1,25)=53.5,P< 0.0 1].
There was no effect of the perinatal asphyxia on the parameters area, foot length, spreading 1-
5 and 2-4 or stride length. )
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Figure 4. Performance of the three and 6 weeks old rat pups in the open field task. Total
distance moved per 5 min interval for CVD (black circle) and SPA (grey square) pups at 3
weeks of age (A) and 6 weeks of age (B). There were no significant differences between
the CVD and SPA group. At P21, there was a large inter-individual difference among the
CVD rats (n = 15). Both groups showed a decline in motor activity during the 30 min in the
open field at 3 and 6 weeks of age. Total distance moved after 30 min (C) and mean velocity
during the 30 min (D) in the open field task was not different between CVD and SPA rats.
However, the decline in mean velocity of the CVD rats was significant larger than the decline
in mean velocity of the SPA rats, comparing 3 fo 8 weeks of age. Black bar: CVD; grey bar:
SPA. Date are expressed as mean +SEM. * indicates P < 0.05.
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Figure 5. Walking pattern as measured with the footprint analysis. Rats were tested in the
footprint analysis at three and 6 weeks of age. Closed circle: control rats (CVD); open
circle: asphyctic rats (SPA). (A) Area touched; (B) foot length; (C) spreading toe 1-5 (cm):
(D) spreading toes 2-4; (E) stride width; (F) stride length. Data are expressed as mean
+SEM per group. An age related change was seen in all parameters in both groups (*). A
significant increase in stride width was seen after perinatal asphyxia at 6 weeks of age ().

*indicates P < 0.05; 1 indicates P < 0.01.
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Table 1. Score of control (CVD; n=11) and asphyctic (SPA; n = 14) rats in grip task at 6
weeks of age. Data are given as percentages of the total number of rats. Rats were
tested 3 times (Trial 1, 2 and 3). Score 1: rat reached with one forepaw. Score 2: rat
reached wrth two forepaws. Score 3: rat used its hind paws. Score 4: rat used its hind
paws to climb onto the wire. Score 5: rat used its tail to climb onto the wire. No significant
differences were found between groups.

1 18.2 7.1

2 27.3 28.6 36.3 28.6 27.3 14.3

3 27.3 357 273 28.6 27.3 214

4 18.1 214 9.1 21.4 9.1 14.3

5 0 0 0 0 18.1 429
Stereology

The long-term consequence of perinatal asphyxia on the chemospecific cell populations of
the striatum and frontal cortex was determined using immunohistochemistry for calbindin
and parvalbumin (Figure 6). Estimates of the mean total number of neurons and volumes
are presented in Table 2. In the striatum, a decrease in the mean total numbers of calbindin-
IR (-22%) and parvalbumin(PV3)-IR cells (-43%) was found in the asphyxia group compared
to the control group (P < 0.05 for both). In the frontal cortex, a decrease in the mean total
number of calbindin-IR cells (-19.4%; P <0.05) was found in the asphyxia group compared to
the control group whereas no change was found in the mean total number of PV3-1R cells (-
11%:; n.s.) between the groups. The predicted precision of the estimates was between 0.05-
0.11. Although very large numbers of optical disectors were analysed (> 1200 per area), only
small numbers of immunoreactive cells were found in both the striatum and frontal cortex.
Thus, the estimates obtained were based on smaller numbers of counted immunoreactive
neurons in the striatum, than recently recommended [66,67]. However, all asphyctic rats had
smaller total numbers of calbindin-1R cells than the control rats, and the decrease in mean
total numbers of calbindin-IR neurons was larger than the predicted precision of the estimates.
This demonstrates the appropriateness of the sampling scheme (see [75] for further details).
There were no statistically significant differences between the groups in the volume estimates
of the investigated brain areas (Table 2). Post-processing thickness of the section was 17.4
+0.2 pm. So, the reduction of immunoreactive neurons in the investigated brain regions is not
due to differences in volumes, but a reduction in neuronal density.
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Table 2. Estimates of the mean total number of calbindin and parvalbumin (PV3)
immunoreactive (IR) neurons in striatum and frontal cortex of control and asphyctic rats.
Asphyxia decreased the total number of calbindin-iR neurons in frontal cortex {(-19%) and
striatum (-22%). Asphyxia also decreased the total number of PV3-IR in striatum (-43%)}.
The volumes of frontal cortex and striatum were unchanged after the asphyxia.

Frontal  # calbindin 707,947 48,492 570,301 26,283  -19%"
cortex # PV3 175736 3,407 157,023 23,498  -11%
Volume (mm®)  5.568 0119 5298  0.126
Striatum # calbindin 716,604 46,556 562,065 52,622 -22% "
# PV3 65836 3,021 37,815 13,043  -43%*
| Volume (mm%  5.579 0.079 5553  0.162
* P <0.05

Receptor auntoradiography

Quantitative differences in the binding activity of the GABAA receptor in the different
projection areas of the striatum were studied using receptor autoradiography. The results of
FNZ (A), FNZ2 and Ro15 (C) binding are shown in Figure 7 and 8. Regional distribution of
FNZ and Ro15 was higher in the striatum than in the GP, which was lower than the density
in the SN. FNZ2 shows that the GABAA-BZ2 receptors are mainly present in the striatum; the
density of FNZ2 is lower in GP and SN than in striatum. In the GP and SN, the GABAAa receptors
are mainly of the BZ1 type. There was no difference in pattern or distribution between control
and asphyctic rats in binding activity of FNZ, FNZ2 or Ro15 (P > 0.05).

Discussion

In the present study, we investigated whether behavioural deficits following perinatal asphyxia
|35,50] are related to loss of GAB Aergic projection neurons or parvalbumin-immunoreactive
interneurons or GABAA receptor affinity, Previously, we reported a neuronal loss within the
striatum 3 weeks after perinatal asphyxia [74]. Since the striatum and frontal cortex are involved
in co-ordination of locomotion, we expected to observe changes in motor behaviour in
asphyctic rats at three and 6 weeks of age. We observed minor deficits in spontaneous locomotor
behaviour in the open field and foot print task. In the open field task, a decrease in spontaneous
activity in the control group was found when comparing the three to the 6 weeks old rats.
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The asphyctic rats showed a comparable and relatively low spontaneous activity in both open
field sessions; hence, it could be argued that the effects of asphyxia in our study were undetected
because of so called floor effects. Weight of the animals could be excluded as a confounding
factor, since no differences in body weight between control and asphyctic rats were observed
at birth, at three or 6 weeks of age. Measurement of walking pattern is considered a sensitive
and useful tool for monitoring subtle behavioural changes in relation to striatal degeneration
[71]. We found an increase in stride width after asphyxia, indicative of a disturbance in balance
or stability when walking. However, all other parameters (area, foot length, spreading toe and
stride length) were not changed by perinatal asphyxia. This suggests that the perinatal asphyxia
paradigm used here did not lead to major motor deficits but to very subtle changes.

In the present study, perinatal asphyxia led to a decrease in the mean total number of calbindin-
IR (-22%) and parvalbumin-IR (-43%) neurons in the striatum. Furthermore, a decrease (-
19%) was found in the mean total number of calbindin-IR neurons in the frontal cortex.

Figure 6. (A and B) Calbindin immunoreactivity in the striatum (A“) gnd 5th na‘yer-o‘f the
frontal cortex (B) of 6 weeks old Wistar rats. (C and D) Parvalpumm mmunoreactwaw in
striatum (C) and and 5th layer of frontal cortex (D). Allimmunostained nuclei were quantified

using stereology. Scale bar is 50 um or 20 pm.
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Figure 7. Autoradiograms showing the binding of [*Hflunitrazepam (FN), [*H]flunitrazepam
in presence of CL.218,872 (FNZ2) and the benzodiazepine receptor antagonist ["[H]Ro15-
1788 to GABAA receptors in the striatum, globus pallidus (GP) and substantia nigra (SNc
and SNr). The density of FN and Ro15 is most pronound in SN. FN2 is mainly present in
the striatum. The scalebar represents 1 um.
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We did not find a change in density or distribution of the postsynaptic GABAA receptor both
within the striatum and in the different projection areas of the striatum. These data suggest
that perinatal asphyxia in the rat brain results in a degeneration of both GABAergic projection
neurons and interneurons in the striatum. The interneurons are substantially more vulnerable
for the asphyctic insult than the GAB Aergic projection neurons. Since we did not find a change
in receptor binding the output centers of the striatum, we hypothesize that the loss of
GABAergic projection neurons was compensated for by other neurotransmitter systems or
by sprouting of the remaining neurons. Since the GABAA receptor was not affected in the
striatum, we propose that the loss of parvalbumin-IR interneurons was compensated for by
other interneurons being relatively more resistant to the asphyctic insult. As a consequence,
major motor deficits were prevented.

Methodological consideration

In the present study we provide data concerning the total numbers of calbindin-IR and
parvalbumin-IR neurons in the striatum and frontal cortex. The use of stereology allowed
precise and valid estimates of the mean total number of calbindin-IR and parvalbumin-IR
neurons within the different areas from the control and the asphyxia groups. Since the antibodies
were not able to penetrate entirely throughout the section thickness, we analyzed two
microscopical virtual planes (each 4 pm thick) within the processed sections (thickness after
processing was 17.4:£0.2 pm). Luk and Sadikot (2001) studied the total number of parvalbumin-
IR neurons in the striatum of normal rats between postnatal day 35 and 42 using stereology
(optical disector method). They reported 16785 parvalbumin-IR cells in the striatum of
Sprague-Dawley rats at 6 weeks of age. We found 65856 parvalbumin-IR cells within the
striatum of Wistar rats at 2 months of age. This large difference might be due to the use of
different rat strains or time point of investigation. Thus far, there are no studies reporting
total numbers of calbindin-IR neurons in the rat striatum. Comparing the mean total number
of parvalbumin-IR cells to the mean total number of calbindin-IR cells shows that the mean
total number of parvalbumin-IR interneurons within the striatum was approximately 9.2% of
the total number of calbindin-IR projection neurons. Anatomical studies show that the spiny
projection neurons represent over 90% of the total number of cells in the striatum and give
rise to almost all outputs of this structure. Our data are in line with this report concerning the
ratio between interneurons and projection neurons within the striatum. Furthermore, our data
are in line with our previous study, reporting a decrease in mean total number striatal neurons
of 16% , three weeks after perinatal asphyxia [74] . The total number of striatal neurons reported
in this paper is, however, substantially larger that the total number of projection neurons
reported in this study. This is probably due to different proceedings concerning the delineation
of the striatum, i.e. in the first study we studied the total number of neurons in the whole
striatum and in this study we excluded the globus pallidus and more caudal region of the
striatumnt.
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Neurodegeneration induced by perinatal asphyxia

Perinatal asphyxia induces the degeneration of several cell types and causes changes in
neurotransmitter levels within the basal ganglia [13,26,43,51]. Increased extracellular dopamine
levels and decreased glutamate levels in the striatum after perinatal asphyxia, induced
intrauterine at PO, were reported by microdialysis at 6 months of age [51]. Furthermore, a
decrease of GABA levels has been reported in the same study within the substantia nigra.
However, GABA levels were unchanged in the striatum or frontal cortex at three and 6 months
of age in the model investigated here [43]. In other models of perinatal asphyxia, loss of
GABAergic neurons was reported in striatum and hippocampus. For instance, loss of glutamate
acid decarboxylase (GAD; indicator of GABA levels) was reported in the striatum of sheep
after perinatal asphyxia [26]. Loss of striatal neurons, especially loss of calbindin-IR and
parvalbumin-IR neurons, was described in the developing brain of the sheep after repeated
episodes of cerebral hypoxia-ischemia [55]. Neonatal anoxia (N2 100% for 25 min at 30'h
after birth) reduced the number of GAB Aergic neurons in the hippocampus [ 14]. In conclusion,
these data show that GABAergic neurons are particularly vulnerable for perinatal asphyxia.
It is assumed that degeneration of calbindin and parvalbumin-IR neurons after the asphyctic
insult is mediated by an intracellular calcium accumulation and DNA degradation or via a
decrease in metabolic activity of the cell [38]. In the neonatal rat, perinatal asphyxia leads
to an increased release of glutamate into the extracellular space of the striatum directly after
the insult, which may result in excitotoxicity [43].

GABAA receptors

There are three different types of GABA receptors in the brain: bicuculline-sensitive (GABAA),
bicuculline-insensitive and Cl independent (GABAR) and bicuculline- and baclofen-insensitive
(GABAC) receptors [34,39]. Activation of the postsynaptic GABAA receptors by synaptically
released GABA inhibits the activation of GABAergic spiny neurons and the release of glutamate
in the striatum [57,58]. GABAB receptors are involved in presynaptic regulation and their
stimulation reduces Ca** channel conductance [63]. This results in less Ca?" within the
presynaptic cell and results in a decreased release of the neurotransmitter [ 56). Behavioural
findings suggest a complex interplay between adenosine A2A, dopamine and GABA receptor-
mediated mechanisms in the control of motor behaviour [17]. Chen and co-workers [10]
demonstrated a reduction in the number of dopamine D1 receptors in the nucieus accumbens
and substantia nigra, four weeks after perinatal aphyxia. The number of dopamine D2 receptors
was unchanged by asphyxia, whereas the D2 agonist affinity was reduced in the striatum.
Interestingly, the D2 receptors in the striatuwm are inhibitory and the D1 receptors are excitatory
[29,70]. Furthermaore, perinatal asphyxia increased mRNA levels of tyrosine hydroxylase (TH),
1 and D2 dopamine receptors in the striatum of 4-week-old rats [25]. Neurotransmitter
levels, such as glutamate, GABA, dopamine, were decreased after perinatal asphyxia, although
receptors protein levels seem to be less affected. In the present study, we did not detect
alterations in GABAA receptor affinity for ["H]flunitrazepam or [*’H]R054-864. These findings
suggest that the developing brain does not compensate for the loss in GABA by increasing the
affinity or expression of the postsynaptic GABAA receptor.
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Figure 8. Density of GABAA receptors in the brain of perinatal asphyctic and control rats
as a function of the studied brain regions, investigated using receptor autoradiography at 8
weeks of age. Sections were labelled with the GABAA receptor agonists FNZ, FNZ in the
presence of CL218.872 (FNZ2) or with the GABAA receptor antagonist Ro15. There was
no difference in pattern or distribution between conirol (black bar) and asphyctic (grey bar)
rats in binding activity of the agonists or the antagonist. Date are expressed as mean +SEM.
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GABA and development

GABA is considered to be the main neurotransmitter released from striatal neurons projecting
to the different output structures of the basal ganglia. It plays a central role in the processing .
of information in the striatum [22-24]. During early development, GABA induces
depolarization (excitation) in neonatal neurons as a results of high Cl" concentration within
ihe cell. During maturation, the Cl' concentration decreases which results in an opposite effect,
i.e. CI' ions are pumped out of the cell and the cell becomes hyperpolarised (inhibition) [40].
This switch occurs in the first week of postnatal life [11,31]. Furthermore, in neonatal neurons,
the effect of GABA is enhanced by a desensitization of the GABA currents. It is suggested
that the GABA receptor changes in structure or assembly of the different subunits during
postnatal life. These neurochemical changes lead to modifications in function of the GABAA
receptor. It is hypothesized that GABA exerts trophic actions during early postnatal life by
increasing [Ca?'], which is essential for neuronal growth and differentiation [59].

Loss of GABAergic cells during early brain development can lead to a disruption of the neuronal
network and organization. Ethanol, which interacts with the GABAA receptor, can lead to
abnormalities in brain growth when administered during early brain development. GABA is
synthesized from glutamic acid by glutamic acid decarboxylase (GAD), which consists of
two isoforms with molecular masses of 65 and 67 kDa (GADG65 and GADG7, respectively)
[41]. A reduction of GABA in GADG67 -/~ mice resulted in cleft palate and neonatal death [4].
Loss of GAD65 (GAD65 -/-), however, did not lead to changes in GABA levels or behavioural
changes, except for an increase in susceptibility to seizures [3]. It seems that the brain
compensates for the loss of GADG6S and tries to maintain a balance between stimulatory and
inhibitory synapses. In our study, we have shown that perinatal asphyxia can lead to a decrease
in the number of GABAergic neurons at 2 months of age. Abovementioned studies show that
this loss might be compensated during development so that the balance between the excitatory
and inhibitory system is not disturbed. Loss of GABAergic neurons during development,
howewver, might affect the total number of neurons or synaptic contacts in later life.

