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Abstract 
Asphyctic brain injury is a common and serious problem. It is a major cause of short and long-term 

neurological dysfunction in children and adults. Although the last few decades the knowledge in 

this scientific field has improved incredibly, there are still a lot of open issues that need to be 

resolved.  

The first part of this project investigated long-term changes in synaptic organization. Presynaptic 

bouton numbers and densities were analyzed, following 75 minutes of severe fetal asphyxia, 

induced by clamping the uterine and ovarian arteries. At the age of 19 months, fetal asphyctic 

animals showed a significant decrease in presynaptic bouton numbers and density in the striatum. 

In the fifth layer of the prefrontal cortex, on the contrary, a tendency towards an increase in 

presynaptic numbers was observed. Taken together, these results suggest that fetal asphyxia 

causes long-term, region-specific changes in presynaptic bouton numbers and density, probably by 

acceleration of the aging process.  

The second part of this project examined whether a mild fetal asphyctic insult can provide 

neuroprotection against a subsequent severe perinatal insult in rat pups. Mild fetal asphyxia was 

induced by clamping the uterine and ovarian arteries of the pregnant dam for 30 minutes. Rat pups 

with or without fetal asphyxia were then subjected to severe perinatal asphyxia was by immersing 

the uterine horns in a water bath for 18 minutes. Newborns, which underwent mild fetal asphyxia, 

had a tendency towards a lower mortality rate, a higher body weight and less TUNEL-positive cells 

in the striatum at postnatal day 8 compared to the newborns with severe perinatal asphyxia only. In 

conclusion, mild fetal asphyxia seemed to cause robust neuroprotection against severe perinatal 

asphyxia by lessening the number of delayed apoptotic cells. Therefore, down regulation of 

apoptotic cell death is probably one of the mechanisms involved in hypoxic-ischemic 

preconditioning. 
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1.   Introduction  
Birth asphyxia is a world-wide problem. It is a medical condition of severely deficient oxygen supply 

to the fetus or newborn child. The prevalence of moderate or severe post-asphyctic injury is 0,86 

per 1000 term life birth [1]. Moreover, 60-73% of all premature newborn infants suffered from 

asphyxia during pregnancy or birth [2]. Birth asphyxia results most commonly from an impaired 

exchange of oxygen between mother en child during pregnancy or from interference with the 

infant’s blood flow during delivery. It can lead to hypoxic-ischemic injury in all organs and systems 

in the body, which is associated with high morbidity and mortality, causing 23% of all neonatal 

deaths [3] [Fig 1]. Approximately 15% of all cases of birth asphyxia are considered moderate or 

severe associated with adverse outcomes, like hepatic damage and heart and renal failure [4]. 

Brain damage is however of most concern, because the neonatal brain is extremely vulnerable. In 

the developing brain, birth asphyxia can have short and long-term complications like cognitive 

impairment, cerebral palsy and epilepsy.  

 

 

 

 

 

 

 

Figure 1: Estimated distribution of direct causes of 4 million neonatal deaths. These numbers were estimated for the 
year 2000, based on vital registration data for 45 countries and modeled estimates for 145 countries. (Reference: Lawn et 
al., 2005) 

 

 

Although recent advances in obstetric and neonatal care have led to a great reduction in neonatal 

morbidity and mortality, there is still a lack of effective protective or therapeutic strategies against 

hypoxic-ischemic damage [5]. Improving the ability of the body’s organs and systems to tolerate 

ischemic injury is of great importance.  

A significant number of data now exists, mostly in organs like heart and kidneys, to suggest that 

there are intrinsic mechanisms activated in organs exposed to a hypoxic-ischemic insult, which 

protect them against a subsequent more severe exposure. This phenomenon is called hypoxic-

ischemic preconditioning/tolerance. Less is known, however, about preconditioning in the immature 

brain, the main topic of this project. Consequently, defining the underlying mechanism of protection 

in the immature brain is an important step towards a potential therapy for improving the 

neurological outcome of asphyctic infants.  
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1.1   Birth asphyxia 

Birth asphyxia is a medical condition resulting from deprivation of oxygen to the fetus or newborn 

infant long enough to cause apparent harm. Etymologically, it comes from the Greek, meaning 

‘pulseless’. There are two distinct time-related forms of birth asphyxia. The first one is called fetal 

asphyxia (FA) and occurs before birth, while the second one is called perinatal asphyxia (PA) and 

occurs shortly before, during or immediately after birth.  

Below a critical level, deprivation of oxygen results in an impaired tissue perfusion (hypoxia) and 

oxygenation to the vital organs like the brain. This, in turn, leads to reduced oxygen consumption 

by the brain and conversion to an anaerobic metabolism with lactate as an end product, causing 

tissue acidosis (low pH). Simultaneously, an incomplete removal of carbon dioxide (CO2) from the 

tissue takes place and a respiratory acidosis will develop, caused by abnormal high levels of CO2 

in the blood (hypercarbia) [6, 7]. In practice, the difference between ‘hypoxia’ and ‘asphyxia’ in 

experimental studies is its severity: generally ‘hypoxia’ means moderate hypoxia without metabolic 

acidosis, while in experimental asphyxia studies severe hypoxia is used with metabolic acidosis. 

 

1.1.1   Causes of birth asphyxia 

Birth asphyxia during pregnancy or birth can be defined as disturbances in the exchange of 

respiratory gasses between mother and child, including a reduction in the oxygen content, an 

elevation of the pCO2 and a reduced pH (a combined respiratory and metabolic acidosis). It can 

cause hypoxic-ischemic damage, usually by an insufficient umbilical cord blood flow, a decreased 

uterine blood flow or to a lesser extent it may be due to an insufficient maternal arterial oxygen 

content and tension [Fig 2]. The most common causes are a compressed prolapsed nuchal cord, 

complete placental abruption, other placental lesions or severe meconium aspiration [6]. Other less 

common causes are intrauterine pneumonia, congenital cardiac or pulmonary anomalies, narcotic 

administration or, for instance, when the mother is dealing with high altitudes or when she is 

dealing with asphyxia herself. Asphyxia can also occur shortly after birth (PA), mainly by an 

obstructed airway or congenital sepsis.  

A clinical diagnosis of birth asphyxia is made based on several criteria. The two main ones are a 

low Apgar score and evidence of an acute hypoxic event with acidemia (low blood pH). The Apgar 

score is a quantitative score assessed by looking at the infant’s heart rate, color, responsiveness to 

stimulation, muscle tone and respiratory effort. For each of these 5 components, the doctor awards 

a maximum of 2 points for normal, 1 point for poor and 0 points for bad. An Apgar score of less 

than 7 at 5 minutes after birth indicates moderate neuro/cardioresperatory depression, while a 

Apgar score below 3 indicates a severe depression. Hypoxia with acidemia is defined as an arterial 

blood pH of less than 7 and a base excess greater than 12mmmol/L [8]. 
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Figure 2: Possible causes of birth asphyxia. Birth asphyxia is mostly caused by a decreased umbilical blood flow, a 

decreased uterine intervillous blood flow or a decreased maternal arterial oxygen content. 

 

1.1.2   Consequences of asphyxia  

The impact of birth asphyxia can be somewhat variable. Some fetuses do not survive an asphyctic 

episode, while others survive with short-term neurological and/or behavioral changes. Examples of 

such changes are mental retardation, epilepsy, cerebral palsy or learning and memory deficits. Still 

others survive without any sign of damage [7, 9, 10]. Additionally, PA is presumed to lead to long-

term neurological and psychiatric problems, developing later in adult life, like increased anxiety, 

decreased social exploration or impaired cognitive function in terms of relearning. A possible 

explanation could be that an asphyctic event accelerates or intensifies the aging process [11].  

The severity of asphyxia and its neurological and behavioral consequences usually depend on the 

degree of acidosis, hypoxia and hypercarbia, comprising a number sensitizing factors, including 

severity and duration of the insult, metabolic status, cardiovascular status, gestational age and 

intermittency of the insult. In addition, it also depends on the cardiovascular compensatory 

mechanisms of the fetus. Unlike adults, fetuses have a limited capacity to increase oxygen 

extraction from the arterial blood. On the contrary, they are capable of redistributing their blood flow 

in order to preserve the circulation to organs like brain and heart. They do so by increasing the 

blood flow to those vital organs and decreasing the blood flow to non-vital organs like muscles and 

gut. According to Parer et al., also other protecting mechanisms of adaptation are changes in brain 

electrophysiology and behavioral status of the animal [7]. 
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1.1.3   Animal models of asphyxia 

To reveal the pathophysiology and the related mechanisms leading to hypoxic brain injury, several 

experimental animal models of PA and FA have evolved, using either focal or global ischemia. 

Focal ischemia-hypoxia, like the Rice-Vannucci model, is usually induced by the unilateral 

occlusion of the right carotid artery of a 7-day old pup, followed by a period of systemic hypoxia. 

Brain damage in focal ischemia, usually limited to the hemisphere ispilateral to the occlusion, is 

characterized by selective neuronal death or infarction [12]. However, focal ischemia models differ 

from clinical asphyxia with respect that they lack multi-organ injury, which is present in all infants 

with severe asphyctic brain injury and which may influence the outcome. For that reason, we used 

global hypoxia-ischemia models. Global asphyxia can be provoked intrauterine by clamping the 

uterine and ovarian arteries of the pregnant dam or extrauterine by submersing the uterine horns, 

still containing the fetuses, in a water bath. In contrary to focal ischemia, global asphyxia does not 

produce an infarction [13, 14]. Both global procedures are explained in detail in the material and 

method section.    