Behavioural changes induced by perinatal asphyxia

The main function of the basal ganglia is the initiation of movement, or modulation of memory-
related or sensorimotor behaviour [22]. Only minor motor deficits were found in the open
field and foot print task after perinatal asphyxia, although neuron loss in the striatum was
detected using stereology. Our results are in agreement with Hoeger and co-workers [35],
who reported no changes in the open field task between asphyctic and control rats at 3 months
of age. In the same model, Loidl and co-workers {50] however described a decrease in activity
in the open field task at 5 months of age. This difference might be due to the time point of
investigation or to the large inter-individual variance at three and 6 weeks of age. At 5 months
of age, the inter-individual variance is much smaller and even small changes can be measured.
In other studies, using carotid artery ligation at P7 as a model for hypoxia-ischemia, also no
changes were also found in the open field task, but a decrease in performance in the grip test
and foot print task was reported [5,8]. The differences in outcome concerning the grip test

-138 -



Impact on GABAergic and motor system

and foot print task can be related to the different methods used to induce perinatal asphyxia.
The control group showed large variations in the performance in the open field task at 3 weeks
of age. These results are consistent with previous reports showing large inter-individual
differences between rats in behavioural tasks in immature/developing rats.

Concluding remarks

The present study demonstrates that perinatal asphyxia results in very subtle changes in
spontaneous behaviour. GABAA receptor binding was not changed in the different output cen-
ters of the striatum after perinatal asphyxia, despite a considerable loss of calbindin- and
parvalbumin-IR neurons in the striatum and frontal cortex. Loss of specific neurotransmitters
with trophic actions, such as calbindin or parvalbumin, during neonatal life may have impor-
tant effects on the brain network and the time schedule of events. Studying the mechanisms by
which the brain adapts to these changes can give us more inside into interactions between
neurotransmitters and developmental disorders of the brain.
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Chapter 7

Abstract

Perinatal asphyxia can lead to long-lasting motor and cognitive deficits. We hypothesized
that these behavigural deficits ‘were partly the result of a deficient number of synapses
within the striatum, hippocampus and/or cerebellum. We therefore quantified the number of
neurons and the density of synaptophysin-immunoreactive presynaptic boutons within the -
striatum, the CA 1 and CA3 layers of the hippocampus, and the molecular layer of the cerebellum
in rats with a history of global.asphyxia at term and controls using stereology and image
analysis, Perinatal asphyxia caused a 1 3% decrease in the number of hippocampal pyramidal
cells at three weeks of age; in contrast the number of Purkinje cells within the cerebellum was
not changed. Furthermore, perinatal asphyxia caused a reduction in the number of synapses at
two months of age within the striatum, predominantly within its dorso-caudal part. Within the
hippocampus, the number of synapses was not affected within the hippocampus, whereas the
number of synapses within the cerebellum was slightly reduced. Considering these and previous
data from our laboratory, we conclude that perinatal asphyxia induces damages 1o the brain in
aregion-specific manner, predominantly within the striatum.
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Introduction

Extensive neuronal death and synaptic loss within the developing or aging brain has been
associated with functional decline [29,50,51]. Moreover, there is a selective vulnerability
to which neurons and synapses die and which are resistant to degeneration, especially after
brain injury. Brain injury due to perinatal asphyxia can lead to motor and cognitive impairment
in adult life [2,16,53]. Perinatal asphyxia may result in cell death within the striatum,
hippocampus and cerebellum [8,54]. Gamma aminobutyric acid (GABA)-ergic neurons
within the striatum are known to be especially vulnerable to perinatal asphyxia mediated
cell death [27,55], as well as Purkinje cells within the cerebellum [19,24]. Little is known
however about the consequences of cell death after perinatal asphyxia on the number of
synapses within these affected areas.

Synaptic plasticity, i.e. the capability of the central nervous system to change the structure,
distribution, or number of synapses when required [ 7], is most prominent during development
and is dependent on both external and internal perturbations including changes in hormonal
levels and environmental modifications [30,45]. The hippocampus seems to be particularly
plastic. Changes in the number of synapses within the hippocampus were reported; an increase
in synaptic numbers was described afier brain-derived neurotrophic factor (BDNF) infusion
[52] and watermaze overtraining [39] and a decrease in synaptic numbers afier ischemic injury
[17,28]. Similarly, arborizations of Purkinje cells within the cerebellum seem to be particularly
plastic, especially in response to motor activity [9,37].

To establish whether there are region-specific changes in synaptic numbers after perinatal
asphyxia in the rat, we investigated both neuronal and synaptic loss within particularly
vulnerable areas, i.e. striatum, hippocampus and cerebellum. An antibody against
synaptophysin, which is an intrinsic membrane protein located within small presynaptic vesicles
of neurons, was used as a marker for presynaptic boutons [33,59]. Neuronal and synaptic loss
was investigated using state-of-the-art quantitative methods considering stereologic principles.

Methods

Induction of perinatal asphyxia

Fifteen time-pregnant Wistar rats were purchased from Charles River Broekmans (The
Netherlands). Rats were housed under standard conditions in conventional cages and given
food (standard chow diet) and water ad libitum; lights on from 07.00 to 19.00 hina
temperature and humidity controlled room. The ethical board of the University of Maastricht
(The Netherlands) approved animal care and all experimental procedures.

Global asphyxia at term (perinatal asphyxia) was induced as described previously [53].
Briefly, dams were decapitated immediately after delivery of one or two pups (control
pups). Afterwards, dams were rapidly hysterectomized and the uterus horns containing the
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remaining pups were detached and placed in a water bath at 37°C for 20 min (time of perinatal
asphyxia). Thereafter, pups were removed from the uterine horns, cleaned and stimulated to
breath by gently padding them on the chest. The mortality in the asphyxia group was +40-60%.
Both control and rats subjected to perinatal asphyxia were left to recover in an incubator at . .
37°C for 60 min and then randomly placed with a surrogate mother (10 pups per mother). At~
21 days of age, the pups were weaned and placed separately in cages. It is important to note.
that these rats were not handled or subjected to any environmental changes before histologic
analysis, as this is known to affect synaptic numbers. Only male rats were used for this study
because motor and cognitive impairment was previously observed in male rats [53,55].

Perfusion and fixation

Existing material from eleven rats (control group: n = 6; asphyxia group: n = 5) was used to
study the total number of hippocampal pyramidal cells (using 100 pwm thick cresylviolet-stained
sections). These animals were perfused at three weeks of age (as described in detail in [54])
Another twelve rats were perfused at two months of age (control: n = 5; asphyxia: n=T7) to
investigate the total number of cerebellar Purkinje cells (using 16 pm thick sections processed
with immunohistochemistry) and the synaptic density within striatum, hippocampus and
cerebellum (using 30 pm thick sections also processed with immunohistochemistry). We
used 16 pm thick sections for analysis of the total number of Purkinje cells, since thick
sections (30 pm) were not suitable for quantification of the fluorescent marker (Cy3). Different
sets of animals had to be used since it was not possible to realize the different section
thicknesses on tissue from the same animals. Considering the general advice to keep numbers
of laboratory animals as small as possible, it seemed appropriate to use the already existing
material instead a new set of 11-12 animals at two months of age for the investigations of
total numbers of neurons. All rats were anaesthetized with sodium pentobarbital (60 mg/kg;
i.p.; Nembutal) and perfused transcardially (50 mmHg), first with tyrode, followed by 500 ml
fixative containing 4% paraformaldehyde and 2% picric acid in 0.1 M phosphate buffer (PB;
pH 7.6) at room temperature.

Following perfusion, brains were removed from the skull and post fixed in 4%
paraformaldehyde in 0.1 M PB at 4°C for 48 hrs or 2 h for investigation of the number of
neurons or synapses, respectively. Thereafter, brain tissue was cryoprotected by immersion
in 15% sucrose/0.1 M Tris buffered saline (TBS; pH 7.6) for 48 h at 4°C. The brain tissue
was quickly frozen using CO2 snow and stored at —80°C until further processing.

Stereological analysis of total numbers of neurons and volumes of cell layers

The forebrains of the three-week-old animals were entirely cut on a cryostat into serial 100
um-thick coronal sections. Every third section was stained with cresyl violet (0.01%, 35 min).
The hippocampal pyramidal cell layer was delineated as described previously in [42]. No
distinctions were made between the subregions, CA1, CA2 and CA3 within the hippocampus.
Estimates of total numbers of cells were carried out under blind conditions by two independent
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investigators with the optical fractionator [13,41,44]. As the results obtained by these
mvestigators were nearly the same, only one set of results is presented in this paper. The
stereology »workstatiwo‘n consisted of a modified light microscope (type BX50; Olympus}),
Olympus UPlanApo objectives (10>, NA =0.40; 100x, oil, NA = 1.35), a motorized specimen
stage for automatic sampling (Maerzhaeuser, Wetzlar, Germany), an electronic microcator
(Heidenhain, Traunreut, Germany), a CCD colour video camera (JAI, Glostrup, Denrnark), a
PC with framegrabber board and stereology software (C.A.S.T.-Grid, Olympus) and a 17’
television screen monitor. All hippocampal pyramidal cells that came into focus within
approximately 600 optical disectors systematically sampled were counted at a final
magnification of x3,600. Disectors were 10 um high in an average actual section thickness of
approximately 30 pm, measured using the microcator. The frame area was 492 pm’. Estimated
total numbers of cells were calculated from the number of counted neurons and the sampling
probability [13,41,44].

For investigating the total number of cerebellar Purkinje cells, the cerebelli of the two-months
old animals were halved mediasagitally, and the left half of each animal was entirely cut into
serial 16pum-thick sagittal sections for investigation of the total number of cerebellar Purkinje
cells. Every tenth section was incubated overnight with calbindin-D46 (1:10,000; P. Emson,
Cambridge, UK) diluted in TBS with 0.3% Triton X-100. The primary antibody was visualized
using biotinylated donkey anti-rabbit IgG (1:800; 60 min at room temperature; Jackson
Immunoresearch Laboratories, Inc., PA, USA) and streptavidin-Cy3 (1:2,000 dilution; 60 min
at room temperature; Sigma). Between the incubation periods, the sections were washed with
TBS and TBS-T. At the end of the staining procedure, sections were mounted with TBS: glycerol
{1:3). All calbindin-immunoreactive cells were counted using an Olympus AX-70 microscope
(magnification x400) and epifluorescent illumination. The total number of Purkinje cells per
rat was estimated by multiplying the sum of immunoreactive cells in all sections by the sampling
interval (i.e. equal to ten).

The volume of the hippocampal pyramidal cell layer (area CA1-3) as well as the volumes
of the cerebellar molecular and granule cell layers were estimated as previously described
[53]. Briefly, the region of interest was delineated and measured using the C.A.S.T Grid
software at a final magnification of x360. From the obtained data and the corresponding
average actual post-processing section thickness, total volumes were calculated by means
of the Cavalieri’s principle [ 14].

Analysis of the density of synapmphysin-immunmeawctive presynaptic boutons within
striatum, hippocampus and cerebellum

The immunohistochemical reactions for the analysis of the synaptophysin-immunoreactive
presynaptic bouton (SIPB) density were performed simultaneously on all sections of all
rwo-month-old animals using free-floating sections. For doing so, the forebrains were entirely
cut on a cryostat into serial 30-pm-thick coronal sections, and the right cerebellar halv?s
into serial 30 pm thick sagittal sections. A monoclonal antibody against synaptophy?m
(Chemicon International, Inc., CA) was used for the analysis of synaptophysin-immunoreactive
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presynaptic bouton density (SIPB). TBS-T (0.1 M) was used for washing and diluting antibodies.
Sections were pre-incubated in 5% normal goat serum (NGS; Sigma, The Netherlands) at
room temperature for 30 min and 2% NGS was added to all solutions containing antibodies to
minimize background staining. Sections were incubated with anti-synaptophysin serum (1:2000)
overnight at 4°C. After washing with TBS and TBS-T, the tissue was immersed in goat anti-
mouse IgG (1:150; American Qualex, San Clemente, CA, USA) for | h at room temperature,
followed by a monoclonal mouse anti-peroxidase antibody (1:50; Seralab, Crawley Down,
Sussex, United Kingdom) with 5 mg/ml horseradish peroxidase (Sigma, type [V) added for |
h. After incubation with the antibodies and washing with TBS and TBS-T, all sections were
incubated in 0.5% 3,3'-diaminobenzidine tetrahydrochloride (DAB; Sigma) containing 0.03%
H202in TBS-T for 15 min at room temperature. All sections were washed twice with TBS
and mounted on gelatine-coated glass slides. After air-drying, the sections were dehydrated in
ascending concentrations of alcohol, cleared with microclair and coverslipped with Permount
(Merck, Amsterdam, The Netherlands).

SIPB density analyses were carried out for the right brain half. Concerning striatum and
hippocampus, investigations were performed on five to seven sections per brain region and
animal, depending on the individual rostro-caudal extension of either striatum or hippocampus.
On each section, the striatum was divided into four subregions, i.e., dorsal, medial, lateral, and
ventral. Within the hippocampus, the analysis was focussed on the areas CA 1 and CA3. Forthe
cerebellum, investigations were performed on approximately 10 sections per animal showing
the molecular layer.

Within each region of interest, two or three photomicrographs were taken and evaluated using
an image analysis system, slightly modified for detection of greyscale punctae (AnalySIS™
-pro; Miinster, Germany). The SIPB density was estimated as previously described [53,60].
Briefly, an Olympus BH-2 microscope equipped with a 100x oil immersion planachromatic
objective and a CCD video camera (Paes, Zoeterwoude, The Netherlands) was used to obtain
photomicrographs of the regions. Background levels were equalized and the detection threshold
was tested and kept at the same level for all samples. The SIPB data are presented as the
number of immunoreactive dots per 100 pm?.

Statistical analysis

Mean and standard error of the mean (+ SEM) were calculated for all investigated variables.
With respect to the SIPB density within the striatum, region-specific results were obtained
for each animal (i.e. dorsal, medial, lateral, ventral) by calculating the mean of SIPB density
within a specific region for all six sections (in rostral-caudal direction). In addition, orientation-
specific results were obtained for each animal (i.e. rostral, medium, caudal) by calculating the
mean of SIPB density per 2 sections. For example, from the first and second section in rostro-
caudal direction all results were pooled and the mean of these data are presented. Finally, the
mean SIPB density within the entire striatum was calculated by pooling all results of the
different regions and sections.
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Gmup?spe‘ciﬁc means (+ SEM) were calculated for (i) the total number of hippocampal
pyramidal cells, (i) the volume of the hippocampal pyramidal cell layer, (iii) the volume of
}}he ceirebella.r molecular and granule cell layer and (iiii) the SIPB demii‘ies within the
mwest]gated areas. Comparisons between the groups were performed with the Mann-Whitney
U-test. Differences were considered statistically significant if P < 0.05. All caleulations were

%ﬂsﬁtmm&d using GraphPad Prism (Version 3.00 for Windows, GraphPad Software, San Die 20
USAY. ‘ ,

Results

Total numbers of neurons and volumes of cell layers

The results of the stereologic analysis are displayed in Figure 1. The mean total number of
hippocampal pyramidal cells was 469,169 17,132 for the control rats and 406,487 +12,108
tor the asphyctic rats. There was a significant reduction in the estimated mean total number of
hippocampal pyramidal cells in asphyctic rats compared to control rats (-13.4%; P = 0.02).
With respect to the volume of the hippocampal pyramidal cell layer, there were no significant
differences between the control and asphyctic rats (-6.6%; P =0.33). The mean total number
of cerebellar Purkinje cells was 126,693 £18,583 in control rats and 124,027 +8,734 in
asphyectic rats at two months of age. There was no significant difference between the groups
(P =10.34). Furthermore, the mean volumes of both molecular and granule cell were unaffected
by the asphyctic insult (P = 0.20).

Density of synaptophysin immunoreactive presynaptic boutons

The results of the SIPB density measurements are shown in Figure 2 and 3. When investigating
the striatum in a subregion-specfic manner, the mean SIPB density was significantly reduced
by 25.2% (P = 0.02) within the dorsal part of the striatum of asphyctic rats as compared to
control rats. Furthermore, the mean SIPB density within the lateral, medial and ventral parts
of the striatum was decreased (-17.9%, -21.3%, -20.5% respectively). However, these
differences did not reach statistical significance (0.05 < P < 0.10). When investigating the
striatum in an orientation-specific manner, the mean SIPB density within the median and caudal
part of the striatum was significantly reduced with 23.4% (P = 0.002) and 27.5% (P = 0.002)
respectively. By contrast, the mean SIPB density within the rostral part of the striatum was not
significantly reduced compared to control rats (-13.6%; P = 0.20). Within the entire striatum,
SIPB density was reduced in asphyctic rats compared to control rats with ~22% (P = 0.04).
From these data it is reasonable to conclude that within the striatum the SIPB density was
significantly reduced according to the asphyetic insult, predominantly in the dorsomedian and
dorsocaudal parts of the striatum.
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Within the CA1 and CA3 regions of the hippocampus, the mean SIPB densities were not
different between the groups. In conseéquence, the mean SIPB density within the entire
hippocampus was unaffected by asphyctic insult (Figure 4).