 

1.1.4   Mechanisms of asphyxia 

Cell death 

Using the above described animal models, significant advances have been made in the 

understanding of pathophysiological mechanisms leading to brain damage. One of the main 

findings is that apoptotic cell death, but not necrotic cell death, was found in several brain 

structures, like hippocampus, striatum and cerebellum after asphyxia [15, 16]. Apoptosis can be the 

result of injury caused by one of four phases occurring during hypoxia-ischemia [Fig 3]. During the 

primary phase, which is the actual hypoxic-ischemic event, cerebral energy failure develops, 

resulting in overstimulation of the neuronal glutamate receptors and primary cell death. Following 

reperfusion, a second phase of injury develops. There is partial recovery of cellular oxidative and 

metabolic processes. The reperfusion phase may be followed by a latent phase, in which there is a 

complete normalization of the oxidative energy metabolisms. Furthermore, this phase is 

characterized by low electroencephalogram (EEG) activity. In the end, the latent phase may be 

followed by a secondary deterioration phase, usually strating 6-15 hours after the hypoxic-ischemic 

event. Cerebral blood flow in this phase is markedly increased and after a while a secondary fall in 

cerebral blood flow occurs. The events occurring in this last phase ultimately lead to secondary or 

delayed apoptotic cell death [17]. All phases will be further explained in the next paragraph. 
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Figure 3: Different phases of hypoxic-ischemic injury.  Hypoxic-ischemic insult involves 4 different phases: 1) the insult 
2) the reperfusion phase 3) the latent phase 4) the secondary phase. The first two phases cause primary cell death, while 
the last phase causes secondary or delayed cell death.  (Adapted from Gunn, 2000) 

 

 

  

During the first phase of hypoxic-ischemic injury, cellular factors like oxidative stress, 

neurotransmission, Ca2+ concentrations and their related signaling pathways seem to play an 

important role [18, 19] [Fig 4]. Calcium-dependent excitotoxicity is one of the suggested 

mechanisms involved during the primary phase of cell death. In this cascade, the depletion of 

oxygen and glucose causes mitochondrial impairment and excitotoxicity, leading to delayed 

apoptosis. In the brain, the excitotoxicity process can take place in neurons, as well as 

oligodendrocites and astrocytes. To be precise, hypoxia-ischemia leads to deprivation of the 

energy stores in the cell, which in turn leads to the malfunctioning of the Na+/K+ ATPases through 

lack of energy and depolarization of the cell. In the absence of a proper membrane gradient, there 

is an increased release and impaired uptake of glutamate, mediating a toxic buildup of extracellular 

glutamate in the synaptic cleft [20]. This leads to overstimulation of glutamate receptors, like the 

NMDA, AMPA and KA receptors in the postsynaptic membrane, inducing a lethal Ca2+ influx in the 

cell. In the cytosol, excessive Ca2+ amounts trigger the activation of proteases, lipases and 

endonucleases, which subsequently lead to cell damage and often death, while in the nucleus the 

overload can interfere with the transcription process [21]. Another important side effect of the high 

levels of Ca2+ is disaggregation of the microtubules, which disturbs the axonal transport system. 

A second wave of injury probably takes place during reperfusion. This might be caused by the 

release of reactive oxygen species (ROS). ROS can trigger mitochondrial dysfunction, causing 

permeabilization of the outer mitochondrial membranes and leakage of mitochondrial components, 

like cytochrome C. Free cytochrome C can trigger the activation of an apoptotic cascade by the 

formation of a caspase-9-activating complex, termed an apoptosome, ultimately leading to 

caspase-3 activation. ROS can also trigger DNA damage, activating the tumor suppressor protein 

p53 to promote Bax-mediated apoptosis [6, 22]. 
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Figure 4: Schematic overview of the signaling pathway involved in the primary phase of apoptotic cell death, 

caused by birth asphyxia.  Malfunctioning of the Na+ +/K  ATPase causes depolarization of the cell and the release of 

glutamate (Glu) from the presynaptic membrane into the synaptic cleft.  Glu triggers the N-methyl-D-aspartate (NMDA) 

receptor, which causes a calcium (Ca2+ 2+) influx into the postsynaptic cell. Ca , in turn, activates enzymes like 

endonucleases, lipases and proteases, that break down the cell.   

 

Little is known, however, about the exact mechanisms leading to the delayed form of apoptosis, 

probably caused by the fourth phase. It is speculated that it is the result of a complex physiological 

cascade, which comprises many distinct events. Because dying cells are only detectable for a 

restricted time-window of 8-11 hours before being removed by microglia, delayed apoptosis cannot 

be the result of the insult or reperfusion itself [17]. The critical processes probably start as early as 

6 hours after the insult [23]. They include accumulation of toxic metabolites like glutamate, 

overproduction of free-radicals, elevation of the expression of the Fas death receptor, caspase-8 

activation, leakage and accumulation of cytosolic cytochrome C. Caspase-3 activation, showing the 

onset of the execution phase of apoptosis starts from 24 hours post-insult. Apoptotic cells are 

visible until postnatal day 15, peaking at postnatal day 8 [15, 16].  

 

Synapse loss or formation 

In other studies, neuropsychological problems associated with asphyxia, especially deficits in 

cognitive function have been associated with long-term alterations in the synaptic number and 

organization. Acceleration of the aging process and impaired cognitive function are related to a 

decrease in presynaptic boutons. Presynaptic boutons are enlargements of the presynaptic nerve 
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terminal filled with synaptic vesicles containing neurotransmitters. An electrical impulse causes 

fusion of those vesicles with the plasma membrane and the subsequent release of the 

neurotransmitters into the synaptic cleft. The number of synaptic boutons is crucial in modulating 

synaptic strength.   

Wong et al. found a decrease in bouton density in aged rats, while Masliah et al. found a loss of 

synaptic input in the frontal cortex in humans comparing younger with older people [24, 25]. 

Although acceleration of the aging process and impaired cognitive function are reported in 

behavioral testing of rodents, only long-term increases in presynaptic bouton density were found in 

those rodents. An increase in presynaptic bouton density was found as a direct result of cerebral 

ischemia in a stroke model by Stroemer et al. [26]. Van de Berg et al. observed an increase in 

presynaptic bouton numbers in the parietal cortex and striatum of 22 month old rats, which 

underwent a global, perinatal asphyctic insult [14]. A possible explanation for the formation of new 

synaptic connections could be a compensatory mechanism for the loss of neurons to allow more 

neural communication. It could however not compensate for the long-term memory impairment 

seen in those animals, since asphyctic rats performed worse in the Morris Water Maze testing than 

the control animals.   

Although decreases in synapse number are not reported in long-term studies, reductions in pre and 

postsynaptic bouton densities shortly after a hypoxic-ischemic insult (hours to days) have been 

reported before. Cortical neurons that survive global ischemia exhibit a reduction in dendrite 

complexity and loss of dendritic spines, where normally more than 90% of the synapses are found 

[27]. Furthermore, transient global ischemia causes a marked loss in presynaptic boutons in the 

chick hippocampus [28]. Similar findings have been reported in the cerebellar cortex of rats, where 

brief global hypoxia causes a large decrease in the density of mature presynaptic projections 1 day 

after the insult [29]. These results suggest that synapse loss also occurs immediately after cerebral 

ischemia or hypoxia.        

 

Physiological factors 

Besides neuron loss and synaptic reorganization, asphyxia can also lead to chronic damage in 

neurotransmission. Accordingly, Loidl et al found alterations, especially in the monoaminergic and 

cholinergic systems [30]. Kohlhaser et al. showed increased vesicular monoamine transporter 

immunoreactivity and increased vesicular acetylcholine transporter immunoreactivity [20]. Long 

term changes in dopamine D1, D2 and D3 receptor binding were reported by Chen et al., while 

Gross et al. demonstrated changes in tyrosine hydroxylase, an enzyme important in the 

biosynthesis of catecholamines, and dopamine receptor mRNA level [31, 32]. All results described 

above were found in the same PA model, inducing asphyxia by immersing the uterine horns in a 

water bath for approximately 20 minutes.  
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Injury patterns 

Two major patterns of brain injury are recognized in full-term neonates who suffered from asphyxia. 

One pattern, mostly associated with prolonged partial asphyxia, is damage to the regions of the 

parasagittal cortex and subcortical white matter, with relative sparing of the thalami and basal 

ganglia. The other pattern is a more central pattern with most of the areas affected, showing basal 

ganglia, thalami and cerebellum injury, with relative sparing of the cerebral cortex. Damage in the 

sensimotor cortex and the hippocampus may also be present. This last pattern is mostly related to 

profound near term asphyxia, such as placental abruption [33, 34]. In most cases a clear distinction 

can be made between both types of injury, although occasionally hypoxic-ischemic brain damage 

shows, depending on the duration and severity of the insult, characteristics of both.    

 

1.1.5   Treatment of hypoxic-ischemic encephalopathy 

Currently, the treatment of neonates at risk for hypoxic-ischemic brain damage is only supportive, 

like for example blood pressure control, seizure control and assisted ventilation and medications to 

support the baby's breathing [35]. At the moment, there are no approved treatments that improve 

the neurological outcomes of those infants. However, many different treatment options have been 

or are currently under investigation [36-38]. The list of potential treatments is given in table 1. 

Although these drugs or interventions seem to ameliorate the brain injury in animal models, clinical 

trials have not been that successful. Only hypothermia multicentre randomized trials seemed to 

improve the outcome of some of the asphyctic infants. Gluckman et al. reported that head cooling 

was beneficial only in infants with less severe EEG changes compared to conventional care [39].  A 

decrease in death or moderate/severe disability form 62% in the control group to 44% in the group 

with whole-body hypothermia was demonstrated by Shankaran et al [40].  

Table 1: List of potential treatments. 