With respect to the cerebellum, the mean SIPB density within the molecular layer of the
asphyctic group was reduced by 19% compared to the control group. This difference was,
however, not statistically significant (P = 0.12). Most probably this was due to the large
variability within the asphyctic group.
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Figure 1. (A) Estimated total numbers of hippocampal pyramidal cells in CA1-3 of 3-week-
old male Wistar rats. There was a significant decrease in the mean total number of pyramidal
cglls in asphyctic rats compared to control animals (P = 0.01 ). (B) Estimated volume of the
n!ppocampal‘ pyramidal cell layer (CA1-3) of 2 months old rats. There was no significant
dlfferer)cg between asphyctic and control rats. (C) Estimated total numbers of Purkinje
cells within the cerebellum. (D) Estimated volume of the molecular layer (ML) and granuﬂle
layer (GL) within the cerebellum. Perinatal asphyxia did not affect the mean number of
Purkinje cells or volume of the ML and GL. * P < 0.05
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Since the vmjumes of the pyramidal cell layer within the hippocampus, the entire striatum, and
ﬁw mo_ﬂecu!‘ar and granule cell layers within cerebellum were unaffected by the asphj:!ctic
1.11:@1.1“, it was reasonable to interpret the SIPB data as representing estimates of the numbers
of presynaptic boutons within the different areas (cf [53]). It was therefore reasonable to
conclude that the perinatal asphyxia regimen investigated here reduced the number of
szmapmphysin—immunoreawive presynaptic boutons within the striatum, but not within the
hxppm}campus at two months of age. With respect to the cerebellum, it has to be noted that
1.;here is a tendency toward a decrease in total number of presynaptic boutons in the cerebellum
in asphyctic rats. . |

Discussion

Recently it was proposed that a deficiency in the number of synapses at birth might trigger
the 'prem,ature onset of neurodegenerative diseases, such as dementia, or induce a more
l:apld progression of such diseases [50]. In the present study, we show that perinatal asphyxia
in the rat affects both neuronal and synaptic numbers in a region-specific manner. Concerning
the SIPB density, the dorsomedian and dorsocaudal parts of the striatum were affected by the
asphyctic insult. Within the hippocampus, the number of pyramidal neurons within the CAl-
CAS3 region was reduced in asphyctic rats at 21 days, whereas the mean number of SIPB was
unchanged at 2 months of age. Finally, no evidence for Purkinje cell loss or loss of SIPB
within the cerebellum could be found at two months of age, suggesting that the cerebellum
was relatively spared during the insult.

This is the first study showing that perinatal asphyxia affects synaptic numbers in a region-
specific manner. This may be relevant since perinatal asphyxia could increase the risk for
developing neurodegenerative diseases in the adult.

Striatum

The striatum is one of the most severely damaged brain areas during an asphyxial insult. The
data provided in the present study show that perinatal asphyxia leads to a reduction of the
mean total number of SIPB within the dorsomedian and dorsocaudal part of the striatum. The
regions of the striatum (dorsal, lateral ventral and medial) described in this study are part of
the caudate-putamen complex (CPu), excluding the nucleus accumbens. The significance of
the loss of SIPB within the different subregions of the striatum depends on which synapses
disappear. There are several possibilities: (i) the loss of SIPB may reflect neuronal death
within the striatum or (ii) a loss in synaptic input from the substantia nigra, cortical subregions
and/or the thalamus. Furthermore, (iii) the loss of SIPB may be the result of impaired
synaptogenesis or impaired rearrangement of existing/new synapses during postnatal
development following asphyxia. With respect to the first possibility, we have previously shown
that perinatal asphyxia in the rat leads to a 16% reduction in striatal neurons at three weeks of

age [54].
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Figure 2. Densities of synaptophysin-immunoreactive presynaptic boutons {SIPB) within
the striatum of asphyctic or control rats. (A) Subregion-specific SIPB densities {i.e. dorsal,
lateral, medial, and ventral part of the striatum). SIPB density was significantly reduced in
the dorsal part of the striatum of asphyctic rats compared to control rats (P = 0.02). (B)
Orientation-specific SIPB densities (i.e. rostral, median and caudal part of the striatum).
SIPB density in asphyctic rats was reduced in the median {-23.4%; P = 0.002) and caudal
(-27.5%, P = 0.002) parts. (C) SIPB densities within the entire striaturm. Perinatal asphyxia
reduced the SIPB density with 22% (P = 0.04). * P < 0.05; ** P < 0.01.
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Figure 3. (A) SIPB densities within CA1 and CAS region of the hippocampus of 2-month-
old control and asphyctic rats. (B) SIPB densities within the entire pyramidal layer of the
hippocampus {(mean CA1 and CA3). (C) SIPB densities within the molecular layer of the
cerebellum at 2 months of age. There were no differences between conirol and asphyctic
rats within any hippocampal subregion or the cerebellar molecular layer.
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Further, perinatal asphyxia particularly affects GABAergic projection neurons as well as
GABAergic and cholinergic interneurons within the striatum [27,55]. Hence, loss of SIPB
within the dorsomedian and dorsocaudal parts of the striatum may reflect the loss of these
neurons. Concerning the second possibility (i.., loss of SIPB within the striatum due to loss
of synaptic input from the substantia nigra pars compacta (SNc¢), thalamus and/or cortical
areas) one has to consider that the main targets of the corticostriatal terminals are the spines
of the GABAergic medium spiny projection neurons and the GABAergic interneurons
expressing the calcium-binding protein, parvalbumin (PV3) [38,48]. The GABAergic
interneurons as well as other interneurons, such as the cholinergic ones, distribute their axons
within the striatum and make synaptic contacts with the spiny projection neurons. Dopaminergic
terminals make direct synaptic contacts with spiny projections neurons [22]. It was shown
that perinatal asphyxia results in a decrease of striatal dopamine release [26]. Hence, loss of
SIPB within the CPumight be related to a reduced nigrostriatal dopamine input after perinatal
asphyxia. 6-OHDA lesions of the nigrostriatal dopamine system involving the dorsomedial
part of the CPu affect both locomotion and drug-induced turning behaviour, whereas lesions
involving the ventrolateral parts of the CPu impair movement initiation, sensorimotor
orientation and skilled motor behaviour [20]. Thus, loss of SIPB within the dorsal parts of the
striatum might therefore be related to the decrease in motor activity described after perinatal
asphyxia in rats [55]. By contrast, functional consequences related to synaptic loss within the
median-caudal part of the CPu are not known. Finally, with respect to the possibility that
asphyxia-induced loss of SIPB may be the result of impaired synaptogenesis or impaired
rearrangement of existing/new synapses, it should be mentioned that perinatal asphyxia may
change endogenous growth factor levels during postnatal development. Several studies have
shown that growth factors were both up- and downregulated after brain injury and can directly
atfect both neuro- and synaptogenesis [ 1,6,34]. Hence, perinatal asphyxia might lead to the
re-arrangement of synapses or to a decrease in synaptogenesis.

Previously, we have shown that the perinatal asphyxia paradigm investigated in the present
study results in long-term cognitive impairment without alteration in SIPB density in the rat
striatum at 22 months of age [53]. The data presented in the present study seem to contradict
these results. However, the difference in results might reflect changes in SIPB during
development or aging. Synaptophysin-immunoreactivity within the striatum peaks at two months
of age in the rat and continues to decline afterwards [47]. Therefore, we speculate that perinatal
asphyxia affects the decline in the number of SIPB during aging and consequently the total
number of SIPB in later life. However, it is important to keep in mind that behavioural tasks,
such as the Morris water maze, can also influence the number of synapses (and, therefore, the
number of STPB). Many studies have shown that learning and physical activity can induce
synaptogenesis within the developing and aging brain [10]. Based on these data, it is reasonable
to assume that the mean numbers of SIPB seen at 22 months of age were affected by behavioural
testing, which was carried out at 6 weeks and 18 months of age [53]. Further research should
be conducted to establish whether loss of SIPB after perinatal asphyxia is reversible by learning
or physical activity, and whether this can be used as a therapeutic approach.
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Hippocampus

In the present study, it was shown that perinatal asphyxia leads to neuronal loss (-13%) within
the pyramidal cell layer of the hippocampus at 3 weeks of age. Although we used state-of-the-
art stereology to assess the number of pyramidal cells within the rat hippocampus, we found
less neurons within the hippocampus (approximately 470,000) of control rats than previously
reported in the literature (i.e., approximately 600,000-700,000; [43,58]). However, this
difference was far less than the previously reported differences in neuronal numbers by factors
of about 3 or even more [12]. Our data concerning hippocampal pyramidal cell loss afier
perinatal asphyxia are in agreement with results of previous studies showing cell death of
hippocampal cells after hypoxic-ischemic or asphyctic insults [8,32,46]. Perinatal asphyxia
might directly damage neurons within the hippocampus and consequently reduce the number
of neurons in later life.

Interestingly, revently evidence was provided for an increase in BDNF protein levels within
the hippocampus after perinatal asphyxia (using the same animal model) during postnatal
development [40]. Several studies have shown that BDNF is able to promote neurogenesis
as well as synaptogenesis and plays a major role during recovery from brain injury [23,34,52].
Thus, a transient increase in hippocampal BDNF protein levels may explain why the numbers
of SIPB within the CA1 and/or CA3 regions of the hippocampus were unaffected by the
perinatal asphyctic insult at two months of age. However, the lack of effect on SIPB numbers
within the hippocampus might also be explained by the severity of the perinatal asphyctic
insult. In the present study a perinatal asphyxia paradigm was used that induces very subtle
functional deficits [16,53,55]. Moreover, this perinatal asphyxia paradigm leads to a small
decrease in the number of hippocampal pyramidal cells (-13.3%) during a period in which
proliferation within the dentate gyrus and synaptogenesis within the hippocampus continues
at high levels [3,36]. The granule cell axons (i.e, the mossy fibers) of the dentate gyrus
project to the CA3 pyramidal cells, which in turn give rise to axons that innervate the CAl
field as well as the CA3 field itself [49]. The SIPB number within the CAl and CA3 fields
were unaffected by the perinatal asphyxial insult, suggesting that intrahippocampal synaptic
circuits were resistant to the asphyctic insult or that the synaptic circuits were rearranged
after the asphyctic insult, i.e. yielding more synapses per neuron. Consistent with our
results, behavioural studies investigating cognitive performance after perinatal asphyxia
have not provided evidence for major changes in hippocampal function during the first two
months of life [4,25].

Cerebellum

The cerebellum plays an important role in motor performance and, according o recent studies,
it is also involved in regulating cognitive interactions [5,31 ]. It receives input from several
cortical areas, from the hypothalamus, and from serotonergic and dopaminergic nuclei within
the brain stem. Its output is focused on specific componens of the motor system, such as the
primary cortex and the premotor cortex. Purkinje cells within the cerebellum use GABA as
fransmitter and exert postsynaptic inhibitory effects on cells of the cerebellar and vestibular
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nuclei [18,35]. The molecular layer of the cerebellum contains the dendritic arbors of the
Purkinje cells and Bergmann glial fibers, of which axons terminate on the primary dendrites
of Purkinje cells [56]. The results presented here show that there were no significant changes
in the number of Purkinje cells and SIPB density within the molecular layer of the cerebellum
induced by asphyxia. The volumes of the molecular and granule cell layers were unchanged
after perinatal asphyxia, suggesting that no plastic changes occurred.

Our data confirm results from a previous study investigating morphologic changes in the
cerebellum of 2-year-old rats following perinatal asphyxia, in which neither long-lasting -
changes in the mean number of Purkinje cells or the volumes of both molecular and granule -
cell layers were found [57]. Furthermore, our résults are in agreement with previous studies
reporting approximately 100,000-150,000 Purkinje cells within the cerebellum of the rat
[43].

Interestingly, there was a tendency towards a decrease in SIPB numbers within the molecular
layer of the cerebellum of asphy¢tic rats compared to control rats. This reduction in SIPB
numbers might result in a reduction in behavioural performance. Behavioural deficits after
perinatal asphyxia that are known to depend on cerebellar function have been documented,
including tests of balance/walking patterns and co-ordinated motor performance [4,25,55].
However, motor deficits occurring after perinatal asphyxia are not consistent [16] and
performance might have been affected by the behavioural tasks itself [21]. To investigate the
large variability in SIPB density and behavioural performance and the consequences of SIPB
loss within the cerebellum, structural changes within the cerebellum should be correlated to
behavioural performance in a next study,

Conclusions

In summary, perinatal asphyxia reduced SIPB density within the dorsal and median-caudal
striatum, whereas the SIPB densities within the hippocampal pyramidal cell layer was
relatively spared. In addition, there was slight reduction in SIPB density within the
cerebellum. The mean number of hippocampal pyramidal cells was reduced after asphyxia.
By contrast, the mean number of cerebellar Purkinje cells was unaffected by the asphyctic
result. We therefore conclude that perinatal asphyxia causes region-specific damage primarily
within the rat forebrain. Since both the striatum and cerebellum play a key role in motor
control, loss of SIPB within these regions might explain the motor deficits induced by perinatal
asphyxia.
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Chapter 8

Abstract

Deficits in cognitive function have been related to quantitative changes in synaptic population,
particularly in the cerebral cortex. Here, we used an established model of perinatal asphyxia
that induces morphological changes, i.e. neuron loss in the cerebral cortex and striatum, as_ -
well as behavioural deficits. We hypothesized that perinatal asphyxia may lead to a .
neurodegenerative process resulting in cognitive impairment and altered presynaptic bouton -
numbers in adult rats. We studied cognitive performance at 18 months and presynaptic bouton:
numbers at 22 months following perinatal asphyxia. Data of the spatial Morris water escape -
task did not reveal clear memory or learning deficits in aged asphyctic rats compared to aged
control rats. However, a memory impairment in aged rats versus young rats was observed,
which was more pronounced in asphyctic rats. We found an increase in presynaptic bouton
density in the parietal cortex, whereas no changes were found in striatum and frontal cortex in
asphyctic rats. An increase of striatal volume was observed in asphyctic rats, leading an increase
in presynaptic bouton numbers in this area. These findings stress the issue that volume
measurements have to be taken into account when determining presynaptic bouton density.
Furthermore, perinatal asphyxia led to region-specific changes in presynaptic bouton numbers ..
and it worsened the age-related cognitive impairment. These results suggest that perinatal -
asphyxia induced neuronal loss, which is compensated for by an increase in presynaptic bouton
numbers.
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Introduction

Permatal asphyxia causes irreversible damage to the brain leading to neuron loss in certain
hram regions such as the cerebral cortex and the striatum [10,27,41]. Furthermore, perinatal
asphyxia can produce several long-term neurological and behavioural changes, such as reduced
learning disabilites, mental retardation, spasticity and epilepsy [37,43,48). Epidemiological
studies have documented an increased incidence of birth complications among patients who
developed psychiatric disorders [9,23] see for recent reviews [33,34]. In particular, a strong
association has been found between perinatal brain damage and the age of onset of schizophrenia
[25.42].

Only few studies have examined the long-term effect of perinatal asphyxia on behaviour in
animal models. Main findings of these studies were that perinatal asphyxia led to learning
deficits [4], reduced anxiety-related behavior {22] and reduced locomotor activity {29] at 3-5
months of age.

Deficits in cognitive and motor function have been associated with alterations in synaptic
numbers and organization, particularly in the cerebral cortex and striatum. Several papers
have reported a loss of synaptic input to the cortex during aging and related this to a decline in
cognitive function [32,47]. On the other hand, no changes in synaptic numbers have been
reported in the hippocampus during aging [6,36]. Increased synaptic numbers in the cerebral
cortex have been reported as a consequence of cerebral ischemia [40] or associative learning
{31

Several methods have been used for estimating the synaptic numbers i.e. quantitative light-
microscopical or ultrastructural analyses of synaptic densities or stereology [7,18,24,47].
Quantification of synapses at the ultrastructural level is based on the visualization of individual
synaptic contacts. Quantification of synapses at the light-microscopical level is based upon
the detection of immunostained particles using an image analysis, applying synaptophysin as
a specific and selective marker for presynaptic boutons [46,47]. This method allows
quantification of presynaptic bouton density, which is a ratio that represents the total number
of presynaptic boutons (N), divided by the volume of the structure (Vref). Stereological
methods for estimating presynaptic bouton numbers at the light-microscopic level are based
on the quantification of synaptophysin-stained presynaptic boutons at a high ma gnification in
3D-space.

In this study, we present a new approach for the analysis of presynaptic bouton numbers,
combining light-microscopic analysis of presynaptic bouton density [47] with volume estimates
using the point-counting method and the Cavalieri’s principle [ 19]. This combination of these
two values is referred to as the presynaptic bouton numbers. We tested whether
neurodegeneration during development induced by perinatal asphyxia lead to ch anges
presynaptic bouton numbers in adulthood and whether these changes were refated to behavioural
changes, i.e. impaired cognition.
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Materials and methods

Animals

Full-term pregnant Wistar rats were used either as surrogate mothers (n= 13) or as experimental
group (n = 34). Dams were purchased from Charles River-Broekmans (Someren, The
Netherlands). They were housed in the Animal Care Department of Maastricht University
under standard conditions (12:12 h light: dark cycles, 20°C, with free access to standard
laboratory chow and water). Animal care and procedures were approved by the ethical board
of University of Maastricht.

Induction of perinatal asphyxia and experimental set-up

A rat model of perinatal asphyxia was applied as described previously by Loidl er al. [29,30].
Briefly, dams from the experimental group were decapitated immediately after one or two
pups were delivered vaginally (control vaginal delivery; CVD). Afterwards, they were rapidly
hysterectomized, the uterus horns containing the remaining foetuses were detached and the
horns were placed in a water bath at 37°C for 20 min (severe perinatal asphyxia; SPA). After
20 min in the water bath, pups were removed from the uterus horns and stimulated to breath by
drying up the skin and gently padding them on the chest. The maximal duration of the
resuscitation was 5 min. [fa pup was not able to gasp within this period, it was considered dead
and excluded from the study. These procedures were performed under a heating lamp. The
pups were left to recover for 60 min under the heating lamp, marked and then placed with a
surrogate mother. Each surrogate mother received 8 pups, which were randomly selected
from the CVD and SPA group. The percentage of mortality in the SPA group was approximately
80%. All pups belonging to the CVD group were breathing immediately after birth and all
survived.

At postnatal day (P) 21, the animals were weaned and housed in Makrolon™ plastic cages
containing hardwood bedding in groups of two of the same sex.

At 1.5 months and 18 months of age, the rats were tested in the spatial Morris water escape
task and at 22 months they were processed for morphological analysis of presynaptic bouton
numbers.

Behavioural analysis

Cognitive performance was assessed using the spatial Morris water escape task. The rats were
first trained in this task when they were 1.5 months old. These finding were reported in a
previous paper [29]. At 18 months of age, the rats were re-trained in the same task under
identical conditions (same room, same spatial cues). We used a modification of the protocol
given by Prickaerts ef af. [39]. A black water tank (diameter 1.22 m) was divided into four
quadrants, which were designated north, west, south and east (the last containing a hidden
platform). The rats (n = 7 per group) were started facing the wall of the tank from different,
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randomly chosen, start positions, and trained to find the hidden platform (diameter 11 cm) at
a fined invisible position (1 cm below the surface of the water) in the water tank. The water
temperature was approximately 22°C. A trial lasted until a rat had found the platform or until
64} s had elapsed. 1 the rat did not reach the platform within 60 s, it was placed on the platform
for 3 s and then removed from the water tank. The rats were trained during 2 days, with 2 trials
a day. The time between subsequent trials was approximately 60 min. Spatial cues were provided
by including posters, a computer, a door, and by the presence of the experimenter. A radio was
playing softly, providing a background noise during the testing period.

A probe trial was given 1 day before the rats were re-trained at 18 months of age in the spatial
Morris water escape task. In this probe trial, the platform was removed and the rats had to
swim for 60 s. A second probe trial was given after the last trial on day two (at the end of the
training period). All rats were started, facing the wall of the tank, opposite to the position of
the removed platform. A video tracking system (Ethovision™) was used to record the
movements of the rats automatically.

Three parameters of the spatial Morris water escape task were analysed: escape latency (time
to reach the platform) (sec), total distance moved (cm) and swimming speed (cm/sec). Spatial
learning ability was defined as the difference between trial 1 and 2 in escape latency and
distance moved. Spatial short-time memory was defined as the difference between trial 2 on
day 1 and trial 1 on day 2 in escape latency and total distance moved. Spatial long-term memory
was defined as the difference between the last day of testing at 1.5 months and first day of
testing at 18 months of age in total distance moved.

Morphological analysis

Perfusion and tissue processing

At 22 months, the rats (n = 5 for each group; randomly selected) were anaesthetized with
sodium pentobarbital (60 mg/kg; i.p.; Nembutal*) and perfused transcardially (50 mmHg),
first with tyrode (0.1 M), followed by the fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer (PB; pH 7.6; room temperature). Following perfusion, the brain was removed
from the skull and postfixed for 24 hours at 4°C in the same fixative, Brain tissue was
cryoprotected by immersion in 30% sucrose/0.1 M Tris-buffered saline (TBS) for 48 hours
at 4°C.. Afterwards, the brain was quickly frozen and stored at —80°C until further processing.
The brain was then cut into 30 pm thick coronal section on a cryostat. Alternate sections were
used either for immunohistochemical staining, or contrasted with 0.3% cresyl violet for
supporting anatomical delineation of the neostriatum and the different layers of the cerebral
cortex.

Synaptophysin immunohistochemistry .

All immunohistochemical reactions were performed using free-floating sections. All sections
were processed simultaneously to ensure that all were processed ynder ide'mic.:ab \wn‘ditiqns.
TBS (0.01 M) with 0.2% Triton X-100 (TBS-T) was used for washing and diluting antibodies.
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To minimize background staining, sections were pre-incubated in 5% normal goat serum
(Sigma, Zwijndrecht, The Netherlands) at room temperature for 30 min and normal goat Sm:um
(2.5%) was added to all solutions containing antibodies. A monoclonal antibody &ga.lmt
synaptophysin (Boehringer-Mannheim, Germany) was used at a dilution of 1: 35 overnight at
4°C. After washing with TBS and TBS-T, the tissue was immersed in goat anti-mouse IgG
(1:150; American Qualex, San Clemente, CA, USA) for | h at room temperature, followed by
a monoclonal mouse anti-peroxidase antibody (1:50; Seralab, Crawley Down, Sussex, United
Kingdom) with 5 mg/ml horseradish peroxidase (Sigma, type IV) added for 1 h at room
temperature. After washing with TBS and TBS-T the sections were incubated in 0.3% 3,3™
diaminobenzidine tetrahydrochloride (DAB; Sigma) containing 0.03% H202in TBS-T for 15
min at room temperature. All sections were washed with TBS and mounted on gelatine-coated
glass slides. After air-drying, the sections were dehydrated in ascending concentrations of
alcohol, cleared with microclair and coverslipped with Permount (Fisher, Montreal, Canada).
The synaptophysin-immunoreactivity was restricted to small punctae with a morphological
appearance that was not apparently different between animals or groups.

Delineation of investigated brain regions

Three regions of the brain were analysed in the present study: frontal and parietal cortex and
neostriatum. Since the boundaries of these regions are difficult to determine, defined areas
according to Paxinos and Watson (1986) were chosen for analysing the volume and synaptic
density (see Figure 1). The frontal cortex was defined as the area between interaural 11.20
mm (anterior boundary) and 7.20 mm (posterior boundary). An arbitrary medial boundary
consisted of a line drawn from the dorsal tip of left-brain to top of the corpus callossum. The
lateral boundary consisted of a line from the ventral tip of the lateral ventricle to the top of the
cortex in a specific angle of 45°. The parietal cortex was defined as the area adjacent to the
frontal cortex, using the same anterior and posterior boundaries. A ventral boundary was set
drawing a horizontal line from the area where the corpus callossum shows a distinct decrease
in thickness. A specified region of the neostriatum was considered, which could be defined
with unambiguous anatomical boundaries. The level at which the corpus callossum first crosses
the midline (10.6 mm anterior of the interaural line) was used as anterior boundary and where
the fornix joins the diencephalon (8.2 mm anterior of the interaural position) was used as
posterior boundary. The corpus callossum defines the dorsal and lateral boundaries, the lateral
ventricle defines the medial edge, and arbitrary ventral boundary consisted of a line drawn
from the ventral tip of the lateral ventricle to the rhinal fissure, including a part of the nucleus
accumbens (as described by [24]). The globus pallidus was excluded from the defined region
in sections in which the imaginary line crossed its borders.

Estimates of the density of synaptophysin-immunoreactive presynaptic boutons
The density of synaptophysin-immunoreactive presynaptic boutons (SIPB) was estimated as
described by Wong et al. [47]. Briefly, an Olympus BH-2 microscope equipped with a x 100
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Ingeranral 10,20 mm

Interaural 9.48 mm

Interaural 8.74 mm

Figure 1. Drawings of coronal sections through the rat brain {according to Paxinos and
Watson [38]), showing the region of frontal cortex {FC) and parietal cortex {(PC), and
neostriatum (s) considered in the present study (shaded areas). The anterior limit was ta-
ken as the place in which the corpus callosum crosses the midline, and the caudal limit
was the place in which the fornix joins the diencephalon (not shown). The medial boundary
of the frontal cortex consisted of a line drawn of the dorsal tip of left brain to top of corpus
callosum. The fateral boundary consisted of a line drawn from the ventral tip of the lateral
wventricle to the top of the cortex in a specific angle, 45°C. The parietal cortex was defined
as the area next to the frontal cortex, using the same anterior and posterior boundaries. A
ventral boundary was set drawing a horizontal line from the area where the corpus callosum
shows a distinct decrease in thickness. The corpus callosum also defines the dorsal and
lateral boundaries of the neostriatum. The lateral ventricle defines the medial edge, and an
arbitrary ventral boundary consisted of a line drawn from the ventral tip of the lateral ventricle
to the rhinal fissure, including part of the nucleus accumbens (as described by ingham et
al. [24]). The globus pallidus was excluded from the defined region in sections in which the
imaginary line crossed its borders.

oil immersion planachromatic objective and x10 projection lens was used. The microscope
was equipped with a CCD video (DAGE, MTC, CCD72, Michigan City, USA). Immunoteactive
presynaptic boutons were detected by an image analysis system, slightly modified for detection
of greyscale punctae (MCID M4; Imaging Research Inc., 5t. Catharines, Ontario, Canada). Al
measurements were performed on a single focal plane. Shading error correction was
performed before measurements to correct for irregularities in illumination of the microscopic
field. All images were saved on computer files and background levels equalized using the
M3D software of the image analysis system. Measurements were performed on the equalized
images. The detection thresholds were tested; corresponding values were stored in the
computer program and kept at the same levels for all samples. Measurements were performed
on 5 systematically and randomly sampled areas of 5,000 pm? in 6 systematically and mndoml)j'
sampled sections of each investigated brain area. From these data, the SIPB density per unit

- 169 -



Chapter 8

area (100 um?) was calculated in each area and referred to as the presynaptic bouton density
(DPB). The data of all layers of the cortex were pooled and referred to as presynaptic boutons
global density (GDPB).

Volume estimates

Estimates of defined volumes (Vref) of the frontal and parietal cortex and neostriatum were
carried out by means of the C.A.S.T. Grid software (Olympus, Albertslund, Denmark), using
the point-counting method and the Cavalieri’s principle [19]. By means of systematic and
random sampling; a set of every sixth section of the entire brain regions was collected
(immunohistochemically processed sections). The surface areas of the frontal and parietal
cortex and neostriatum were measured on the left side; 8-10 sections per brain area were
sampled. Volumes were measured at a final magnification of x3,600 at approximately 900-
1,300 points systematically and randomly spaced throughout the frontal cortex, parietal cortex
and neostriatum; point distance was 200 um by 200 pum. Volume estimates were calculated by
multiplying the average surface area with the section thickness (post-processing thickness)
and the number of investigated sections [ 19]. Post-processing thickness was measured to be
able to compensate for shrinkage due to histological processing after dissection of the brains,
Section thickness was measured using a microcator, which was attached to the microscope
(see [45]). This microcator measured the distance between top (defined by the position where
first cellular components came into focus) and bottom (defined by the position where the last
cellular components were in focus) surfaces of the sections.

Statistical analysis

Results are given as mean = SEM. For the spatial Morris water escape task, data were analysed
using ANOVA and Student’s t-test. The differences in volume éstimates, DPB and GDPB
between SPA rats and CVD rats were tested using Student’s t-test. The level of significance
was set as ” <0.05.

Results

Behavioural analysis

The data of the cognitive performance of the rats at 1.5 months have been published elsewhere
by Loidl eral. [29]. Here data of the rats at |8 months are presented and compared with data of
1.5 months of age. Figure 2 and 3 show the measurements of the acquisition of the spatial
Morris water escape task and the performance in the probe trial. The time and total distance
moved to reach the platform provide a measure of the ability to leamn the task. Both CVD and
SPA had acquired the task, as shown by the decrease in time (Figure 2A) and distance moved
(Figure 2B} to reach the platform at the second trial on day one compared with the first trial
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Figure 2. Results from spatial Morris water maze task of CVD rats (closed circles; n = 7)
and SPA rats (closed squares; n = 7} at 18 months of age. Each rat was tested twice on one
day (trial 1 and 2) and twice on the following day (trial 3 and 4). Values are presented as
mean = SEM. (A) Time (seconds) needed to find the platform. Both CVD and SPA rats
were able to find the platform and performed better on the second trial of the first day. The
SPA rats were not able to remember the place of the platform on the second day of the
experiment (increase in time to reach platform; trial 3 versus 2), in contrast to the CVD rats.
The CVD rats did not perform better on the second trial (trial 4) of the second day, in con-
trast to the SPA rats. (B) Total distance moved (cm) to find the hidden platform. Both CVD
and SPA rats performed better on the second trial of the first day, as shown by a decrease
in total distance moved (trial 2 versus trial 1). The SPA rats were not able to remember the
position of the platform on the second day, as shown by increase of total distance moved
{trial 3 versus trial 2). The CVD did not perform better on the second trial (trial 4) of the
second day, in contrast to the SPA rats. (C) Mean swimming speed (cm/sec) during the
tests. No differences were seen in mean velocity between CVD and SPA rats.
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on day one. Repeated measures ANOV A (trial, group) revealed a trial effect (F(3,33)=3.14;
P =0.04}, but no effect of group, indicating that both CVD and SPA were equally efficient in
re-learning the task. A group effect was seen comparing total distance moved of day 1 (trial 1
and 2) with day 2 (trial 3 and 4), indicating that asphyctic rats had more problems remembering
the task than CVD. However, this difference was not statistically significant (F(3,33) = 2,48;
P =0.08). No differences were found in mean velocity (swim speed; Figure 2C) between the
different trials or between the CVD and SPA. In the probe trial that was done before the re-
training period at 18 months, no quadrant preference was seen in the rats (both CVI and SPA).
In the probe trial, which was done after the last trial at 18 months, all rats showed a quadrant
preference (P = 0.03; Figure 3). The time spent in the training quadrant was the same for the
CVD and SPA rats.

Multiple comparison between age groups demonstrated that the distance moved to reach the
platform of 18 month-old rats at first day of the experiment was higher than that of 1.5 month-
old rats at last day of experiment (F(1,26) = 3,32; P = 0.04). The data clearly show that spatial
Morris water escape performance of all rats decreases from 1.5 month to 18 months (Fig.
4a). In addition, the increase in distance moved to reach the platform between 1.5 months and
18 months was greater in the SPA group than in the CVD group (F(3,24)=3.26; P =0.045;
Figure 4b).
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Figure 3. Results obtained from the probe trial of CVD rats (grey bars; n = 7) and SPA rats
(black bars; n = 7) at 18 months of age. Each rat had to swim for 60 s, and the times spent
in the four quadrants of the water tank were recorded. The quadrants were organized with
respect to the training quadrant, i.e. north, west, south and east (the last containing the
hidden platform). Values are given as means = SEM. Both CVD and SPA rats had g
preference for quadrant 4 (east). No differences were found between the groups.
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Morphological analysis

Density of synaptephysin-immunoreactive presynaptic boutons

Figure 5 shows synaptophysin-immunostaining in parietal cortex and examples of edited images,
showing the detection of SIPB by the image analysis system. Figure 6 displays the results
obtained for DPB in the different layers of the frontal and parietal cortex of CVD and SPA
rats. For the frontal cortex, there were no significant differences between CVD and SPA animals.
By contrast, for the parietal cortex a significantly greater DPB was found for SPA animals as
for CVD animals in layer 4 (P =0.012), layer 5 (P = 0.048) and layer 6 (P =0.030). Figure 7
shows the results obtained for GDPB in frontal cortex, parietal cortex and neostriatum of
CWD and SPA rats. For frontal cortex and neostriatum, no significant difference was found
between CVD and SPA animals. By contrast, SPA animals showed a significantly greater GDPB
in parietal cortex than CVD animals (+10.4%; P = 0.04). This difference was more apparent
in the deeper cortical layers than in superficial layer of parietal cortex (12.8% in layer 4-6
and 8.1% in layer 1-3).
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Figure 4. Results obtained from spatial Morris water escape task of CVD rats (gray bars; n
= 7) and SPA rats (black bars; n = 7) at either 1.5 or 18 months of age. Eaph rat was tested
twice on one day and twice on the following day. Data shown fpr 1.5 months old rats represent
means (x SEM) of the two trials on the last day of thei expenmeryt, while dam showuj for 18
months old rats represent means (+ SEM) of the two trials on the first day Qf the experiments.
A, Distances moved of 1.5 months and 18 months .oﬁd rats. Both CVD and SPA rats
performed worse at 18 months of age, as shown by an increase in total distance moved.‘ B,
Differences between the distance moved at 1.5 months of age and the distance moved aét
18 months of age of CVD and SPA rats. The differences between distance moved at 15
months and 18 months of age were more pronounced in SPA rats than in CVD rats. P < 0.05;

** P<0.01.
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Volume estimates

Figure 8 shows the results of the volume estimates of the frontal cortex, parietal cortex and
neostriatum. For none of the investigated brain areas, significant differences were found
between CVD rats and SPA rats. However there was a trend towards an increased volume of
the neostriatum following perinatal asphyxia (+9.6%; P =0.10).