List of potential treatments for hypoxic-ischemic 
encephalopathy 

Hypothermia 
Fluid restriction 
Hyperventilation 
Anti-oxidants/oxygen free radical scavengers, e.g. vitamin K 
NO/NOS inhibitors, eg Allopurinol 
Calcium channel blockers, e.g. flunarizine 
Corticosteroids 
Magnesium sulphate 
Mannitol 
Opiate antagonists, e.g. naloxone 
Prohylactic anticonvulsants, e.g. phenobarbitone 
Membrane stabilizing agents, e.g. monoganglioside GM-1 
Glutamate antagonists, e.g. MK-801 (NMDA receptor antagonist) 
Anti-inflammatory agents, e.g. IL-1β antagonist 
Growth factors/anti-apoptotic factors, e.g. TGF-β 

(Adapted from  Vannucci et al., 1997; Dammann et al. 2000; Volpe 2001; Gluckman 2001) 
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It is important to note that the first hour after asphyxia represents a potential target for intervention, 

because this timeframe is situated prior to the final execution phase of delayed apoptotic cell death, 

seen 8 days after the insult. An interesting approach that may improve the outcome of birth 

asphyxia is to investigate the effects of the concept of hypoxic-ischemic preconditioning. Recent 

studies show that some stressors like a minor form of hypoxia can protect against a subsequent 

hypoxic-ischemic insult. Therefore, understanding the protective signaling pathways involved in 

hypoxic-ischemic preconditioning/tolerance and identification of drugs that mimic this protective 

response represents important steps towards improving the outcome of infants at risk for hypoxic-

ischemic injury.   

 

1.2   Hypoxic-ischemic preconditioning 

Practically any stimulus capable of causing injury to a tissue or organ can, when applied close to 

the threshold of damage, activate endogenous protection mechanisms. Thus, is can lessen the 

impact of a subsequent more severe stimulus. This concept of protection against a potentially 

recurring challenge can also be applied to asphyxia. The phenomenon is termed ‘hypoxic-ischemic 

preconditioning’ or ‘hypoxic-ischemic tolerance’. There are two temporally and mechanistically 

distinguishable forms of preconditioning observed in the brain, namely acute and delayed 

preconditioning. The first one is mediated by post-translational modification (for example 

phosphorylation of existing proteins by certain kinases) of proteins and is short-lived, while the 

second one is mediated by new protein synthesis, and can sustain for days or even weeks. 

Hypoxia and ischemia can induce both forms. This study focuses on the delayed form.   

 

1.2.1   Hypoxic-ischemic preconditioning in adult animals 

Primarily adult rodent data show that short periods of cerebral hypoxia or ischemia, inadequate to 

produce brain damage can provide protection against a subsequent, more severe hypoxic-ischemic 

insult [41]. Although a lot of research is done the last decade, the exact mechanisms underlying 

this preconditioning phenomenon still have to be identified.  

Both in vitro and in vivo studies show that factors like the up-regulation of the glucose transporter-1 

(GLUT-1), the modulation of the genomic response and the protein synthesis and the increased 

expression of the pro-survival inhibitor of apoptosis are related to ischemic tolerance. Other factors 

playing a role are the increased expression of nitric oxide – cyclic GMP, the down regulation of the 

glutamate receptor 2 and the induction of heat shock protein 70 [42-44].  

A proposed mechanism causing neuroprotection, comprising a lot of the factors above, is the 

activation of the NMDA receptor [Fig. 5] [45]. The NMDA receptor is coupled to neuronal nitric 

oxide synthase (nNOS) via a scaffold protein. This protein couples the influx of Ca2+ to the 

activation of  nNOS, leading to the production of nitric oxide (NO), which, in turn, can cause the 
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activation of Ras and subsequently also of kinases, like Raf, mitogen-activated protein 

kinase/extracellular regulated kinase (MEK) and extracellular regulated kinase (ERK). Activation of 

this cascade leads to the synthesis of new proteins. It is not known exactly which of the 

transcriptional elements are activated by this pathway, but cAMP response element binding protein 

(CREB) is a good potential candidate, because it can activate genes like the anti-apoptotic and pro-

survival gene, Bcl-2, and the plasticity growth factor genes, brain derived neurotrofic factor (BDNF) 

and insulin. Other potential candidates are nuclear factor-κB (NF- κB) and hypoxia inducible factor-

1 (HIF-1). The first one is an inducible transcription factor playing an important role in cellular 

survival and apoptosis, like activation of the inhibitor of apoptosis proteins, while the second one is 

important for inducing genes that participate in angiogenesis, vasodilation and energy metabolism 

[45, 46]. Examples of HIF-1 inducible genes are vascular endothelial growth factor (VEGF) and 

erythropoietin (EPO), which are known to be upregulated during hypoxia or ischemia.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  A schematic overview of a potential signalling cascade of neuronal ischemic preconditioning. The NMDA 

receptor is coupled to neuronal nitric oxide synthase (nNOS) via the scaffolding protein PSD-95, which couples Ca2+ influx 

with nNOS activation and nitric oxide (NO) production following NMDA receptor stimulation. NMDA receptor stimulation 

leads to NO-induced activation of p21Ras (RAS), perhaps through a redox-sensitive mechanism or through activation of a 

NO-dependent guanine nucleotide exchange factor (GEF). Subsequently, the kinases RAF, MEK [mitogen-activated protein 

kinase (MAPK)/extracellular regulated kinase (ERK)] and ERK are activated. Inhibition of any of these steps during the 

preconditioning event is sufficient to prevent preconditioning. It is not known which transcriptional elements are activated or 

which protein(s) mediate tolerance; however, ELK1 and cAMP-response-element-binding protein (CREB) are attractive 

potential transcriptional candidates. (Reference: Dawson et al., 2000) 
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1.2.2   Hypoxic-ischemic preconditioning in the developing brain 

The above described findings have all been found in adult animal models. Less attention has been 

paid to preconditioning in the developing animal brain. Gidday et al. was the first who showed that 

exposure of 7-day-old pups to hypoxia alone (8% oxygen for 3 hours), induced neuroprotection in 

the immature brain against a stroke 1 day later [47]. It was a very strong protection, meaning that a 

majority of the animals had no brain injury at all. Other studies with similar neonatal animal models 

show also neuroprotection, but less robust. They only found a reduction in brain tissue damage in 

preconditioned immature animals. Accordingly, Cai et al. found a reduced brain infarction size, 

reduced neuronal injury and increased neuronal survival 24h after a secondary hypoxic-ischemic 

insult [41]. Similarly, Gustavsson et al. reported that preconditioning reduced brain damage by 

72%, even up to 8 weeks after induction and Xiao et al. showed a decreased caspase-3 activation 

[48, 49]. Additionally, it provided long-term improvement of sensimotor and spatial/cognitive 

functions [41, 50].  

Although the mechanisms of hypoxic-ischemic preconditioning in immature animals remain to be 

elucidated, several essential aspects have already been described. A first aspect is that 

preconditioning in those neonatal animals appears to be dependent on the synthesis of new RNA 

and new proteins, since protein synthesis blockers can inhibit the preconditioning [51, 52].  Thus, 

an increased transcription and translation is necessary for the induction of hypoxic-ischemic 

tolerance in the neonatal brain. An increased transcription of following genes was found: VEGF, 

EPO and GLUT-1. They can all be induced by HIF-1 [53]. A second aspect is that the NMDA 

receptor may also be involved in the induction of hypoxic-ischemic tolerance. Some NMDA 

receptor antagonists inhibit preconditioning, while others did not block. A possible explanation 

could be that NMDA receptor mediates ischemic, but not hypoxic preconditioning. A third aspect 

playing a role is NO and NOS. A reduced NO production is involved in prenatal tolerance, given 

that a NO synthase inhibitor attenuated the ischemic brain injury [49]. 

Although some events causing the injury in neonates, involving excitotoxicity, new protein 

synthesis and apoptosis, are similar to those described in the adult brain, no comparison can be 

made because injury is age-dependent. Compared to an adult brain, the immature brain is 

particularly vulnerable because of its high rate of oxygen consumption, low concentrations of anti-

oxidants and enhanced expression of the glutamate receptor [54]. Furthermore, apoptotic 

elements, like capase-3 are also upregulated in the neonatal brain [46]. Another important 

difference is that the immature brain is more plastic than the adult one, indicating that damage 

during this developmental period can have severe consequence later in life.  
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1.3   Aim and hypothesis 

Birth asphyxia is a serious problem, causing world-wide thousands of victims each year. 

Depending on the severity and the duration of the insult these children can develop disorders like 

cerebral palsy and cognitive impairment. Even though during the last decade animal models have 

increased our understanding of the processes causing hypoxic-ischemic injury and hypoxic-

ischemic preconditioning, no pharmacological treatment is available yet. Therefore this project is 

subdivided into 2 separate studies. The first study is intended to expand the current knowledge 

about the mechanisms underlying long-term hypoxic-ischemic damage, while the second study is 

trying to elucidate the mechanisms that induce ischemic tolerance in immature animals.  

Previous work done within this group demonstrated that severe fetal asphyxia (sFA) can have 

serious implications for the rat brain and behavior. sFA rats undergo behavioral change compared 

to their healthy counterparts. At the age of 19-months they show anxiety-related behavior and 

cognitive impairment. Therefore the first study of this project is to continue this study by looking for 

alterations in synapse numbers and densities, which could be associated with the altered behavior. 

We hypothesize a significant loss of synapses in the prefrontal cortex and the striatum of the sFA 

rats compared to sham-operated rats.  

The second study of this project handles hypoxic-ischemic preconditioning in the immature rat 

brain. This part investigates if mild fetal asphyxia (mFA) can prevent or improve the consequences 

of severe perinatal asphyxia (sPA) by reducing the delayed apoptotic cell death in brain structures 

like the striatum, normally very vulnerable for asphyxia. We hypothesize that fetal asphyctic pups 

are more resistant to a perinatal insult when compared to perinatal asphyctic pups not subjected to 

an antenatal insult. The results of this last study may have a significant contribution to the birth 

asphyxia research field, because identification of the cascades and factors responsible for 

preconditioning might provide the proper knowledge for developing novel therapeutic strategies for 

the treatment and/or the prevention of asphyctic brain injury in neonates. 

 
Fetal asphyxia: short and long- term consequences and its role in preconditioning. 