Post-processing thickness of the sections was 18 pum £ 1 pm for all rats (no difference
between groups).

Total numbers of synaptophysin-immunoreactive presynaptic boutons

From the data presented here it is not possible to calculate total number of presynaptic boutons,
since size, shape and geometric orientation of the presynaptic boutons are unknown. However,
no apparent morphological differences (Nissl staining) were found between CVD and SPA
rats. Considering the increased DPB in layer 4 to 6 of the parietal cortex (as well as the
increased GDPB in this brain area) and the unchanged volume of this brain area in SPA animals,
it was reasonable to conclude that there was a tendency towards an increase of total number of
presynaptic boutons in the parietal cortex in the adult asphyctic rats. Furthermore, considering
the unchanged GDPB in the neostriatum and the increased volume of this brain area in SPA
animals, it was reagsonable to conclude that there was a tendency towards an increase of total
number of presynaptic boutons in the neostriatum in the adult asphyctic rats.

Figure 5. Example of an image of synaptophysin-stained area in parietal cortex as obtained
with the image analysis system. (A) Unedited gray level image. (B) Edited image showing
the detection of the immunoreactive dots by the image analysis system. Blood vessels,
neuronal cell bodies and the area not in focus were excluded from the analyses (grey
areas). Scale bar= 10 um.
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Figure 6. Synaptophysin-immunoreactive presynaptic boutons per 100 pm? (DPB) in diffe-
rent layers of the cortex of CVD rats (grey bars; n = 5) and SPA rats (black bars; n=5) at 18
months of age. Data are expressed as mean + SEM. (A) DPB in different layers of frontal
cortex. There were no significant differences between CVD and SPA rats. (B) DPB in diffe-
rent layers of parietal cortex. In layers 4, 5 and 8, a significant increase in DPB was found
in SPA rats compared to CVD rats. *P < 0.05.

Discussion

Age-related reduction in cognitive performance of asphyctic rats

In the present study, we show that perinatal asphyxia leads to exaggerated age-related long-
term memory impairment. However, perinatal asphyxia did not lead to deficits in learning
ability or short-term memory. Spatial discrimination learning involves place learning (i.e.
learning a position in space) as well as non-spatial components such as procedural learning
{i.e. learning to search for an escape platform), sensorimotor processes and possible
motivational processes necessary for executing the task [35,39].

The spatial Morris water escape task has proven to be an exceptionally useful tool for assessing
the spatial and non-spatial memory abilities of rats [5,39]. During the acquisition ol the spatial
Morris water escape task, the rats learned to locate the platform that was in a fixed spatial
location relative to distal room cues [35]. The probe trial can reveal whether the rats have
actually learned the position of the platform. Place learning was considered by placement of
the platform in one of the four positions of the maze, while the rat was trained two trails/day.
This learning procedure is considered analogous to rapid acquisition memory processes, €.g.,
working memory, although still being a cognitive mapping-learning task [5]. This assumes that
the spatial Morris water escape task as performed in these studies is mainly a test for cortical
function. However, swim speed (mean velocity) of the rats in this task can be related to motor
and motivational behaviour, which is not only related to the motor cortex but also to the
neostriatal area 1,26].
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Figure 7. Global density of synaptophysin-
immunareactive presynaptic boutons
(GDPB; calculated as number of presynaptic
boutons per 100 um?) in frontal cortex,
parietal cortex and neostriatum of CVD rats
{grey bars; n = 5) and SPA rats (black bars; n
= B) at 18 months of age. (A) GDPB in frontal
cortex. No significant differences were found
between CVD and SPA rats. (B) GDPB in
parietal cortex. An increase in GDPB was
found in SPA rats, compared to SPA rats. (C)
GDPB in striatum. No significant differences
were found between CVD and SPA rats.

* P<0.05.
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Figure 8. Volume estimates of frontal cor-
tex (A), parietal cortex (B) and neostriatum
(C) of CVD rats (grey bars; n = 5) and SPA
rats (black bars; n = 5) at 18 months of age.
There were no significant differences bet-
ween CVD and SPA animals.
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The findings presented here suggest that the performance of SPA rats in the spatial task during
the acquisition and in the probe trial (both trials) did not differ from CVD rats at 18 months of
age. This indicates that place learning and visual and sensorimotor processes were not affected
in the SPA rats. The finding that both CVD and SPA rats improved their petfm'mame on the
first day (trial 1 vs. trial 2) indicated that asphyxia did not affect the spatial learning ability in
rats. Swim speed of aged SPA rats in the spatial Morris water escape task did not differ from
swim speed of aged CVD rats, showing that motor processes in both groups were not disturbed.
When comparing the individual performance of the rats from the first acquisition (1.5 months,
last day) with the second acquisition (18 months, first day), it was found that the rats performed
worse at 18 months of age.

Cognitive impairment as a consequence of aging has been related to a reduction in synapses in
parietal cortex [47]. Furthermore, aged ‘impaired” rats also show a significant reduction of
cholinergic neurons (ChAT) in striatum and frontal and sensomotor cortices, which have proven
to be related to place-learning deficits [12-14,21]. However, it might be noted that aged
‘impaired’ rats also show alterations in other neurotransmitter systems, such as the
dopaminergic and glutamatergic system [15,49]. The observed difference in distance moved
between young and aged rats was more pronounced in SPA rats than in CVD rats, suggesting a
more pronounced impairment in cognitive performance in aged SPA rats.

Previous studies have shown that perinatal asphyxia can lead to neuron loss in cerebral cortex
and striatum [27,41]. Furthermore, perinatal asphyxia can lead to a decrease in spontaneous
locomotor activity in the open field task [29] and damage to dopaminergic and cholinergic
neurotransmitter systems [11,30]. Taken together, this would indicate that damage to the
dopaminergic system and/or cholinergic system might lead to a reduction in cognitive
performance and a disturbance of the motor system.

Furthermore, this would indicate that the reduction in cognitive performance might be due to
a disturbance of the motor system. Finally, these studies support the idea that perinatal asphyxia
can result in cortical changes besides the already reported alterations of striatal and hippocampal
area {10,27].

Morphological analysis

Validity of methods and sources of error

There is a controversy in the literature about the validity and usefulness of the several
methods used to quantify presynaptic boutons. Most problems arise during the delineation
of the region of interest, the sampling scheme and choice of counting method (cf [8,44]). In
addition, all counting methods have their advantages and disadvantage. Quantification of
synapses at the ultrastructural level is the only available way to visualize individual sytmptfc
contacts, but is extremely time-consuming and complex. Quantification of presynaptic
boutons using synaptophysin-immunostaining is simple, but assumes that the size, shape
and geometic orientation of the synapses are not changed in an experimental group versus
a control group. Furthermore, alterations of presynaptic bouton density have to be interpreted
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in a careful way, because it can be the consequence of a change in total number of presynaptic
boutons (W), change in volume of the structure (Vref) or changes in both (cf [44]). Stereology
can provide accurate measurements of total number of presynaptic boutons without
assumiptions stemming from tissue processing of morphological changes. However this method
is dependent on magnification and can only be termed ‘unbiased’ if the resolution of the
immunostained boutons is uniform throughout the section [6].

All these methods were considered for the present study. We combined light-microscopic
image analysis of synaptophysin-stained presynaptic boutons in the striatum and the cerebral
cortex with volume estimates of the corresponding brain areas. This method was used since
ultrastructural analysis was extremely difficult and stereological methods (e.g. optical disector)
were unfit for this analysis since the resolution of the immunostained boutons was not uniform
throughout the section. Density estimates of presynaptic boutons have given accurate detection
of relative changes of this variable in the cerebral cortex of human neuropathological material
[2,32] and in transgenic animals models [16,31]. Furthermore, volume estimates using the
point counting method and the Cavalieri’s principle have become the state-of-the-art in modern
stereology (cf [19]).

The accuracy of the measurements can be easily affected by variations in the intensities and
qualities of the immunostaining and the illumination settings of the microscope. These
problems can be avoided by measurement of the number of presynaptic boutons per unit area
using image analysis [47]. In addition, the accuracy of the measurements can be affected by
the delineation of the region of interest and the sampling scheme of investigated areas and
sections. To obtain accurate measurements of presynaptic bouton densities per unit area, we
systematically and randomly sampled both areas and sections throughout the investigated brain
areas. Definitions of borders of these brain regions were made according to Paxinos and
Watson [38]. Threshold settings were fixed and same settings were used for all investigations.
Shading error corrections were performed before measurements to correct for irregularities
in illumination in the microscopic field. We also performed a further correction using the
M3D module of the software to allow for compensation of indifferences in background levels
of the immunostained areas. During actual measurements from the saved images, detection
levels were kept the same during all quantifications, so that valid and unbiased data could be
gathered. Furthermore, the volume estimates were done using a high magnification objective
(x100) to avoid overprojection (i.e. overcounting of synapes) during the investigation of the
relatively thick sections. Therefore, correction of the volume estimates with respect to
overprojection was not necessary in this study. In addition, high magnification objectives can
provide accurate estimates of the number of presynaptic boutons with diameters in the one to
two micron range [28]. The small size of presynaptic boutons (in contrast to neuronal cell
bodies) simplified stereological protocols as their small size minimizes the potential
overlapping of features between adjacent sections or focal planes.

Our data emphasize the repeated warning in the literature to use density measurements always
in conjunction with volume measurements [20]. A combined approach using light-microscopic
analysis of presynaptic boutons density and volume estimates can provide clear evidence of
the change in presynaptic bouton number in a defined area.
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Perinatal asphyxia increases presynaptic bouton numbers in striatum and parietal
cortex

In this study, we show that asphyctic injury during the development of the brain can have a
tong-lasting effect on the synaptic organization of the brain, especially in the striatum and the
parietal cortex. Alterations in presynaptic bouton density of the parietal cortex have been
previcusly reported in relation to aging. For example, Wong et al. [47] have shown in Brown
Morway x Fischer 344 F1 hybrid rats that aging can be related to a decrease in presynaptic
bouton density in the parietal cortex. A loss of synaptic input was also reported in the frontal
cortex in humans comparing young with older individuals [32]. However, an increase in
presynaptic bouton density has only been reported as a direct result of damage to the brain
tissue. An increase in presynaptic bouton density in the cortex was reported as a consequence
of cerebral ischemia [40] or as a consequence of decortication [ 17]. The observed increase in
presynaptic bouton numbers in parietal cortex and striatum in asphyctic rats supports the
hypothesis that brain damage during brain development can not only lead to synaptic loss, but
also to the formation of new synaptic connections. An increase in presynaptic bouton numbers
would allow for more neural communication and could compensate for a loss of neurons.
However, the increase in presynaptic bouton numbers shown here did not compensate for
long-term memory impairment.

In conclusion, perinatal asphyxia leads to an augmented age-related cognitive impairment and
an increase in total number of presynaptic boutons in the parietal cortex and striatum. This
synaptic plasticity induced by perinatal asphyxia was region-specific. The mechanism related
to this type of synaptic plasticity is still unknown. It is expected that future studies and
developments in the field should shed more light on the mechanisms underlying the
compensatory role of synaptogenesis in the restoration of the damaged CNS during develop-
ment.
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Abstract

In the present study, we investigated the effect of post-asphyxia hypothermia on the stress
gene response using semi-quantitative RT-PCR. Asphyxia was induced at term by immersing
fetus-containing utérus horns of Wistar dams in a water bath at 37°C for 19 min. Rat pups
were placed at random in a paediatric incubator at 37°C (normothermia) or 21°C (hypothermia)
for 45.min, before placement with the surrogate mother. Rat pups were sacrificed at 6 and 24
hrs after the insult. During the hypothermic period, the oral temperature of the rat pups dropped
to 24°C and was maintained or less then 34°C for a 90 min period. Our results demonstrate a
strong induction of hsp70 mRNA within the striatum and cerebellum, but not in the cerebral
cortex, during the first 24 hrs after perinatal asphyxia. Grp78 mRNA levels and xbp-1
processing was unchanged following perinatal asphyxia. Hypothermia prevented the injury
induced hsp70 mRNA induction, whereas it did not affect grp78 mRNA levels or XBP-1
processing. Therefore, we conclude that hypothermia can prevent the induction of cytoplasmic
stress following perinatal asphyxia without affecting endoplasmic reticulum function.

- 184 -



Gene response after post-asphyxia hypothermia

Introduction

lpfams who suffer perinatal asphyxia frequently develop cerebral injury that may result in
?n:fr‘emng behavioural impairment. Cellular events occurring during and after perinatal asphyxia,
including acidosis, calcium influx, release of excitatory amino acids, mitochondrial dysfunction
and free radical formation [22,38], lead to major neuronal damage and eventually death within
vulnerable brain regions, such as the basal ganglia, the hippocampus and the cerebellum
[21,24,31]. At present, there are no treatment strategies that have proven to be both effective
and safe within the clinic.

Mild post-asphyxia hypothermia has proven to be one of the most potent neuroprotective
strategies in animal models of brain injury. Mild hypothermia during the first 5.5h after the
insult, for example, has proven to be effective in reducing energy failure, neurochemical
damage and conveys long-term neuroprotection in piglets, rats and sheep [14,33,39].
Furthermore, both experimental and clinical studies showed that post-asphyxia mild
hypothermia is feasible and safe [13,14,35]. Several randomised clinical trial are currently in
progress to test the efficacy and safety of post-asphyxia mild hypothermia. The mechanisms
whereby hypothermia protects neurons against asphyxia are still not fully understood. Several
studies demonstrated that hypothermia effects cerebral metabolism, decreases ATP depletion
[40,42] and reduces glutamate release [3,16,25] during asphyctic-like insults. Furthermore,
hypothermia is able to decrease free radical formation [19] and prevent post-ischemic caspase-
3 activation [11,34].

To get more insight into the mechanisms underlying the neuroprotective effect of hypothermia,
we investigated the effect of hypothermia on the stress gene response after perinatal asphyxia
in the rat. Specifically, overproduction of 70kDa heat shock protein (hsp70) has been shown
to play an important role in the cellular defence mechanism that protect the brain against cell
death produced by ischemia and other stresses [3 2]. Another gene important for neuronal
function and survival is the glucose-regulated protein, GRP78, which is localized in the
endoplasmic reticulum [18]. GRP78 is synthesized in all cells in response to low levels of
glucose and oxygen. Changes in mRNA Jevels of hsp70, grp78 and XBP-1 (transcription factor
essential for grp78 activation) [6] were studied using semi-quantitative RT-PCR in homogenated
brain tissue of rat pups with a history of perinatal asphyxia treated with or without hypothermia.

Materials and methods

Perinatal asphyxia | |
Eightteen full-term pregnant Wistar rats and their male pups (n = 20) were used (‘Cha’ries
River-Broekmans, Someren, The Netherlands). They were housed under standarci conditions
{12:12 h light:dark cycles, 20°C) with free access to standard laboratory chow and W'at‘er. The
local Committee on Animal Welfare of the University of Maastricht approved all animal care
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and procedures.

Asphyxia was induced in rat fetuses at birth (PO} by placing the uteri and its contents in a water
bath for 19 minutes, as described in detail previously [37]. Briefly, dams were decapitated and
rapidly hysterectomized immediately after delivery of two pups (control vaginal delivery;
CVD). The uterus horns containing the remaining fetusés were detached and placed in a water
bath at 37°C for exactly 19 min (severe perinatal asphyxia; SPA). The remaining pups were
then removed from the uterine horns and stimulated to breath by cleaning the skin and by
gently padding them on the chest. The maximal duration of resuscitation was 5 minutes. Ifa
pup was not able to gasp by then, it was excluded from the study.

The CVD and SPA pups (n = 5 per group per time point) were left to recover within a carefully
controlled environment of 37°C and 90% humidity for 60 min with the use of a paediatric
incubator. Hypothermia was induced by placing CVD and SPA pups in a paediatric incubator,
set at room temperature (21°C; 90% humidity), for 45 min (CVD-HYP, SPA-HYP; n= 15 per
group per time point). These pups were then placed with the normothermic pups (CVD and
SPA) in a pediatric incubator set at 37°C for 15 min. Finally, all surviving pups were randomly
agsigned to a surrogate mother (10 pups per mother) which had given birth on the same day.
Mortality within the CVD and SPA group was 0% and + 40%, respectively. Hypothermia did
not affect the mortality rate.

Temperature measurements

The temperature of the rat pups was measured orally using a special designed thermometer.
Rat pups were kept in the pediatric incubator during the measurements and touched as little as
possible. Temperature measurements were taken every ten minutes, starting 10 min after birth.
As control, vaginally delivered pups that were born on the same day and who remained with
their mother were measured during their first hours after birth using the same device.

Collection of brain tissue and RT-PCR analysis

Rat pups were randomly selected and rapidly decapitated at 6 and 24 hours after birth. The
brain was rapidly removed from the skull and brain regions of interest (cerebellum, striatum,
hippocampus and cerebral cortex) were dissected out and collected in RNAse free eppendorf
tubes. The hippocampus samples were later discarded due to difficulties in dissecting at 6 hrs
and 24 hrs after birth. All tissue was weighed and rapidly frozen in liquid nitrogen. Samples
were stored at —-70°C until processing.

Total RNA was isolated using the acid guanidinium thiocyanate/phenol/chloroform extraction
method [7] and reverse transcribed into cDNA. Changes in mRNA levels of hsp70, grp78,
xbp-1 were evaluated using quantitative PCR as described earlier [10,12]. Briefly, PCR reactions
tor hsp70 and grp78 were run in the presence of an internal standand, which had a non-matching
sequence in the middle flanked by the sequences of the interest. Thus the internal standard
could be amplified together with the specific cDNA using the same set of primers but yielding
a smaller PCR product. The following pairs of primers were used: hsp70, 5’-
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TGCTGACCAAGATGAAGG-3" and 5’-AGAGTCGATCTCCAGGC-3*; GRP78, 5’-
GTTCTGCTTGATGTGTGTCC-3’ and 5*-TTTGGTCATTGGTGATGGTG-3; XBP-i 5~
AAACAGAGTAGCAGCGCAGACTGC-3"and 5-GGATCTCTAAAACT. AGAGGC’I'TGG’I&&B ’,
The PCR products obtained with the XPB-1 primers were further digested with Pstl to reveal
a restriction site that is lost after [RE1-mediated cleavage and splicing of the mRNA. IRE1 is
a stress—’activated endonuclease resident in the ER and IRE-1 mediated cleavage controls
expression of XBP-1 and GRP78 [6]. For evaluation, the PCR products were separated on a
2?’0 agarose gel supplemented with ethidium bromide, gels were transilluminated with UV
light and bands were photographed. Films were scanned with a rotating microdensitometer
and the optical density of bands was evaluated by image analysis using appropiate standard
curves, as previously described [12]. The standard curves were prepared by ‘mn‘ning PCR
reactions with different concentration ratios of plasmids containing internal standard cDNA
or the cDNA of interest as inserts.

Statistical analysis

All data are presented as mean = standard error of the mean (SEM). Statistical significant
differences between experimental groups were evaluated using a pairwise two way ANOVA
analysis and post-hoc tests were performed using the Bonferroni t-test corrected for repeated
measures. Statistics were carried out using SigmaStat™ software version 2.03. Statistical
significance was assumed to existat P=0.05.

Results

Temperature measurements

Oral temperatures of the rat pups (n = 10 per group) during the first 90 min of life are shown
in Figure 1. CVD and SPA rat pups were subjected to normothermia (37°C; 60 min) or
hypothermia (21°C, 45 min and then 37°C, 15 min) directly after birth (time of asphyxia).
Oral temperatures of CVD-HYP and SPA-HYP rat pups were significantly decreased compared
to the CVD and SPA groups during first 2 hrs of life (P <0.01; minimum respectively 24.0
+0.3°C and 23.5 £0.3°C at 50 min after birth). Oral temperatures of SPA-HYP were
significantly reduced compared to the CVD-HYP group at 30 and 40 min after birth (P <
0.05). At two hours after birth, oral temperatures of the rat pups subjected to hypothermia
(between 33.0 - 34.2°C) were comparable to the other pups (normothermic; see figure 1).
Oral temperature of control rat pups, which after vaginal delivery remained with their mother,
was approximately 34.7 £0.2°C during the first 2 h of life. Ten min after birth, the temperature
of control rat pups was approximately 27.6 +0.5°C, which increased during maternal nursing
and/or physical activity. These data show that the oral temperature of vaginally delivered pups
is much lower than that measured in more mature pups; after 3 days of nursing and feeding, the
temperature of the control rat pups was approximately 35.8 +0.4°C.
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Figure 1. Oral temperature of rat pups during first 90 min after asphyxia. Rat pups were
placed in a pediatric incubator, set at 37°C {normothermia) or 21°C (hypothermia} and
90% humidity. Rat pups were subjected to hypothermia for 45 min; afterwards rat pups
were placed within the pediatric incubator set at 37°C for 15 min, before placing them with
a surrogate mother. The gray bar indicates the time of hypothermia. The gray line indicates
the time at which all pups were placed with a surrogate mother. The temperature of the
CVD-HYP and SPA-HYP rat pups dropped respectively to 24.0°C and 23.5°C at 50 min
after birth. At 90 min after birth, the temperature of all pups was comparable (between 33.0
~34.2°C). The oral temperature of CVD-HYP and SPA-HYP rat pups was significanily
decreased compared to the temperature CVD and SPA during first 2 hrs of life (P < 0.01;
indicated by *). The temperature of SPA-HYP was significantly reduced compared to the
temperature of CVD-HYP at 30 and 40 min after birth (P < 0.05).

Gene response induced by asphyxia

mRNAs encoding for the cytoplasmic protein hsp70

Asphyxia-induced changes in striatal hsp70 mRNA levels are shown in Figure 2. Asphyxia
caused 94% increase in hsp70 mRNA levels at 24 hrs after the injury within the striatum (P =
{0.05), whereas hsp70 mRNA within the cerebellum was already 163% increased at 6 hrs after
the injury (p=0.04). Asphyxia did not affect hsp70 mRNA within the cerebral cortex at either
6 or 24 hrs after injury (birth).

mRNA levels of hsp70 within the striatum of SPA rats were increased (+59%) at 24 h after
birth compared to 6 h after birth (P = 0.05). In contrary, hsp70 mRNA levels within the striatum
of control rats were more stable (-14%) during the first 24 hrs of life. Within the cerebellum
of controls, hsp70 mRNA levels were 127% increased at 24 hrs after birth compared to 6 hrs
after birth (P = 0.04). mRNA of hsp70 within the cerebellum of asphyetic rats at 24 h were
85% decreased compared to hsp70 mRNA levels at 6 h after birth (p = 0.04). mRNA levels of
hsp70 within the cortex of all rats remained stable during the first 24 h of life (6 lh vs 24 I).
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mRNAs encoding for the ER-resident stress protein GRP78 and XBP-1 processing

The patterns of change in mRNA levels of grp78 after asphyxia within the striatum are shown
in Figure 3. Grp78 mRNA levels within the striatum appeared to be reduced by the asphyxia at
6 h (-35%) and 24 h (-37%) after birth. These differences were, however, not significant (P >
(1.05). Within the cerebellum, grp78 mRNA levels were unchanged by the asphyxial insult.
Within the cortex, grp78 mRNA levels were slightly reduced at 6 h after birth (-65%; P =
0.05), but again restored at 24 h after birth.

Grp78 mRNA levels within the striatum were increased by 77% at 24 h after birth compared
to 6 h after birth in control rats (P = 0.04). Striatal grp78 mRNA levels in asphyctic rats were
72% increased at 24 hrs compared to 6 h after birth (P = 0.04). Within the cerebellum and
cortex, grp78 mRNA levels remained fairly stable during the first 24 h of life.
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Figure 2. Changes in hsp70 mRNA levels induced by asphyxia and hypothermia were
evaluated by seimi-quantitative RT-PCR. Data are presented as percentage gf co‘mm"l vglqgi
Striatal hsp70 mRNA levels were increased by 94% at 24 hrs after thevpermatal asphyxﬁ
injury. Striatal hsp70 mRNA levels were decreased after post-asphyma hypotherfr‘ma. ( ‘)‘
PCR products were separated on a agarose gel and changes in mRNA levels were
assessed by image analysis (B). *p < 0.05 or p = 0.05.

-189-



Chapter 9

gpT8

e frs)
Figure 3. Changes in striatal grp78 mRNA levels induced by asphyxia and hypothermia
were evaluated by seimi-quantitative RT-PCR. Data are presented as percentage of control.
Striatal grp78 mRNA levels were not statistically changes after perinatal asphyxia or post-
asphyxia hypothermia. (A) PCR products were separated on a agarose gel and changes
in MRNA levels were assessed by image analysis (B).

xbp-1

Figure 4. Effect of perinatal asphyxia and hypothermia on processing of XBP-1 mRNA in
homogenated striatal tissue. Perinatal asphyxia did not induce XBP-1 processing.
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&ctivatzi@n of an ER stress response causes IRE1-mediated splicing of a small intron firom
XBP-1 mRNA [6]. The protein encoded by the processed XBP-1 mRNA accumulates during
the stress response and is required for the activation of target genes, including GRP78. Perinatal
asphyxia did not induce XBP-1 processing at 6 h or 24 h after birth within the striatum,
cerebellum or cortex (see Figure 4), indicating that there was no ER stress response induced
by the asphyxial insult at 6 h or 24 h after birth.

Gene response induced by post-asphyxia hypothermia

mRNAs encoding for the cytoplasmic protein hsp 70

Post-asphyxia hypothermia prevented the increase in hsp70 mRNA levels caused by asphyxia
within the striatum at 24 h after birth (SPA-HYP vs SPA; see Figure 2). Within the cerebellum,
it prevented the increase in hsp70 mRNA levels at 6 h and the reduction at 24 . Within the
cortex, hsp70 mRNA levels were stable after post-asphyxia hypothermia.

Post-asphyxia hypothermia caused a 72% decrease in hsp70 mRNA levels within the striatum
at 6 h after birth, and a slight (-44%) reduction at 24 h after birth (SPA-HYP vs CVD). Within
the cerebellum and cortex, it did not affect hsp70 mRNA levels at 6 h or 24 h after birth.
There was no difference in hsp70 mRNA levels between samples of CVD and CVD-HYP at
any timepoint {P > 0.05).

mRNAs encoding for GRP78 and XBP-1 processing

Post-asphyxia hypothermia did not affect grp78 mRNA levels within the striatum or cerebellum
at 6 or 24 h after birth (Figure 3). It prevented the slight reduction in grp78 mRNA levels
within the cortex at 6 h after birth. At 24 h after birth, grp78 mRNA levels in samples of SPA-
HYP were similar to grp78 mRNA levels in control or asphyctic rats. Furthermore, post-
asphyxia did not affect processing of XBP-1 (see Figure 4).

Discussion

In this study, we investigated the effects of post-asphyxial hypothermia on the stress gene
response in a rat model for intrauterine asphyxia at term. During the hypothermic peri od2 the
oral temperature of the rat pups dropped to +24°C and was maintained or less then 34°C fora
90 min period. Our results demonstrate that the induction of hsp70 mR.\fNA as a consequence
of perinatal asphyxia is strongly influenced by body temperature dm:mg Fhe first few hoyrs
after injury. Post-asphyxia hypothermia prevented and suppressed th? injury mclu:ced expression
ofhsp70 mRNA, suggesting that hypothermia prevented cytoplasmic stress. Peﬁ:rmmal awsphnyxla
did not affect grp78 mRNA levels or XBP-1 processing, suggesting that ER function was
preserved after this injury. Furthermore, our results indicate that posg—asphy%xa h‘ypotheﬂma
did not induce changes GRP78 mRNA levels or XBP-1 processing, indicating that the
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hypothermic period alone did not affect ER function.

Previous studies demonstrated that post-insult hypothermia is effective in preventing brain
damage following intrauterine asphyxia [14,39]. In our study, we applied cooling immediately
after the cerebral insult and continued for 45 min. This paradigm was chosen to prevent glucose
and maternal deprivation, and all pups were placed with a nursing dam within 60 min of the
injury. Furthermore, long-term neuroprotection has been obtained when hypothermia was
induced immediately afier injury and prolonged for hours [5]. However, such prolonged cooling
may also increase the risk of serious side éffects. The optimal period and setting of hypothermia
for neonates has yet to be investigated in randomized clinical trials. The present study represents
a mechanistic study in regard to the impact of perinatal asphyxia and post-asphyxial hypothermia
on stress gene response after injury.

Currently, it is unclear which mechanisms are responsible for the delayed cell death induced
by perinatal asphyxia, as described recently [8,27,37]. Evidence has been provided for
mitochondrial failure and ER dysfunction leading to activation of caspases and eventually cell
death (see [15,22] for reviews). Heat shock proteins (HSPs) play a vital role in normal cellular
function during postnatal development [17] and serve as chaperones, which bind to other
proteins and aid the restoration of the structure and function of denatured proteins. Thus, the
induction of heat shock proteins represents a cellular defense mechanism that may protect
the cell against any stress that induces protein denaturation, including asphyxia. A number of
studies have shown that HSP70 is part of a cytoplasmic stress response system which can
protect cells against both necrotic and apoptotic cell death [32]. HSP70 has been shown to
protect against glutamate-mediated toxicity [20], protect astrocytes against acidosis-produced
damage [26] and inhibit cytochrome C-mediated Capase-9 and -3 activation [2,23]. In the
present study, we show that overproduction of hsp70 mRNA levels is induced within 24 h of
the insult within both the striatum and cerebellum, but not the cerebral cortex. Previously, we
have shown that the striatum and cerebellum are particularly vulnerable to perinatal asphyxia
mediated cell loss [37]. Taken together, these data show that hsp70 overproduction was induced
within the damaged brain regions during the first 24 h of life, possible in a neuroprotective
function, Future studies are required to test whether prolonged overproduction of hsp70 can
provide further neuroprotection and prevent excess cell death.

Disturbances in ER function also induce a stress response, which activates the expression of
genes encoding for transcription factors (e.g. XBP-1}) and ER-resident proteins (e.g. grp78,
arp94 and gadd 153) and kinases resulting in the suppression of global protein synthesis [4,28].
GRP78 is known to act as molecular chaperone regulating protein folding and facilitating
protein translocation in the endoplasmic reticulum and protein secretion. Our results show
that perinatal asphyxia did not induce any changes in grp78 mRNA levels during the first 24 h
after the insult. This suggests that ER function was preserved following perinatal asphyxia and
that cell death was primarily caused by cytoplasmic stress. Previous studies have shown that
cerebral ischemia, induced via carotid artery occlusion, can induce ER dysfunction and changes
in the expression of genes coding for ER-resident stress proteins [29,30]. This insult induces
both necrotic and apoptotic cell death within the damaged regions. In contrary, the perinatal
asphyxia paradigm used in this study does not induce necrotic cell death, but only apoptotic
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cell death, which peaks at postnatal day (P) & [37]. Furthermore, the amount of cell death
induced by the cerebral ischemic insult is much larger than amount of cell death detected
after perinatal asphyxia [8,37]. Therefore, we conclude that the ER dysfunction is not
responsible for the delayed apoptotic cell death following perinatal asphyxia. Changes in the
expression of genes coding for ER-resident proteins, however, might predict the severity of
the insult and the amount of subsequent cell death.

The results of the present study show that post-asphyxia hypothermia can suppress hsp70
overproduction induced by perinatal asphyxia. These data confirm previous studies showing
that the expression of hsp70 mRNA is strongly influenced by temperature. It has been suggested
that the expression of hsp70 mRNA after perinatal asphyxia is directly related to the intensity
of cellular stress [1]. The decrease in hsp70 mRNA levels following post-asphyxia hypothermia

may then be explained as a decrease in cellular stress and eventually in cell death. However,

our results might also indicate that the drop in temperature during the cooling period was too

large, leading to impaired energy metabolism and subsequently reduced transcriptional activity.

The consequence of a reduction in transcriptional activity on brain function and injury recovery

remains unknown. Future studies are necessary to investigate the long-term consequences of
post-asphyxia hypothermia and of the effects of temporary suppression of global

transcriptional activity.

Following hypothermia, the regional pattern of expression of grp78 mRNA within the striatum,

cerebellum and cortex was unchanged. Furthermore, XBP-1 processing was not affected by

hypothermia. These data indicate that post-asphyxia hypothermia did not cause ER stress or
effect transcriptional activity of these genes. Therefore, we conclude that perinatal asphyxia

causes cytoplasmic stress during the first 24 h after birth, which may result in cell mjur;v.

Cytoplasmic stress after perinatal asphyxia can be prevented using mild post-asphyxia

hypothermia.
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Chapter 10

Introduction

The studies presented in this thesis show that global asphyxia at term has long-lasting effects
on the number of neurons and synapses within specific regions of the brain. The striatum was
most severely affected by the injury. Global asphyxia caused an increase in developmental
apoptosis within the striatum, which peaked at P8, and loss of both GABergic projection
neurons and interneurons at 2 months of age. In addition, our data indicate that global asphyxia
at term causes both motor and cognitive deficits in later life. Finally, we show that hypothermia
can directly affect the stress response during the first 24 h after injury. The relevance of these
results, their clinical application and future directions will be discussed in this chaper.