Materials and methods 13

2.   Materials and methods 

2.1   Part I: Fetal Asphyxia 

2.1.1   Experimental set-up and animal model 

Animals 

For the preconditioning model timed pregnant Lewis rats were used. The inbred rats were housed 

individually at the Maastricht University facility for experimental animals. The animals were kept 

under standard laboratory conditions with water and food were given ad libitum and, with 12 hours 

dark/ 12 hours (from 7 until 7) light in a temperature-controlled environment (21±1°C). All 

experiments were approved by the Animal Ethics Board (Dierenexperimenten Commisie) of the 

University of Maastricht on animal welfare according to Dutch governmental regulations and all 

efforts were made to minimize the number of rats used and to minimize the pain and stress levels 

experienced by the animals. 

  

Severe fetal asphyxia 

At embryonic day 17 (E17), pregnant Lewis rats were anaesthetized by xylazine (1mg/kg s.c.) and 

ketamine (50 mg/kg i.m.). Dams were subjected to a midline laparotomy to expose both uterine 

horns. Severe FA was achieved by completely clamping both the uterine and the ovarian arteries 

with removable clamps.  In the mean time, the uterine horns were kept wet, by rinsing them with a 

saline solution. After 75 minutes the clamps were removed to allow perfusion again. Then, the 

uterine horns were placed back intra-abdominally and the abdominal wall was repaired [41, 49]. 

Other sham pregnant rats underwent the same procedure except for the clamping of the uterine 

and ovarian arteries. 

 

2.1.2   Morphological analysis 

Perfusion and tissue preparation 

At 19 months, rats (n=5 for each group) were anaesthetized with sodium pentobarbital (60mg/kg 

i.p.; Nembutal®) and sacrificed by transcardial perfusion, first with a flush of tyrode (0,1M), followed 

by the ice-cold 4% paraformaldehyde in 0,1M phosphate buffer (pH 7,6; room temperature (RT)). 

The brains were dissected rapidly from the skull and post-fixed for 24h in cold 4% buffered 

paraformaldehyde. For cryo-protection, the brain tissue was transferred to 30% sucrose/0,1M 

TRIS-buffered saline (TBS) at 4°C for 48h. To preserve the brains, they were quickly frozen and 

stored at -80°C until further processing. Using a cryostat (Leica CM 350, Germany), the brains 

were cut at -30°C into 30µm thick coronal sections.   
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Synaptophysin immunohistochemistry 

To investigate differences in presynaptic bouton density and numbers, a synaptophysin 

immunostaining was executed. Synaptophysin is an integral membrane protein located in the 

synaptic vesicles and therefore a good marker to detect nerve terminals. All immunohistochemical 

reactions were carried out in a free-floating manner. They were processed simultaneously to 

guarantee identical conditions. All washing and dilutions steps of the antibodies were done by TBS 

(0,01M) with 0,2% Triton-X-100 (TBS-T). In order to minimize the background staining, all sections 

were pre-incubated with 5% normal goat serum (Sigma, The Netherlands) at RT for 30 minutes. 

Furthermore, normal goat serum (2,5%) was added to all solutions containing antibodies.  

A monoclonal antibody against synaptophysin (Boehringer-Mannheim, Germany), a presynaptic 

protein, was used overnight at a dilution of 1:35 at 4°C. After washing, the sections were immersed 

in a dilution of 1:150 goat anti-mouse IgG for 1h RT. This step was followed by a monoclonal 

mouse anti-peroxidase antibody (1:50) with 5µg/ml horseradish peroxidase, again for 1h at RT. 

After several washes, the tissue slices were incubated in 0,3% 3,3’-diaminobenzidine 

tetrahydrochloride (DAB) in TBS-T for 15 minutes. At the same time, H2O2 was added to the DAB 

solution. All sections were washed a last time. After the labeling procedures, they were mounted on 

gelatine-coated glass slides and air-dried. Subsequently, the sections were dehydrated in 

ascending ethanol concentrations, cleared with xylene and cover-slipped with depex. 

 
Quantitative analysis of synaptophysin staining 

In this study, presynaptic bouton densities were analyzed in 2 different areas: the frontal cortex and 

striatum. Delineation of the different areas occurred according to Paxinos and Watson (1986).  

The prefrontal area was defined between interaural 11.20 mm (anterior boundary) and interaural 

7.20 mm (posterior boundary). The medial boundary consisted of a line drawn from the dorsal tip of 

the left brain to the top of the corpus callosum. As a lateral boundary, a line from the ventral tip of 

the lateral ventricle to the top of the cortex in a specific angle of 45°C was taken [14]. 

Measurements were performed for each of the six cortical laminae, in two adjacent areas of 

5000µm². [Fig 6] 
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Figure 6: Delineation of the prefrontal cortex. Drawing of coronal sections through the rat brain (according to Paxinos 
and Watson, 1986), showing the region of frontal cortex (FC) considered in the present study (green) with the 6 cortical 
layers. 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 lateral boundary consisted of a line drawn from the ventral tip of the lateral ventricle to the top of the cortex in 
a specific angle of 45°. 

 

 

The striatum could be defined with unambiguous anatomical boundaries [Fig 8]. The level at which 

the corpus callosum first crosses the midline (10.6 mm anterior of the interaural line) was used as 

anterior boundary and whereas the level were the fornix joins the diencephalon (8.2 mm anterior of 

the interaural position) was used as posterior boundary. Dorsal and lateral boundaries were 

defined by the corpus callosum. 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 [14]. To analyze the presynaptic bouton density the 

striatum was separated in four distinct regions: dorsal, ventral, medial and lateral, according to the 

construction lines in figure 7. Measurements were performed in those 4 areas in two adjacent 

areas of 5000µm².   

 

S 

 

 

 

 

 

 

 

Figure 7: Delineation of the striatum. Drawing of coronal sections through the rat brain (according to Paxinos and 
Watson, 1986), showing the striatum (S), considered in the present study (red) with the 4 areas for measurements (blue 
lines). The corpus callosum defines the dorsal and lateral boundaries of the striatum. 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. 
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The immunoreactive punctae were estimated by calculating the density of the synaptophysin-

immunoreactive presynaptic boutons, like previously described by Van de Berg et al [14]. Briefly, 

the stained sections were analyzed using the Olympus AX-70 microscope, equipped with a 100x oil 

immersion planachromatic objective and a 10x projection lens. For each subregion, photos were 

taken from two randomly chosen areas at magnification x100 using a Olympus F-view cooled CCD 

camera. Three different sections of each animal (interaural 10.20mm, 9.48mm and 7.84mm) were 

analyzed in the above described areas, yielding 36 photos for the prefrontal cortex and 24 photos 

for the striatum of each animal. 

The synaptic punctae were detected, using the image analyzing system CellP. All measurements 

were performed at a single focal plane. A shading correction was carried out by the software, 

before the measurements were done, to correct for irregularities in illumination. Using a trial and 

error method, the threshold values, providing the most accurate measurement compared to direct 

visual counting were selected. Once the ideal threshold value was found, it was saved in the 

computer program and kept the same for all measurements (prefrontal cortex and striatum). All 

blood vessels and cell bodies and cortical tissue out of focus were excluded.  

From these data, the density of the synaptophysin-immunoreactive presynaptic boutons was 

calculated for each layer of the cortex and for all 4 regions of the striatum. The data were also 

pooled together to a single value, referred to as cortex or striatum. 

  

Stereological analysis: volume estimates  

For stereological analysis, brains of 5 rat pups of each group (sFA en sham) were used. Brain 

tissue was entirely cut to serial, 30μm-thick coronal sections. Every 10th section was mounted on 

gelatinized glass slides, yielding about 12 sections per animal. Sections were dried, defatted with a 

Triton-X100 solution and stained with cresyl violet for the detection of Nissl body in the cytoplasm 

of neurons (0.01%, 11 min). Slides were coverslipped with DePeX.  

Estimates of the volumes of the striatum and the prefrontal cortical layers were calculated 

according to the Cavalieri's principle [55]. This principle gives an unbiased estimate of the volume 

of the region of interest by multiplying the sum of the profile areas of all sections with the distance 

between the sections. To do so, a cut through the region of interest is required. The profile areas of 

the sections through the region of interest can be measured by tracing the boundaries of that 

region on video images displayed on a computer, and let the software calculate the profile area 

[56]. (Schmitz et al., 2005) The prefrontal cortex and the striatum were delineated according to the 

lines drawn in figure 6 and 7. Tracing was carried out with a stereology workstation and 

StereoInvestigator software (MicroBrightField, Williston, VT) 
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Calculation of the presynaptic bouton numbers 

For both the cortex and the striatum, presynaptic bouton numbers were calculated by multiplying 

the individual density data with the corresponding volume data, not taking into account the 

dimensions of the investigated parameters (i.e. 1/μm2 for density and mm3 for volume). These 

numbers are not unbiased because the densities were analyzed in two dimensions (= one focal 

plane) in stead of three dimensions. Therefore, it is not possible to calculate the exact total number 

of synapses, since size, shape and geometric orientation of the presynaptic boutons are unknown 

[57]. 

 

Statistical analysis 

For each experimental group mean and SEM were calculated for all investigated parameters 

(presynaptic bouton density, volume and number of synapses). Comparisons between the groups 

were tested with a Student's t-test. The level of significance was set at P<0.05, while a p-value 

between 0,1 and 0,05 was considered to tend towards significance (borderline significance). All 

calculations were performed using standard statistical software (SPSS 12.0 software) 
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2.2   Part II: Hypoxic-ischemic preconditioning 

2.2.1   Experimental set-up and animal model 

Animals 

All animal experiments described below were approved by the Animal Ethics Board of the 

University of Maastricht on animal welfare according to Dutch governmental regulations and all 

efforts were made to minimize the number of rats used and their suffering. Pregnant Wistar rats 

(Charles River, Maastricht, The Netherlands) were delivered on day 14 of gestation. They were 

housed individually at the University of Maastricht facility for experimental animals. The animals 

were kept under standard laboratory conditions (21±2◦C ambient temperature, a 12-h light/dark 

schedule (from 7 until 7), background noise provided by a radio, and food and water ad libitum).  