Rat model for perinatal asphyxia

The studies presented in this thesis were performed using a rat model developed by Bjelke
and co-workers | 1]. This model was chosen for the studies since it represents a non-invasive
experimental model that induces global asphyxia (whole body asphyxia) at term, in contrary
to the Rice-Vannucci model that induces focal hypoxia-ischemia during the postnatal
development of the rat (see chapter 1). Moreover, the global asphyxia model is well suited
for studying long-term neurological and behavioural deficits after acute perinatal asphyxia.
A disadvantage of the global asphyxia model is the high and variable mortality in the
asphyxia group (40-80%). Important concerns in this regard include: “Does the high mortality
cause a selection-bias (survival of the fittest)? And why is the mortality so variable?” We
think that early mortality is due to cardiovascular failure and not brain mediated. This is
supported by the finding that cell death after perinatal asphyxia occurs within hours and
peaks at 8 days after the insult (chapter 3 and 4). Therefore, death due to brain cell loss would
maore likely occur within hours or days after the insult. In addition, the variability in mortality
is likely due to variability in litter size, brain maturation stage at the time of birth/insult as
well as maternal weight and strain.

One of the major concerns regarding the global asphyxia model and its possible relevance
to human is the age at which the injury is induced. There is no consensus on a postnatal age
at which the rat brain could reflect the human brain at term. The grow spurt of the human brain
peaks around birth and of the rat brain around postnatal day 7 [2]. For this reason, many
researchers used the 7-day-old rat Rice-Vannucci model as a model of perinatal asphyxia in
the human brain. Considering the formation of synapses within the rat brain which peaks at 4-
6 weeks [15], it could even be more relevant to study asphyxia at a much later stage [ 18]. Thus,
one could argue that the global asphyxia model reflects the situation of a premature infant
with a history of asphyxia more closely than a term infant. It is important to note that the
timing of developmental processes, namely synaptogenesis, neurogenesis, gliagenesis,
myelination, apoptosis among others, and growth spurt is different between species. The
underlying mechanisms, i.e. apoptosis, however seem to be resemble the human situation.
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Evid?:nce for Caspase-3 activation and caspase-like proteolytic activity for example has been
provided in postmortem brain tissue of infants who suffered acute perinatal asphyxia [14].
Tlmemfbt{'e, we cpm:lude that studies using this global asphyxia model should focus on molecular
and/or biochemical mechanisms underlying brain damage as well as the long-lasting behavioural
effects.

Cell death as a consequence of global asphyxia at term

Acute asphyxia causes selective damage within the developing white matter in the premature
infant prior to 32 weeks of gestation. The vulnerability of the grey malier in the brain,
especially the basal ganglia and cerebral cortex, increases towards term. The global asphyxia
model reflects rather closely the clinical features of acute asphyxia in neonates in which
lesions are characterically found in the basal ganglia and thalamus [12,16]. The dorsolateral
part of the striatum was most severely affected by the perinatal brain injury. This might
indicate that the striatal cells are more vulnerable to excitotoxic damage and oxidative
stress at this age than cells in other brain areas. The striatum, hippocampus and cerebral
cortex contain large number of glutamate receptors [9,20]. Excitotoxicity can occur when
glutamate or aspartate causes excessive amounts of calcium and sodium to traverse neuronal
membranes [22]. Selective vulnerability in the developing brain can partially be explained by
understanding the age and anatomically specific expression patterns of glutamate receptors.
Microinjection of the glutamate agonist NMDA into postnatal rats demonstrated that hypoxic-
ischemic brain injury is enhanced at 7 days of age in rats, compared to older or younger pups
[9]. The density of NMDA receptors is also higher in the early postnatal period of rats than in
adulthood [9,10,19], suggesting that there is an overshoot in the number of receptors followed
by pruning later in development. Several other factors could potentially contribute to the
selective vulnerability of GABAergic medium spiny neurons and GABAergic interneurons
within the striatum. It is possible that the additional vulnerability of these cells arises from
the enormous metabolic expenditure of GABAergic medium spiny neurons required to
maintain transmembrane potentials and/or interaction with additional factors, including local
NO release (chapter 5), the distribution of calcium-binding cells or local densities of trophic
factors [11].

White matter lesions ranging from subtle alterations with focal necrosis to almost total
infarction have been described in fetal sheep brain exposed to different times of intra-
uterine asphyxia [3,5]. In contrast, hypoxia-ischemia induced during postnatal development
(P7) in the rat (Rice-Vannucci model ) causes grey rather than white matter damage. Apoptotic
cell death after global asphyxia in the term rat is not restricted to neuronal death within the
grey matter. Oligodendrocytes and glial cells within the corpus callosum and white matter
of cerebellum are also damaged by the insult (chapter 4). Moreover, global asphyxia at term
has been shown to produce long-lasting but subtle myelination deficits within the corpus
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callosum, hippocampus and cerebellum [8]. Thus altogether, these results provide evidence
for both short and long-term grey and white matter changes after global asphyxia in the term
rat. This animal model is therefore an interesting and powerful tool to study structural
relationships between white and grey matter damage, a subject that is still controversial in the
pathophysiology of perinatal asphyxia.

Glial cells play an important role in the regulating of neurogenesis and neuronal fate [17].
This suggests that the loss of glial cells may affect neuronal proliferation as well as neuronal
survival. Loss of glials due to asphyxia may therefore lead to a loss of mature neurons and
reduced neurogenesis. There is also evidence that white matter damage in the premature
infant has a profound adverse effect on subsequent neuronal development within the cerebral
cortex [6]. This suggests that the loss of oligodendrocytes during postnatal development
can have an adverse effect on neuronal survival. Therapeutic strategies should therefore
not only focus on neuronal survival, but cell survival in general.

Long-term consequences of global asphyxia at term

Infants exposed to moderate or severe perinatal asphyxia typically develop motor impairments,
for example cerebral palsy and/or cognitive impairments [21]. The studies in this thesis show
that global asphyxia in the term rat reduces motor activity and slightly impaires walking pattern
at 2 months of age (chapter 6). Furthermore, long-term cognitive performance was impaired
at 18 months of age in rats with a history of global asphyxia at term (chapter 8). Although the
differences between the asphyctic and control rats were rather small, these data show that
global asphyxia in the term rat has long-lasting effects on behavioural function.

Our results indicate that global asphyxia at term leads to both neuronal, glial and synaptic loss
at 2 months of age within the striatum (chapter 6 and 7}. It is generally accepted that the
functional outcome after injury is related to synaptic numbers [13,23]. So, it is reasonable
to assume that a decrease in synaptic number impairs behavioural function. The striatum
plays a central role in motor function and injury to the striatum is often associated with
cerebral palsy [4]. Little is known however about the specific structural basis of this
disorder. Thus, treatment strategies that are able to stimulate synaptic growth and plasticity
could be beneficial for improving functional outcome of infants with cerebral palsy.

Therapeutic strategies

Several therapeutic strategies have been proposed for perinatal asphyxial brain injury and few
are being tested. Advances in the understanding of the mechanisms present during and after
asphyxia have prompted the use of therapies oriented to post-asphyxia mild hypothermia.
Concerning the effectiveness and the protective effect of post-asphyxia hypothermia, no
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conclusions can be drawn from the studies in this thesis. This is partly due to the short time
frame in which the gene response was investigated (chapter 5). Another limitation of the
experimental setup was that we were unable to control body temperature of the rat pups. Body
temperature of the pups atroom temperature dropped to 24°C. This temperature drop might
have been too large, since mild hypothermia (~33°C) is more effective than severe hypothermia
in animal experiments. In our study, post-asphyxial hypothermia reduced the post-asphyxial
increase in hsp70. This suggests that post-asphyxia hypothermia inhibits endogenous
neuroprotective mechanisms or that it prevents the cellular stress response. This observation
should be further studied in the near future.

Interestingly, the temperature measurements of asphyctic and control rats indicate that body
temperature of asphyctic rats was lower than control rats during the first 30 min of life, which
could suggest that an endogenous neuroprotective strategy is activated after asphyxia. This
might partly explain why these rats are so highly resistant to a global asphyxial insult at term.

Conclusions and future perspective

The studies in this thesis illustrate that increased NO release and Caspase activation play an
important role in the initiation of cell death following perinatal asphyxia. These data provide
a basis for the mechanism involved in brain injury after perinatal asphyxia and the development
of therapeutic agents that could be able to improve functional outcome. Future experiments
on the consequences of perinatal asphyxia in the rat should involve both short- and long-term
evaluation of biochemical parameters in order to evaluate functional implications of the brain
injury. In addition, determination of the interactions between and/or response of different
neurotransmitter systems to the loss of GABAergic neurons within the striatum during
development would allow more insight in the basis of neurological deficits after perinatal
asphyxia.

Most studies in the literature focus on mechanisms of cell death after brain injury. The
studies in this thesis show that it is also important to understand the mechanisms ol cell
survival during development and aging. Therapeutic strategies may be more beneficial when
they are able to improve neuronal and synaptic plasticity as well as protect against cell death.
Learning and physical activity can improve functional outcome afler perinatal asphyxia[7.13],
likely via the induction of both neuro-, glia- and synaptogenesis. Consequently, studying
molecular mechanisms involved in leaming and physical activity as well as neuro- a nd
synaptogenesis may elucidate whether these therapeutic strategies could improve the outcome
of infants with a history of perinatal asphyxia and which therapeutic strategies should be used.
A therapy combining hypothermia with anti-apoptotic and pro-plasticity agents may be a
promising strategy to improve long-term functional outcome. Hypothermia is able to extend
the therapeutic window as well as limit cellular damage (short-term). Treatment with pro-
plasticity agents, such as growth factors, environmental enrichment including socialisation,
may in turn stimulate the surving cells to make more synaptic connections and improve long-
term functional outcome.
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Summary

The major aims of the present thesis “Cell death and synaptic remodelling as a consequence
of perinatal asphyxia. Implications of hypothermia” were to investigate cellular processes
induced by perinatal asphyxia that lead to cell death, the long-term consequences of perinatal
asphyxia and the neuroprotective effects of hypothermia following perinatal asphyxia.

The studies show that in a rat model of perinatal asphyxia neurons, glial cells and
oligodendrocytes die mainly from apoptotic mechanisms, involving Caspase-3 activation,
production of nitric oxide and cytoplasmic stress. The main cell types that die in the striatum
are the GABAergic projection neurons and parvalbumin-immunoreactive interneurons. Synaptic
density was altered after perinatal asphyxia within the striatum and cortex, both two months
and 22 months of age. Behavioural assessment reveals minor motor deficits at 6 weeks of age
and age-related memory impairment at 22 months of age. Post-asphyxia hypothermia appears
to reduce the cytoplasmic stress response during the first 24 hours after injury (birth).

In chapter 1, an overview of the current state of knowledge on perinatal asphyxia and cell
death inrats, including the cellular mechanisms leading to cell death and nitric oxide production,
is given. Asphyxia and hypoxia-ischemia are defined, brain regions with respect to
neurotransmitters are introduced and regeneration and behavioural outcome after perinatal
asphyxia is reviewed. In particular, consequences and (dis)advantages of the use of the Rice-
Vannucci model (unilateral carotid ligation followed by hypoxia) and the global asphyxia model
(intra-uterine hypoxia-ischemia) are discussed. Finally, therapeutic strategies to reduce brain
injury following perinatal asphyxia are discussed.

In summary, hypoxia-ischemia (Rice-Vannucci model) produces mild or severe focal lesions
depending on the duration of hypoxia and age of induction. Global asphyxia does not produce
a focal lesion, but damage in several brain regions, including the striatum, thalamus and cor-
tex. Hypoxia-ischemia (Rice- Vannucci model) at P7 induces both necrotic and apoptotic cell
death, mainly within the grey matter. Global asphyxia produces cell death within both the grey
and white matter. The cells die mainly from apoptotic mechanisms. It was concluded that both
rat models are able to resemble certain clinical features of perinatal asphyxia, such as motor
deficits and/or cognitive impairment. Furthermore, there seems to be a direct relationship
between the extent of structural damage within specific brain regions and the functional defi-
cits as a consequence of the perinatal brain injury. Post-asphyxia hypothermia has proven to
be effective in animal models and non-toxic in infants. Therefore, we concluded that post-
asphyxia hypothermia is one of the most promising therapies currently available. Furthermore,
it can provide a therapeutic window in which caspase inhibitors or anti-inflammatory agents
can act.

In chapter 2, methodological issues concerning stereological assessment of the total number

of cells in frozen tissue from rat and human brain are discussed. We addressed the question
whether or not sections of snap-frozen rat brain may be used for counting neurons using the
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optical disector. Frozen eryostat sections from hippocampal and cerebellar regions of two rat
strains and cerebellar and cerebral regions from human brain were analysed using the optical
disector. The results did not differ from data reported previously in the literature. Therefore,
it was concluded that cryostat sections of snap-frozen tissue can successfully be applied for
egtimating total neuronal numbers using the optical disector.

In chapter 3, cell damage within the striatum following perinatal asphyxia was determined
using a quantitative neuro-anatomical approach. Double stranded DNA breaks were visualized
using the TUNEL method. Morphological changes were studied using Haematoxylin-Eosin
staining and Hoechst, in conjunction with confocal microscopy. Cell loss within the striatum
was assessed by using state-of-the-art stereology. It was concluded that perinatal asphyxia
leads to delayed cell death (up to 15 days of the injury) in the striatum, with morphological
features of apoptosis. This lead to a 16% reduction in the total number of neurons within the
rat striatum at three weeks of age.

In chapter 4, the ontogeny of apoptotic cell death during postnatal development after perinatal
asphyxia was studied in the striatum, hippocampus and cerebellum. The objective was to
characterize, using qualitative methods, which cell type is particularly vulnerable to a perinatal
agphyxial insult and whether these cells exhibited morphological features of apoptosis and/or
necrosis. In addition, the time course of Caspase-3-like activity after perinatal asphyxia was
assessed (quantitative analysis). Apoptosis was examined by TUNEL, immunohistochemistry
using an antibody against Caspase-3, electron microscopy and Caspase-3-like activity assay.
In summary, perinatal asphyxia increased the number of TUNEL-positive cells within the
striatum and hippocampus, but did not affect the distribution of the dying cells within these
areas. TUNEL-positive cells could partly be identified as astrocytes and oligodendrocytes.
Perinatal asphyxia increased Caspase-3-like activity in the hippocampus at P8 and caused a
decrease at P11 compared to control pups. No changes were found in the subventricular zone
and the cerebellum. It was concluded that perinatal asphyxia primarily causes delayed apoptotic
cell death within the proliferating areas of the striatum and hippocampus,

I the study presented in chapter 5, NO production following perinatal asphyxia during the
first 8 days after birth was investigated. Intracellular NO was measured using a fluorometric
method based on the reaction of DAF-2 with intracellular NQ, yielding the highly fluorescent
derivative DAF-2 triazole. The study provides evidence for a large increase in DAF-2/NO
production and cGMP levels in the striatum in the first 8 days after the perinatal asphyxial
insult without marked astrogliosis. These results support the hypothesis that NO plays an
important role in mediating cellular damage in the striatum after perinatal asphyxia.
Furthermore, the results show that perinatal asphyxia triggers a long-lasting reaction leading
to an increase in NO synthesis up to 8 days after the insult.

The aim of chapter 6 was to investigate whether behavioural deficits following perinatal
asphyxia are related to striatal damage. Behavioural performance of control rats and rats
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exposed to perinatal asphyxia was tested using the open field task, grip task and foot print task
at three and 6 weeks of age. At eight weeks of age, the number of calbindin- and parvalbumin-
immunoreactive neurons within the rat striatum were determined using s‘tem'emmgy and the
binding activity of the GABAA receptor in de different projection areas of the striatum was
studied using receptor autoradiography. It was shown that perinatal asphyxia, in the global
asphyxia rat model, results in minor changes in spontaneous behaviour, A decrease in loco-
motor behaviour during aging was found in the control group, whereas the rats exposed to
perinatal asphyxia showed a comparable and relatively low spontaneous activity at three and 6
weeks of age. An increase in stride width after asphyxia, indicative of a disturbance in balance
or stability when walking, was found in the foot print task. The total number of calbindin- (-
22%) and parvalbumin-immunoreactive (-43%) neurons within the striatum were decreased
after perinatal asphyxia at eight weeks of age, whereas the binding activity of the postsynaptic
GABAA receptor within the striatum and its projection areas was unaffected by the asphyxial
insult. It was concluded that perinatal asphyxia may result in minor deficits in motor
performance despite a considerable loss in both GABAergic projection neurons and
interneurons within the striatum. Furthermore, loss of striatal neurons afier perinatal asphyxia
does not necessarily affect GABAA receptor binding activity within the striatum or its
projection areas,

The aim of the study presented in chapter 7 was to establish whether there are region-specific
changes in synaptic numbers after perinatal asphyxia. The total number of neurons and the
density of synaptophysin-immunoreactive presynaptic boutons (SIPB) within the striatum,
CA1 and CA3 layer of the hippocampus, and cerebellum of control rats and rats exposed to
perinatal asphyxia were investigated using quantitative methods considering stereologic
principles. The study shows that perinatal asphyxia primarily affect the dorsomedian and
dorsocaudal part of the striatum. The number of pyramidal neurons within the CA1-CA3 regions
was reduced in rats exposed to perinatal asphyxia at three weeks of age, whereas synaptic
density was unchanged at two months of age. Perinatal asphyxia did not affect the total number
of Purkinje cells within the cerebellum but the synaptic density within the molecular layer of
the cerebellum was slightly reduced. It was concluded that perinatal asphyxia causes region-
specific damage and synaptic loss primarily within the rat forebrairn.

In chapter 8, the long-term consequences of perinatal asphyxia are discussed. Cognitive
performance and synaptic density following perinatal asphyxia was investigated at respectively
18 and 22 months of age. The spatial Morris water escape task did not reveal short-term
memory of learning deficits in old rats exposed to perinatal asphyxia compared to old control
rats, Perinatal asphyxia did cause long-term memory impairment (18 months old rats versus
1.5 months old rats) and an increase in presynaptic bouton density in the parietal cortex at 22
months of age. Presynaptic bouton density was unchanged in the striatum and/or frontal cor-
tex in rats exposed to perinatal asphyxia compared to control rats. An increase in striatal
volume was observed in rats exposed to perinatal asphyxia. It was concluded that perinatal
asphyxia leads to augmented age-related cognitive impairment and an increase in the total
number of presynaptic boutons within the parietal cortex and striatum.
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The aim of the study presented in chapter 9 was to investigate the response of the cytoplasmic
stress-related gene hsp70 and the endoplasmic reticulum genes grp78 and xbp-1 after perinatal
asphyxia and post-asphyxia hypothermia. Hsp70 was increased in the striatum at 24h after
asphyxia and this response was prevented by post-asphyxia hypothermia. It contrast, grp-78
and xbp-1 processing were not affected by perinatal asphyxia. This study provides evidence
for cytoplasmic stress after perinatal asphyxia rather than endoplasmic reticulum stress.
Furthermore, the results show that post-asphyxia hypothermia is able to prevent the cytoplasmic
stress response and does not indoee endoplasmic stress.

Final conclusions

The great advantage of the global asphyxia rat model is that it induces global asphyxia in the
fetus at the time of birth and allows for long-term survival and behavioural analysis. It was
concluded that studies using the global asphyxia model should focus on studying molecular
and/or biochemical mechanisms underlying brain damage as well as the long-lasting behavioural
effects. Furtherimore, the rat model is an interesting and powerful tool to study the structural
relationships between white and grey matter damage as global asphyxia causes cell death in
both the white and grey matter during the postnatal period. Therapeutic strategies should not
only focus on neuronal survival, but cell survival in general. Furthermore, therapeutic strategies
that are able to stimulate synaptic growth and plasticity might be beneficial for improving
outcome of infants with a history of perinatal asphyxia.
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Samenvatting

Het doel van de studies in dit proefschrift, getiteld “Cell death and synaptic remodelling as a
consequence of perinatal asphyxia. Implications of hypothermia™ was het bestuderen van (1)
cellulaire processen, geinduceerd door perinatale asfyxie, die leiden tot celdood; (2) de
langetermijneffecten van perinatale asfyxie; (3) en de neuroprotectieve effecten van
hypothermie na asfyxie.

De studies in dit proefschrift tonen aan dat in een diermodel voor perinatale asfyxie neuronen,
glia cellen en oligodendrocyten doodgaan als gevolg van apoptotische mechanismen, waarbij
Caspase-3 activiteit, de productie van stikstof monooxide en cytoplasmatische stres een be-
langrijke rol spelen. Voornamelijk sterven GABAerge projecterende neuronen en
parvalbumine-immunoreactieve interneuronen in het striatum als gevolg van perinatale asfyxie.
Perinatal astyxie verandert ook de dichtheid van de synapsen in het striatum en de cortex.
Functionele studies toonden aan dat perinatale asfyxie kleine motorische alwijkingen en aan-
veroudering-gerelateerde geheugenafwijkingen kan veroorzaken. Hypothermie na asfyxie kan
cytoplasmatische stress reduceren gedurende de eerste 24 uur na letsel (geboorte).

In hoofdstuk 1 is een overzicht gegeven van de huidige kennis op het gebied van perinatale
asfyxie en celdood in ratten. De celiulaire mechanismen die tot celdood en productie van
stikstof monooxide leiden, zijn besproken en de termen asfyxie en hypoxie-ischemie zijn
gedefinieerd. Tevens zijn verschillende hersengebieden en neurotransmitter geintroduceerd,
evenals regeneratieprocessen en de gevolgen van perinatale asfyxie op gedrag. In het bijzon-
der zijn de gevolgen en voor- en/of nadelen van het Rice-Vannucci diermodel voor perinatale
asfyxie (unilaterale ligatie van de carotis gevolgd door hypoxie) en het globale asfyxie model
(in uterus hypoxie-ischemie) besproken. Ten slotte zijn therapeutische behandelingsstrategieén
ter vermindering van langetermijneffecten van perinatale asfyxie belicht.

Hypoxie-ischemie (Rice-Vannucci model) produceert milde of ernstige focale laesies. De
grootte van de laesie is athankelijk van duur van hypoxie en de leeftijd waarop de asfyxie
wordt geinduceerd. Globale asfyxia produceert geen focale laesie, maar veroorzaakt schade
in verschillende hersengebieden, zoals het striatum, de thalamus en de cortex. Hypoxie-
ischemie (Rice-Vannucci model), geinduceerd op P7, leidt tot necrotische en apopiotische
celdood, voornamelijk in de grijze stof. Global asfyxie veroorzaakt celdood in de grijze en
witte stof. De cellen gaan dood als gevolg van apoptotische mechanismen. Beide diermodellen
kunnen klinische kenmerken van asfyxie nabootsen, zoals motorische afwijkingen en/of
cognitieve stoornissen. Tevens, blijkt er een directe relatie te bestaan tussen de structurele
schade in specifieke delen van de hersenen en functionele afwijkingen veroorzaakt door
perinatale asfyxie. Er is aangetoond dat hypothermie na asfyxie effectief kan zijn in
diermodellen en niet toxisch is voor pasgeborenen. Derhalve, concluderen wij dat hypothermie
na asfyxia één van de meest veelbelovende therapieén is. Hypothermie kan het schadeproces
vertragen en verschaft zo een mogelijkheid om met behulp van caspase remmers en
ontstekingsremmers de schade te beperken.
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In hoofdstuk 2 worden methodologische kwesties die betrekking hebben op stereologische
bepalingen van het totale aantal cellen in bevroren materiaal van hersenen afkomstig van ratten
of mensen, belicht. De vraag of coupes van bevroren rattenhersenen gebruikt kunnen worden
voor het kwantificeren van neuronen met behulp van de ‘optical disector’ stond centraal. Be-
vroren coupes, gemaakt met een cryostaat, van de hippocampus en cerebellum van twee ver-
schillende rattenstammen e van humane hersenen werden geanalyseerd met behulp van de
‘optical disector’. De resultaten waren vergelijkbaar met eerder gepubliceerde data. Derhalve
concludeerde wij dat cryostaat coupes van diep-gevroren materiaal gebruikt kan worden voor
de bepaling van het totale aantal neuronen met de ‘optical disector’.

In hoofidstuk 3 werd celdood in het striatum als gevolg van perinatale asfyxia bestudeerd door
middel van een kwantitatieve neuro-anatomische aanpak. Dubbelstrengse DINA breuken wer-
den gevisualiseerd met behulp van de TUNEL methode. Morfologische veranderingen werden
bestudeerd door middel van aankleuring met Hematoxyline-Eosine of Hoechst, in samenwer-
king met confocale microscopie. Het aantal verloren cellen in het striatum werd bepaald met
behulp van stereologie. De resultaten van deze studie laten zien dat perinatale asfyxia tot ver-
traagde celdood (tot 15 dagen na de geboorte) in het striatum kan leiden. De degenererende
cellen vertoonden apoptotische kenmerken. De celdood leidde tot een reductie in het totale
aantal neuronen in het striatum, 3 weken na de geboorte.

In de studie beschreven in hoofdstuk 4 werd de tijdscurve van apoptotische celdood tijdens
postnatale ontwikkeling na perinatale asfyxie in het striatum, de hippocampus en het cerebellum
bestudeerd. Het doel van de studies was het bepalen van het typen cellen gevoelig voor asfyxie
op een kwalitatieve wijze. Tevens werd gekeken of deze cellen apoptotische of necrotische
kenmerken vertoonden. De mate van Caspase-3 activiteit na perinatale asfyxie werd gemeten
(kwantitatieve analyse). Apoptotische kenmerken werden met behulp van TUNEL,
immunochistochemie met antilichamen tegen Caspase-3, elektron microscopie, en Caspase-3
activiteitsassay bestudeerd.

Perinatale asfyxia leidde tot een toename van het aantal TUNEL-positieve cellen in het striatum
en de hippocampus, maar had geen affect op de distributie van de degenererende cellen in
deze gebieden, TUNEL-positieve cellen konden gedeeltelijk geidentificeerd worden als
astrocyten en oligodendrocyten. Perinatale asfyxie veroorzaakte een toename in Caspase-3
activiteit in de hippocampus op P8 en een afhame op P11. Er werden geen veranderingen
gemeten in de regio rondom het ventrikel en het cerebellum. Perinatal asfyxie veroorzaakt
dus primair vertrangde apoptotische celdood in gebieden van het striatum en de hippocampus
waar proliferende cellen aanwezig zijn.

In de studie gepresenteerd in hoofdstuk 5 werd het effect van perinatale asfyxie op de productie
van stikstof monooxide (NO) onderzocht. Intracellulaire NO werd gemeten door middel van
een fluorometrische methode, gebaseerd op de reactie van DAF-2 met intracellulair NO en
resulterend in het sterk fluorescerende product DAF-2 triazole. De studie toont aan dat
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perinatale asfyxie een grote toename in DAF-2/NO productie en cGMP concentraties in het
striatum veroorzaakt gedurende de eerste 8 dagen na de geboorte zonder dat er astrogliose
optreedt. Deze resultaten ondersteunen de hypothese dat NO een belangrijke rol speelt bij het
induceren van cel schade in het striatum na asfyxie. Tevens laten de resultaten zien dat perinatale
asfyxie een langdurende reactie teweegbrengt die leidt tot een toename van NO synthese.

Het doel van de studie in hoofdstuk 6 was het bestuderen van functionele afwijkingen die
veroorzaakt zijn door perinatale asfyxie en gerelateerd zijn aan schade in het striatum. Het
gedrag van controle ratten en ratten die blootgesteld waren aan perinatale asfyxie werd geéva-
lueerd door middel van de open veld test, grip test en voet-afdruk-test, 3 en 6 weken na de
geboorte. Het totale aantal calbindin- en parvalbumine-immunoreactieve neuronen in het
striatum werd bepaald met behulp van stereologie. De bindingsactiviteit van de GABAAreceptor
in het striatum, de globus pallidus en substantia nigra werd bestudeerd met behulp van receptor
autoradiografie.

Perinatale asfyxie leidde tot kleine afwijkingen in spontaan motorische gedrag. Een athame in
motorische activiteit tijdens veroudering (3 versus 6 weken leeftijd) werd gemeten bij con-
trole ratten, terwijl ratten die blootgesteld waren aan perinatale asfyxie een vergelijkbare en
relatief lage activiteit vertoonden op 3 en 6 weken leeftijd. Een toename in de stap-afstand
werd gevonden in de voet-afdruk test, hetgeen duidt op een verstoring van de balans of stabili-
teit tijdens lopen. Het totale aantal calbindin- (-22%) en parvalbumine-immunoreactieve (-
43%) neuronen in het striatum was afgenomen als gevolg van perinatale asfyxie op 2 maanden
leeftijd. De bindingsactiviteit van de postsynaptische GABAA receptor in het striatum, de
globus pallidus en de substantia nigra was niet aangedaan door perinatale asfyxie. Perinatale
asfyxie kan dus kleine motische afwijkingen veroorzaken ondanks een groot verlies in het
aantal GABAerge projecterende neuronen en interneuronen in het striatum. Tevens doen deze
resultaten vermoeden dat verlies van striatale neuronen niet noodzakelijkerwijs de bindings-
activiteit van de GABAA receptor beinvloedt.

Het doel van de studie in hoofdstuk 7 was vaststellen of er regionale veranderingen in het
aantal synapsen optreden na perinatale asfyxie. Het totale aantal neuronen en de dichtheid van
synaptophysin-immunoreactieve presynaptische boutons (SIPB) in het striatum, de CA1 en
CA3 laag van de hippocampus, en het cerebellum van controle ratten en ratten blootgesteld
aan perinatale asfyxie werd bestudeerd met behulp van kwantitatieve methoden gebaseerd op
stereologische principes. De studie toont aan dat perinatale asfyxie primair het dorsomediane
en dorsocaudale deel van het striatum beschadigt. Het aantal pyramidale cellen in het CAl-
CA3 gebied was gereduceerd in ratten die blootgesteld waren aan perinatale asfyxie, terwijl
de dichtheid van de SIPB onveranderd was op twee maanden leefiijd. Perinatale asfyxie had
geen effect op het totale aantal Purkinje cellen in het cerebellum, maar de dichtheid van de
SIPB was licht gereduceerd. Er kan dus geconcludeerd worden dat perinatal asfyxie regio-
specifieke schade en verlies van SIPB induceerd, voornamelijk in het voorste deel van de
hersenen.
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Om meer inzicht te verkrijgen in de langetermijneffecten van perinatale asfyxie werd in hoofd-
stuk 8 de cognitieve prestatie en de dichtheid van SIPB van controle ratten en ratten blootge-
steld aan perinatale asfyxie gemeten op respectievelijk 18 en 22 maanden. De spatiéle ‘Morris
water escape’ test Het geen kortetermijneffecten van perinatale asfyxie op het geheugen of de
leerprestatie zien op 18 maanden leeftijd. Perinatale asfyxie veroorzaakte langetermijneffecten
op cognitieve prestatie (18 maanden oude ratten versus 1,5 maanden oude ratten) en een toe-
name in de diehtheid vanSIPB in de parietale cortex op 22 maanden leeftijd. De dichtheid van
SIPB was onveranderd in het striatum en de frontale cortex in ratten blootgesteld aan perinatale
asfyxie. Een toename in het volume van het striatum werd gevonden bij ratten blootgesteld aan
perinatale asplyxie, vandaar dat er geconcludeerd kan worden dat perinatale asfyxie kan leiden
tot een afname van de cognitieve prestatie tijdens veroudering en een toename van het totale
aantal SIPB in de parietale cortex en het striatum op late leeftijd.

Het doel van de studie in hoofdstuk 9 was het bestuderen van het effect van perinatale asfyxie
en hypothermie post-asfyxie op de concentratie van het cytoplasmatische stres-gerelateerde
gen hsp70 en de endoplasmatisch reticulum genen grp78 en xbp-1. Hsp70 was toegenomen in
het striatum 24 wur na de geboorte en deze response kon voorkomen worden door post-asfyxie
hypothermie. In tegenstelling, de concentratie van grp78 en het activeren van xbp-1 was niet
veranderd door perinatale asfyxie. De studie toont aan dat perinatale asfyxie cytoplasmatische
stress veroorzaakt en geen endoplasmatische stress. Tevens blijkt dat post-asfyxie hypothermie
de cytoplasmatische stress kan voorkomen en zelf geen stress veroorzaakt.

Eindconclusies

Een groot voordeel van het globale asfyxie model is dat het globale asfyxie induceert in de
foetus tijdens de geboorte en dat langetermijneffecten en functionele veranderingen bestu-
deerd kunnen worden. Studies gebruikmakend van het globale asfyxie model zouden zich moe-
ten richten op het bestuderen van moléculaire en biochemische mechanismen betrokken bij
celdood en het bestuderen van langetermijneffecten. Het diermodel is een interessant en krach-
tig hulpmiddel om de relatie tussen structurele afwijkingen in de witte stof en grijze stof'te
bestuderen, aangezien globale asfyxie celdood veroorzaakt in beide gebieden. Therapeutische
behandelingsstrategieén moeten zich niet alleen richten op de overleving van neuronen, maar
op de overleving van cellen in het algemeen. Therapeutische behandelingsstrategieén die
synaptische groei en plasticiteit kunnen stimuleren kunnen gunstige effecten hebben op de
langetermijneffecten van perinatale asfyxie.
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