 

Preconditioning model and study groups 

A new rat model for global hypoxic-ischemic preconditioning was applied as a combination of two 

previously well described models. A model for mild fetal asphyxia (mFA) is used as a first hit at 

embryonic day 17 [41], while a model for severe perinatal asphyxia (sPA) is used as a second hit at 

embryonic day 21 or 22 [14] [Fig 8 and table 2].  

 

Table 2: Experimental groups, age of intervention and abbreviations. 

Experimental group Age of intervention Abbreviation 
Fetal asphyxia E17 mFA 

Control caesarean delivery E21/22 CCD 
Severe perinatal asphyxia E21/22 sPA 

Mild fetal ashyxia + severe perinatal asphyxia E17 + E21/22 mFA+sPA 
 

 

Both models mimic the conditions resulting in global asphyxia during pregnancy or birth. Four 

groups of dams were used: mFA (n=11), sPA (n=7), mFA combined with sPA (mFA+sPA) (n=11) 

and the control caesarian delivery (CCD) (n=7) [Table 3]. Pregnant rats were randomly assigned to 

an experimental group. Exclusively male offspring were used (except for the calculation of the 

mortality rates), because both morphological and behavioral evidence show a differential 

vulnerability to a birth insult in males versus female rats. A greater impact is seen in the male 

gender, probably due to a protecting role of the circulating oestrogens inducing monoamine 

alterations and/or the sexually dimorphic nigrostriatal dopamine system [58-60]. Of note, the stage 

of neural development of a term rat can be compared to a preterm to very preterm human baby 

[61].  
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Figure 8: Scheme of experimental procedures of the preconditioning model. At E17 rats were subjected to a fetal 

asphyctic insult. The perinatal insult was induced at E21. Cell death was analyzed, using a TUNEL staining, at P8 and P15.  

(E = embryonic day; P = postnatal day) 

 

 

Fetal asphyxia 

At embryonic day 17 (E17), 11 pregnant Wistar rats were anaesthetized by isoflurane. Induction 

was done by 4% isoflurane, followed by the maintenance period with 2% isoflurane. The animals 

were shaved and Visagel® was applied to their eyes. To prevent hypothermia, all procedures were 

done within a controlled environment (37°C, 60-80% humidity, room air). Rats were subjected to a 

midline laparotomy to expose both uterine horns. mFA, in stead of the sFA described in the first 

part, was achieved by completely clamping both the uterine and the ovarian arteries with 

removable clamps [Fig 9].  In the mean time, the uterine horns were kept wet, by rinsing them with 

a saline solution. After 30 minutes (in stead of the 75 minutes used in the first study) the clamps 

were removed to allow perfusion again. Then, the uterine horns were placed back intra-

abdominally and the abdominal wall was repaired. Afterwards, the rats were held inside the 

incubator for 30 minutes to recover within controlled surroundings.  

 

 

 

 

 

 

 

 

Ovarian arteries 

Uterine arteries 
 

Figure 9: The fetal asphyxia procedure. The uterine horns were exposed using a laparotomy and the ovarian and the 

uterine arteries were clamped for 30 minutes with removable clamps. 
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Severe perinatal asphyxia 

At embryonic day 21 or 22 (E21/E22), 18 date-pregnant rats (11 with mFA, 7 without mFA) were 

euthanized by decapitation and rapidly hysterectomized. The uterine horns containing the fetuses 

were detached. One uterine horn was placed in a water bath, precisely calibrated at 37ºC, for 

exactly 18 minutes (counting from cutting off the blood circulation of the uterus to the moment the 

pups were taken from the water bath) [Fig 10]. After 18 minutes, the uterine horn was incised 

quickly and the pups were removed, cleaned with medical swipes and stimulated manually to 

breathe to aid recovery within the closed pediatric incubator (37ºC, 60-80% humidity, room 

air).They were then left to recover for approximately 60 minutes in the same incubator. The 

umbiIical cords were ligated and cut to separate the pups from their placentas. It is important to 

note that increasing the length of asphyxia to more than 20 minutes, leads to a mortality of 100%. 

The fetuses of the other horn were immediately delivered by opening the uterus and stimulating the 

pups as described above.  

No more than two male pups per litter per condition were examined to prevent litter effects. They 

were randomly cross-fostered to surrogate dams, which have given birth normally the same day. 

Each surrogate mother received 10-13 pups. Body weight of the pups was measured at P0 and P8 

or P15, respectively.  

 

 

 

 

 

 

 

 

Uterine horn 

 

Figure 10: The severe perinatal asphyxia procedure. The uterine horns were detached from the mother and submerged 

in a water bath for 18 minutes.  

 

2.2.2   Morphological analysis 

Perfusions and tissue preparation 

On the assigned days, postnatal day 8 (P8) and postnatal day 15 (P15), the pups were 

anesthetized with sodium pentobarbital (180mg/kg;i.p.;Nembutal). They were perfused 

intracardially (30/74 RPM), first by a flush of tyrode solution (30s), followed by fixative (10.30 min) 
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containing 4% paraformaldehyde and 0,2% picric acid in 0,2 M phosphate buffer (pH 7,2; RT). After 

the perfusions, the brains were removed from the skull and postfixed for 24h in 4% 

paraformaldehyde at 4°C. The brain tissue was cryoprotected by immersion in 10% sucrose/0,1M 

phosphate buffer overnight, followed by immersion in 20% sucrose/0,1M phosphate buffer for 48h 

both at 4°C. Afterwards, the brains were quickly frozen and stored at -80°C until further processing. 

The right hemispheres were cut into series of 30-µm-thick sections on a cryostat (Leica CM 3050; 

Leica, Nussloch, Germany), while the left hemispheres were cut into series of 16-µm-thick sections. 

 

Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling staining

To identify cell death a terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-

labeling (TUNEL) staining was performed. The TUNEL technique is used for the characterization of 

DNA fragmentation, particularly for the detection of single-strand breaks. It is based on the specific 

binding of terminal deoxynucleotidyl transferase (TdT) to the 3′-OH ends of fragmented DNA. TdT 

is used to incorporate biotinylated deoxyuridine at sites of nuclear DNA breaks.  

Every eighth section was mounted on gelatinized glass slides and used for TUNEL staining  as 

described before by Van de Berg et al. [14]. Briefly, sections were washed with TBS. Then, they 

were permeabilized for 10 min using methacarn (methanol:chloroform:acetic acid, 66:33:1) and 

rinsed in TBS (3 times 10 min). Subsequently, DNA fragments were labeled with the reaction 

mixture in a humidified box at 37°C for 1.5h. This reaction mixture consisted of 0.1μl TdT (400U/μl); 

1μl cobalt chloride (2.5 mM); 2μl TdT reaction buffer; 0.4μl biotin-dUTP (2 nM); 6.5μl MilliQ (Roche 

Diagnostics Nederland B.V., Almere, Netherlands). During incubation, sections were covered with 

10μl of the reaction mixture and coverslipped with parafilm. The reaction was stopped by placing 

the slides in 4x standard saline citrate (SSC) buffer (300 mM sodium chloride, 30mM sodium 

nitrate, pH 7.5) for 5 min at RT, followed by two 5-minute washing steps in TBS. Next, streptavidin-

Alexa 594 diluted in TBS containing 0.3% Triton X-100 (TBS-T) (1:2000 dilution; for 60 min at RT, 

Sigma, The Netherlands) was used to visualize nuclei labeled with biotinylated dUTP. After 

washing in TBS, sections were counterstained with Hoechst 33342 in TBS (1:500 dilution; 30 min 

at RT; Sigma, The Netherlands). The procedure was finished by washing with TBS for 10 min and 

enclosure with TBS:glycerol (1:3). 

 

Quantitative analysis of TUNEL-stained cells 

TUNEL-positive cells were counted in the striata of left hemispheres of 4 rat pups of each group 

(CCD, sPA, mFA en mFA+sPA), sacrificed at P8. For each brain, 12 stained sections between 

Bregma 1.60mm and Bregma -1.80mm were analyzed. To detect the presence of positive cells, all 

slices were examined at a magnification 40x with an Olympus AX-70 microscope (using the 

counting method described by Van de Berg et al. [14]). Delineation of the striatum occurred using 

corpus callosum and lateral ventricle as landmarks, like depicted in figure 7. All TUNEL-stained 
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cells were easily identified by their intense and selective red color and they were counted 

regardless morphology. An estimation of the total number of positive cells in each rat was made by 

multiplying the sum of TUNEL-stained cells in all slides by the sampling interval (equal to eight). 

Furthermore, every TUNEL-positive cell was with the Hoechst 33342 staining to seen whether that 

particular cell was highly pyknotic and whether the nucleus was fragmented. All results were 

expressed in mean total number of TUNEL-positive cells per striatum and the number of TUNEL-

positive cells per mm³. 

 

Stereological analysis: volume estimates 

For stereological analysis the right hemispheres of 4 rat pups of each group (CCD, sPA, mFA en 

mFA+sPA), sacrificed at P8, were used. The right hemispheres were entirely cut to serial, 30μm-

thick coronal sections. Sections were mounted on gelatinized glass slides, yielding 8–10 sections 

per animal. Sections were dried, defatted with a Triton-X100 solution and stained with cresyl violet 

for the detection of Nissl body in the cytoplasm of neurons (0.01%, 11 min). Slides were 

coverslipped with DePeX.  

Estimates of the volumes of the striatum were calculated according to the Cavalieri's principle [55], 

like earlier described in section 2.1.2. Briefly, profile areas of the sections through the region of 

interest were measured by tracing the boundaries of that region on video images displayed on a 

computer. The volume was then calculated by multiplying the sum of the profile areas of all 

sections with the distance between the sections. The striatum were delineated according to the 

lines drawn in figure 7. Tracing was carried out with a stereology workstation and 

StereoInvestigator software (MicroBrightField, Williston, VT). 

 

Statistical analysis 

All data are presented as means + SEM. A two-way ANOVA test (mFA x sPA), followed by a 

Bonferroni post hoc test, was applied to analyze the effect of mFA, sPA, mFA+sPA on mortality, 

body weight, number of TUNEL-positive cells and striatal volume.  Changes in birth weight 

between the pups that underwent mFA and the pups that did not, were tested by a Student’s t-test. 

Differences were considered to be significant if P<0.05. All calculations were done using the 

Statistical Package for the Social Sciences (SPSS 12.0 software). 
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3.   Results 

3.1   Part I: Fetal Asphyxia 

3.1.1   Presynaptic bouton densities 

To investigate if the short-term memory deficit, seen in the behavioral testing of the 19-month-old 

asphyctic rats (previous study), are related to alterations in presynaptic bouton densities, 

synaptophysin immunoreactivity was determined in the prefrontal cortex and striatum.     

Fig 11 shows an example of the immunostaining in the striatum of a sFA animal. The 

synaptophysin immunoreactivity was restricted to small punctae, which were interpreted as 

representing presynaptic boutons. There were no apparent differences in the morphological 

appearance of the punctae between the two groups of animals. Fig 12A shows the results of the 

presynaptic bouton densities in the different layers of the frontal cortex. Fig 12B shows the results 

of the presynaptic bouton densities in the different regions of the striatum. For the prefrontal cortex, 

the mean presynaptic bouton densities were higher in the sFA group compared to the sham, 

although no significant differences were found. For the striatum, in contrast, significant results were 

found in all 4 regions. Severe FA animals showed lower mean presynaptic bouton densities in the 

dorsal (-15.3%; P=0.015), the lateral (-18.3%; P=0.014), the medial (-14.4%; P=0.025) and the 

ventral part (-20.0%; P=0.024), as well as the pooled data of the total striatum (-17.1%; P=0.017). 

Taken together, these data indicate that there is a decrease in presynaptic bouton density in the 

striatum of animals who suffered from sFA. 

 

 

 

 

 

 

 

 

 

A B

Figure 11: Example of an image of a synaptophysin-stained area in the striatum of a 19-month old fetal asphyctic 

animal as obtained by the image analysis system. (A) Unedited picture, showing the gray levels of the synaptophysin 

staining. (B) Edited image, showing the modified gray scale punctae. Blood vessels, neuronal cell bodies, artifacts and 

areas not in focus were excluded form the analysis (colored delineated areas).  
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3.1.2   Volume estimates 

To study and compare the volumes of the regions of interest between the sFA and the sham 

animals, volume estimates were calculated. Fig 12C and 12D show the volume estimates of the 

prefrontal cortex and the striatum. Analyses of the volume estimates of the layers of the prefrontal 

cortex indicate a rise in mean volumes in sFA animals as compared to sham animals. The extent of 

those increases in the different cortical layers, however, was not uniform. The 1st (+21.0%; 

P=0.0347) and the 6th layer (+14.2%; P=0.0064) of the sFA animals showed a significant increase 

in comparison to the sham animals. There was a trend towards a significant increase following sFA 

in the volumes of the 2nd (+8.7%; P=0.0545) and 4th layer (+18.8%; 77P=0.0681), as well as in the 

pooled value of the total prefrontal cortex (+16.2%; P=0.0922). The 3rd th and the 4  layer showed a 

similar pattern, though no significant differences could be found. Analyses of the striatal volume 

could not detect a significant difference between the sFA and the sham group. Altogether, these 

data point towards an increase in the volume of the prefrontal cortex, but not of the striatum. 

 

3.1.3   Number of synapses 

From the data described above it is not possible to calculate the exact total number of synapses, 

because the size, shape and orientation are unknown. An evaluation of the alterations in the 

number of synapses between the groups was made by multiplying the density of the presynaptic 

boutons by the volume estimates, without taking into account the exact dimensions. Fig 12E and 

12F show the results of the analyses of the mean number of synapses of both groups. In case of 

the prefrontal cortex, higher numbers of synapses were found in all of the investigated layers after 

sFA. None of those changes were significant, except for the 5th layer which showed a trend 

towards significance (+75.3%; P=0.0921). Analysis of the striatum, on the contrary, illustrated a 

significant decrease (-37.6%; P=0.0155) in the number of synapses following sFA. Overall, these 

data show a decrease in synapses in the striatum and a trend towards an increase in the 5th layer 

of the prefrontal cortex.  
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Figure 12: Presynaptic bouton densities, volume estimates and number of synapses investigated in the prefrontal 

cortex (A, C and E) and the striatum (B, D, and F) of sham-operated rats (          ; n=5) and severe fetal asphyctic 

(sFA) rats (         ; n=5) at the age of 19 months.  Data are expressed as mean + SEM. (A) There was no significant 

difference in presynaptic bouton density between the sFA group and the sham group. (B) There was a significant difference 

in presynaptic bouton densities of all four regions of the striatum and the total striatum. (C) A significant increase in volume 

of the 1st and 6th layer was found in the sFA group compared to the sham group. There was a tendency towards 

significance in layer 2, layer 4 and the total cortex. (D) No significant alterations in striatal volume were found between the 

sFA and sham rats. (E) There was a tendency towards significance of the number of synapses in layer 5. No significant 

differences could be found in the other layers.  (F) A decrease in the number of synapses was found in the sFA group 

compared to the sham group. ( * P<0.05 and  # 0.05<P<0.1) 
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3.2   Part II: Hypoxic-ischemic preconditioning 

3.2.1   Neonatal mortality 

A frequent and a severe complication of birth asphyxia is death. To assess if preconditioning had 

an effect on this aspect, mortality rates were calculated. Table 4 shows the results of the neonatal 

mortality rates, expressed as mean mortality per litter. In our model, 55% of the animals per litter 

died after a sPA insult of 18 minutes, while none of the mFA or CCD animals died. When the pups 

had a mild prenatal hypoxic exposure before being exposed to a severe perinatal insult, fewer 

animals per litter died (39%). This difference in mean mortality rate per litter between the sPA and 

the mFA+sPA did not reach statistical significance (P=0.187). 

 

Table 4: Mortality rates, expressed as mean per litter, of the different experimental groups at postnatal day 0 (Mean ± SEM). 

Groups Mortality 
Control (CCD) 0% 

mFA 0% 
sPA 55.22% ± 0,20 

mFA+sPA 38.99% ± 0,36 
(CCD: control caesarian delivery; sPA: severe perinatal asphyxia; mFA: mild fetal asphyxia) 

 

A few pups died in the period between P0 and P15 as well. An overview of the survival rates is 

given in figure 13. All of the CCD pups and 90% of the mFA pups survived the end of the 

experiments (until day 15). In contrast, only 26% of the sPA pups survived, while still 44% of the 

mFA+sPA pups did.  Furthermore, it is important to note that none of the fetuses died in the period 

between the mFA insult at E17 and birth. In summary, sPA has an immense effect on the survival 

of rat pups, which seemed to be improved by a preceding, less damaging event.    
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Figure 13: Survival curve of the different experimental groups. None of the CCD pups and only 10% of the mFA pups 

died during the experiments. The survival rate was higher in the mFA+sPA group compared to the sPA group at both 

postnatal day 0 (P0) and postnatal day 15 (P15). This difference did, however, not reach statistical significance. 
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3.2.2   Birth weight 

To see if the insults had an effect on the fetus, birth weights were measured at P0 after recovery. 

As depicted in figure 14 the mean body weight at P0 of the pups which underwent mFA (mFA and 

mFA+sPA pups) was lower than the mean body weight of the pups which did not undergo the insult 

(CCD and sPA pups). This decrease in birth weight (-7.3%) showed a tendency towards 

significance (P=0.054). The sPA insult did not cause any changes in the body weight at P0 (data 

not shown).  
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Figure 14: The body weight of the pups at postnatal day 0. The pups which underwent a mFA (mFA and mFA+sPA) 

insult have a smaller body weight than the pups which did not undergo a mFA insult (CCD and sPA). This decrease in body 

weight is not significant, but has a tendency towards significance. (# 0.05<P<0.1) (mFA = mild fetal asphyxia; sPA = severe 

perinatal asphyxia) 

 

2.2.3   Body weight 

Body weights were also measured throughout the course of the study at P8 and P15. Mean body 

weights at the different time points are given in figure 15. The tendency towards a decrease in birth 

weight following fetal asphyxia [Fig 15], seen at P0, completely disappeared at P8. There was no 

difference anymore between the mFA/mFA+sPA and the CCD animals. At that time point, 

however, the sPA pups underwent growth retardation in comparison to the other groups. Their 

mean body weight was lower than the mean weight of the other groups. Furthermore, their mean 

weight was 5.6% less than the mean weight of the pups which underwent mFA before sPA 

(P=0.049). The mean body weights of the mFA and mFA+sPA groups at P8 did not differ from the 

control group. At P15, the mean body weights of the sPA pups were still lower in comparison to the 

other groups, although no significant difference could be found.  

To sum up, mFA has an early effect on the birth weight of pups, which disappears a week after 

birth, whereas sPA causes a growth retardation at P8 and P15. This growth retardation is 

overcome by a preceding mFA incident.  
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One of the most important features of asphyctic damage is delayed apoptotic cell death. To 

evaluate the effect of preconditioning on cell death in the different experimental groups, TUNEL-

labeled sections were analyzed in the striata of 8-day-old rat pups. Figure 17A summarizes the 

results of the quantitative analysis of the TUNEL stained cells.  

3.2.5   TUNEL 

 

No gross morphological changes could be seen in the brain of asphyctic pups compared to the 

CCD pups 8 days after delivery. Typical apoptotic morphological changes like condensation, 

shrinkage and fragmentation were found in all four groups and were visible with both the TUNEL 

and the Hoechst staining [Fig. 16]. TUNEL-stained cells were mainly found in the surrounding area 

of the lateral ventricle and the corpus callosum and in the dorsal part of the striatum. Mostly, they 

are together is clusters, showing a patchy pattern.     

During the period immediately after the insult, the effect of sPA was evident on breathing, motility 

and color of the skin. sPA and mFA+sPA pups recovered very slowly after stimulation. They 

showed gasping and almost no movement. Their skin color was very pale. Furthermore, feces were 

found in almost all the placentas of the sPA and mFA+sPA pups, pointing towards a hypoxic bowl. 

Similar effects are observed in human asphyctic neonates. CCD and mFA pups, in contrast, started 

regular breathing immediately after birth and showed a normal, pink-colored skin and normal 

motility.  

3.2.4   General observations 

 

Figure 15: The body weights of the pups at the different time points (P0, P8 and P15) of the study. At P0, there is a 

trend towards a significant effect of fetal asphyxia on birth weight. At P 8, the mean body weight of the sPA group was lower 

than the mean weight of the other groups, meaning that the sPA pups undergo growth retardation (P=0.049), while there is 

no difference in body weight between the other groups. At P15, the weight of the PA pups is still less than the other groups, 

but the difference does not reach significance anymore. (* < 0.05) 
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Two-way ANOVA analysis revealed a slight, but significant increase in the total number of 

apoptotic cells due to a mFA insult (P=0,03). Both the mFA and the mFA+sPA group showed 

higher total numbers of apoptotic cells than the CCD group, although post-hoc Bonferoni testing 

could not detect any significant differences between those groups. For that reason it seems that a 

mFA insult does not cause that much apoptotic cell death.  

Severe PA also significantly increased the total number of apoptotic cells (two-way ANOVA; 

P=0,01). This difference could be almost completely attributed to the sPA group, and not the 

mFA+sPA (post-hoc Bonferroni, CCD versus sPA: P=0,01; CCD versus mFA+sPA: P=0,678).  

As expected, brains subjected to mFA before undergoing sPA demonstrated a significant reduction 

(-46,4%) in apoptotic cells compared to the brains only subjected to sPA, as demonstrated by post-

hoc Bonferroni analysis (P<0,001). This difference between both groups is clearly depicted in figure 

16 D and E. Consequently, it appears that the preconditioning effect did almost totally prevent the 

damaging effect of sPA. 

 

3.2.6   Volume estimates 

To see if any of the insults caused alterations in the size of the striatum, volume estimates were 

obtained in the same rat brains as used for TUNEL analysis. The results are depicted in figure 17B. 

The mean volume of the CCD group seems slightly higher compared to the mean volume of the 

different groups subjected to an insult. Two-way ANOVA analysis, however, revealed no significant 

decrease due to mFA, sPA or the interaction of both. Post-hoc Bonferroni analysis could not detect 

any alteration between the groups either.   

Taking into account both the data of the TUNEL-positive cell counting and the volume 

measurements, estimations of the density of apoptotic cells could be calculated. The results of the 

number of TUNEL positive cells per mm³ are given in figure 17C. Mild FA caused a small increase 

in the mean density of apoptotic cells (two-way ANOVA; P=0,02). However, post-hoc Bonferroni 

analysis could not find any significant differences between both mFA groups and the CCD group. 

Two-way ANOVA analysis also revealed a significant increase in the mean density of apoptotic 

cells due to sPA (in sPA and mFA+sPA groups) (P<0,001), which could be almost entirely ascribed 

to the sPA group (post-hoc Bonferroni; CCD versus sPA: P<0,001; CCD versus mFA+sPA: 0,558). 

Moreover, post-hoc Bonferroni testing demonstrated that the mean density of apoptotic cells in the 

mFA+sPA group was significantly lower than in the sPA group (P<0,001).    

Together the results of the total number and density of apoptotic cells indicate that mFA seems to 

provide strong protection against apoptotic cell death caused by sPA. 
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4.   Discussion 

4.1   The long-term effect of severe fetal asphyxia 

The present study shows that a severe fetal asphyctic insult during pregnancy, a critical period for 

the development of the brain, can have long-term effects on synaptic organization. Nineteen-month 

old sFA rats showed a tendency towards an increase in presynaptic bouton numbers in the fifth 

layer of the prefrontal cortex, while a clear decrease was found in the striatum. There the 

presynaptic bouton density and numbers were significant lower in the sFA group compared to the 

sham-operated animals. Furthermore, asphyctic rats had a larger prefrontal cortex.  

 

Alterations in presynaptic bouton densities have been reported many times before, for example in 

relation to aging or neurodegenerative diseases, but also as a result of hypoxic or ischemic 

damage to the brain [25].  Parts of our data are in line with those previous reports in the literature, 

while others are conflicting. With respect to long-term hypoxic damage, others observed increases 

in presynaptic bouton density. For example, Stroemer et al. have shown an increase in the cortex 

following cerebral ischemia [26]. Accordingly, Van de Berg et al. revealed similar increases in both 

the striatum and the parietal cortex after severe perinatal asphyxia [14]. Long-term decreases in 

presynaptic bouton density in relation to FA have never been published before. An explanation for 

the difference with the current literature could be that a distinct animal model is used. The studies 

described above used models for perinatal asphyxia, while in this study a model for fetal asphyxia 

is applied. The most important difference between both models is the timing of the insult. 

Consequently, timing might play an important role in determining the injury pattern following 

asphyxia in infants, probably due to different developmental stages of the immature brain. 

 

There are several possible hypotheses that might explain the decrease in presynaptic bouton 

density and number in the striata of sFA rats. The decrease may be due to an incomplete recovery 

of the synapse loss that occurs in the first minutes and hours after the hypoxic-ischemic insult. 

Several studies demonstrated that decline in both pre-and postsynaptic density immediately after 

the insult. For example, transient global perinatal ischemia causes a marked decrease in 

postsynaptic density the hippocampus of chickens and fetal hypoxia cause a similar decrease in 

presynaptic numbers in 1 day old rats [28, 29]. There are also studies demonstrating recovery after 

hypoxic-ischemic injury. Accordingly, Engert et al. found an increase in synapses starting 24h after 

the hypoxic exposure in cell cultures compared to the number immediately after the exposure [62]. 

However, none of the studies mentioned above investigated whether the repair process was only 

partial or complete. Studies that examined long-term effects of severe FA or PA, showed that there 

is still synapse damage a couple of weeks after the exposure. Yang et al. showed, by looking at 

SynGAP, a protein playing an essential role in synaptic plasticity, that there was still a synapse 
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defect 45 days after perinatal hypoxia [63]. Accordingly, Ramirez et al. detected altered 

phospholipids patterns 30 days after hypoxia-ischemia, pointing to the fact that there was still a 

reduction in synaptogenesis at that time point [64]. Although the last two reports are in line with the 

explanation of an incomplete recovery, the results of behavioral testing of the sFA animals, 

executed in a previous study within our group, do not demonstrate any early changes. The sFA 

animals performed normally during MWM and OF testing until the age of 19 months (see 

appendix).  

 

Therefore, an alternative explanation is that the decrease observed in the striata of our sFA 

animals may represent an acceleration of the aging process. Aging leads to synapse loss in a 

number of brain regions, like the striatum, the prefrontal cortex and the hippocampus [25, 65]. 

Wong et al. reported a reduction in presynaptic bouton density in the cortex of older rats compared 

to their younger counterparts [25]. Similar results have come forward from human studies, showing 

a loss in synaptic input in the frontal cortex of older individuals [24]. Arguments in favor of this 

explanation are the results of the behavioral testing of the investigate asphyctic animals (see 

appendix). MWM and OF tests showed no differences at 1.5, 6 or 12 months. At 19 months, 

however, sFA rats swam longer distances to find the platform compared to sham controls, 

indicating an impaired short-term memory. In the OF test, those 19-month old sFA animals showed 

shorter distances moved and longer time spent in the corners, both pointing towards anxious 

behavior. These results are comparable to the defects seen in aging rats. Furthermore, comparable 

memory impairments have been found in other asphyxia models. Severe perinatal asphyxia causes 

an exaggerated age-related long-term memory deficit [15]. Altogether, sFA may accelerate aging in 

cognitive and spatial learning by a reduction in synaptic connectivity.  

 

Regarding both explanations, several factors might contribute to the reduction in synaptic density 

and number in the striatum of sFA animals. First, it may be due to death of neurons as a result of 

e.g. programmed cell death or oxidative stress [25]. Second, it may be caused by neuronal 

changes, like degeneration of dendritic structures or retraction of axonal processes intruding on the 

striatal neurons [66]. Both dendrite regression and lower dendritical spine densities have been 

related to synapse loss in aging [67]. This awaits further research though. 

 

Another important finding of this study is the regional difference in presynaptic density and 

numbers. While there is a presynaptic depletion in the striatum, the fifth layer of the prefrontal 

cortex shows a tendency towards an increase in presynaptic bouton numbers. This difference 

between both areas can also be clarified by a few potential mechanisms. A first potential 

mechanism is that the aging process shows a spatiotemporal phase shift. Aging sometimes begins 

with neuritic growth and enhanced synapse formation in the early stages, followed by regression of 

dendrites in older animals [68]. In our animals, the aging process may have been started in the 
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striatum before the age of 19 months, showing a decrease in synapses, while the aging may only 

just have begun in the prefrontal cortex, showing a tendency towards enhanced synapse formation. 

The second potential mechanism is a compensatory mechanism. The observed increase in 

presynaptic bouton density and numbers in the prefrontal cortex may be an attempt to compensate 

for the loss of synapses in the striatum and maybe also in other regions of the sFA brains by 

allowing more neuronal communication. Similar compensatory mechanisms between two different 

areas are already demonstrated in neurodegenerative diseases, like Alzheimer’s disease [69]. The 

increase in volume of some of the cortical laminae, observed in our sFA animals could be part of 

the same compensation effort trying to recompense for the synapse loss in the striatum. Moreover, 

the sFA brains could also try to adjust for a possible loss in neuron numbers by the formation of 

new synaptic connections. 

 

In conclusion, severe fetal asphyxia leads to a long-term decrease in presynaptic bouton density 

and number within the striatum, while it leads to a tendency towards an increase in presynaptic 

numbers in the fifth layer of the prefrontal cortex. This striatal decrease is may be caused by an 

acceleration of the aging process, mediated by changes in dendrite number, axonal alterations or 

neuronal loss. The difference between the two regions could be explained by a compensatory 

mechanism or a spatiotemporal phase shift. Whether this holds true awaits further research. For 

example, looking at neuron numbers in both the prefrontal cortex and striatum, could exclude the 

possibility that the loss of synapses is due to a reduction in neuron numbers. To shed light on the 

fact that synapse recovery after sFA may be incomplete, synaptophysin immunoreactivity has to be 

examined at different time points between the insult and the loss seen at 19 months. 
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4.2   Mild fetal asphyxia and its role in preconditioning   

Birth asphyxia is a major cause of neonatal mortality and of subsequent lifelong neurological 

disabilities among those infants who survive it. Although our understanding is increased 

considerably the last years, there is still no pharmacological treatment available. Revealing the 

mechanisms behind hypoxic-ischemic preconditioning and tolerance could therefore be an 

important step towards an effective therapy. The objective of this pilot study was to determine if 

mFA protects against subsequent sPA. To achieve this goal, the number of apoptotic cells was 

analyzed in the striata of 8-day-old rats after 18 minutes of sPA, with or without a preceding 30- 

minute-mFA insult, using a TUNEL staining. The TUNEL method allows detection of nuclear DNA 

fragmentation in cells. Although fragmentation is a pattern typical for apoptosis, it can also occur, to 

a lesser extent, in necrotic cells. As a consequence, TUNEL can occasionally also stain necrotic 

cells. Because each stained cell was analyzed for apoptotic traits like nuclear fragmentation and a 

pyknotic nucleus with a Hoechst staining, we assume that the majority of counted cells were 

apoptotic.     

 

In the CCD group, only a few apoptotic cells were found. This kind of apoptosis probably 

represents naturally occurring developmental cell death. The mFA group showed slightly higher 

levels of apoptotic cells compared to the CCD group, although this difference did not reach 

statistical significance. The sPA group, in contrast, showed a substantial increase in TUNEL-

positive cells. Pups that underwent mFA before being subjected to sPA had significantly less 

apoptotic cells than pups that did not undergo mFA, suggesting a protective effect. Their number of 

apoptotic cells were similar to that of the CCD and the mFA group. Another important finding of this 

study is that the mortality rate seemed to be lower in the mFA+sPA group than in the sPA group. 

This difference in mortality did, however, not reach statistical significance, most likely due to a low 

power. Increasing the number of animals in each group in the next study, may possibly reveal 

significant differences. Since the mFA insult was global, this protection may include protective 

effects of many organs and systems, such as the heart and the arteriovenous system, to 

accomplish the decreased mortality rate. Taken together, these differences between the mFA+sPA 

and the sPA group indicate that mFA seems to protect against harmful effects like delayed 

apoptotic cell death and increased mortality, normally caused by sPA. 

 

It is important to note that this second study uses a mild form of fetal asphyxia (30 min) in stead of 

the severe form (75 min) used in the first study of this project. While sFA causes substantial long-

term consequences (e.g. changes in synaptic organization), it seems that mFA has a 

neuroprotective effect, without causing apoptotic cell damage.   
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Though this study is the first to look at hypoxic-ischemic preconditioning and tolerance in a global 

asphyxia model, current findings are consistent with cell protection by hypoxic-ischemic 

preconditioning against focal asphyctic injury (=stroke model). Cantagrel et al. found that exposure 

of the pregnant dam to a hypoxic gas mixture (8% O2/92% N2) causes a reduction in the number 

of apoptotic cells in the striatum, hippocampus and cortex 24h and 48h after right carotid ligation at 

postnatal day 7 (Rice-Vannucci model) [70]. In the same rat model, Zhao et al. demonstrated that 

newborns with prenatal asphyxia showed lower mortality rates, less brain tissue damage, less 

neuronal loss and fewer caspase-3 positive cells [71]. Accordingly, Cai et al. demonstrated that 

another prenatal hypoxia-ischemia insult, achieved by clamping the ovarian and uterine arteries for 

30 min, also reduces the brain infarct size and neuronal injury induced by the Rice-Vannucci model 

[41]. Of note, similar decreases in apoptotic cells after preconditioning have been observed in other 

organs like kidney and heart [72]. Asphyxia-induced preconditioning is not only detectable at the 

morphological level. It can be seen at behavioral level, as well. Rats exposed to a preconditioning 

hypoxic insult 24h before severe perinatal asphyxia significantly improved in terms of orientation 

and memory function, while no such improvement was seen in the rats not exposed to a 

preconditioning insult [48].  

 

Though a number of different mechanisms and molecules have been linked with various types of 

preconditioning, the mechanisms underlying the delayed phase of preconditioning-induced 

neuroprotection are still unknown. Nevertheless, it has been suggested that three groups of 

molecules are involved in hypoxic-ischemic preconditioning: sensors, transducers and effectors 

[73][Fig 18]. Together, this set of molecules form a complex cascade that senses a triggering signal 

(e.g. hypoxia) and amplifies it into several effector functions, inducing a protective effect. HIF-1 has 

been suggested as at least one of the sensor molecules for prenatal hypoxia, because its subunit α 

is an oxygen-sensitive unit. Moreover, animals treated with compounds known to induce HIF-1, like 

cobalt, are protected against ischemic injury in the brain [74]. In addition, a hypoxic trigger 

increases HIF-1α-transcriptional activity of target genes related to vasomotor control (NOS2), 

angiogenesis (VEGF), iron metabolism (EPO), cell proliferation (TGFβ) and energy metabolism 

(GLUT-1), all processes important for neuroprotection, as reviewed by Ran et al. [51]. Another 

molecule that might function as a sensor is the NMDA receptor. In many models, hypoxic-ischemic 

preconditioning requires NMDA-receptor activation and NMDA receptor antagonists can block 

ischemia-induced preconditioning [75]. A preconditioning stimulus may for example affect the 

subunit composition of the receptor. NOS has been suggested as one of the transducers of 

neuroprotection induced by hypoxia-ischemia, because application of 1400W, an inhibitor for iNOS, 

before prenatal hypoxia abolished the protection against perinatal hypoxia. In addition, iNOS 

expression is upregulated 3h after the hypoxic prenatal stimulus [71]. Other studies demonstrated 

that the RAS-phosphorylation pathway of ERK may also be an important signal-transduction 

pathway for neuroprotection [76]. The effectors, contributing to preconditioning, may include many 

protective proteins like heat shock proteins and anti-apoptotic proteins, which are known to be 
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upregulated by a hypoxic-ischemic stressor or insult. The levels of Bcl-2, a pro-apoptotic molecule, 

are increased a few hours after the preconditioning insult, while the levels of Bim and other anti-

apoptotic factors are decreased [77]. The transcription factor driving the induction of Bcl-2, CREB, 

is highly activated by phosphorylation as well [78]. Prenatal asphyxia may therefore change the 

balance between pro- and anti-apoptotic proteins.   
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Figure 18: Schematic overview of some of the mechanisms that may be involved in the delayed phase of hypoxic-

ischemic preconditioning in the immature rat brain, according to the current literature. Three groups of molecules are 

important for hypoxia-ischemia-induced neuroprotection: sensors, transducers and effectors. Examples of sensors are 

hypoxia-inducible factor 1 (HIF-1) and the N-methyl-D-aspartate receptor (NMDAR), which play an important role during the 

first hours after hypoxia or ischemia. Examples of transducers are nitric oxide synthase (NOS) and the RAS/ ERK 

phosphorylation pathway. Their period of action ranges from a few hours to a few days after the preconditioning insult. 

Some of the potential effectors, responsible for the ultimate neuroprotecting effects are heat shock proteins (HSP) and bcl-

proteins. (Adapted from Dirnagl et al, 2003) 

 

 

An important remark to be made is that the neuroprotective effects induced by mFA in this study 

may be partly due to the anesthetics. Kersten et al. reported that isoflurane can mimic the 

protecting effects of preconditioning in the rat myocardium, while Kapinya et al showed that 

isoflurane induces prolonged protection against cerebral ischemia [79, 80]. Moreover, caesarian 

section per se induces specific neurobehavioral alterations with respect to for example response to 

stress, and the addition of a period of asphyxia worsens some of the behavioral changes produced 

by C-section alone [81]. Consequently, isoflurane and caesarian section can possibly influence the 

results of the apoptotic cell counts. For that reason, it is important to include vaginally-delivered 

controls and sham-operated controls in the next study.     

 

In conclusion, animals exposed to a brief period of mFA seem to be protected against apoptotic 

damage in the striatum, following sPA 4 days later. This hypoxia-ischemia preconditioning is most 

likely the result of the delayed phase of neuroprotection, which requires new protein synthesis and 

gene expression. This anti-apoptotic effect probably involves several molecules, as described 

above, that are induced and regulated as part of a complex. To imply the role of these molecules in 
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prenatal hypoxia-induced tolerance, further experiments are required. One could for example look 

at expression levels of Bcl proteins, hsp proteins and NOS by Western blotting. Or use antagonists 

of HIF-1 or NMDAR to investigate if these molecules are involved in global hypoxic-ischemic 

preconditioning. Another important step could be to examine if the protection against apoptosis 

caused by mFA consequently leads to less neuronal loss, normally seen after sPA. Moreover, it is 

also important to look, not only at morphological changes, but also examine if hypoxic-ischemic 

preconditioning can protect against short and long-term behavioral alterations in our animal model, 

since sPA has substantial effects on for example motor function and memory in humans. Severe 

PA studies also showed changes in BDNF expression in sPA animals compared to controls. 

Therefore, it could also be interesting to see if the protecting effect of this neurotrofic growth factor 

may play a role in limiting the amount of cell death after hypoxic-ischemic preconditioning.   
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Appendix 
Appendix 1: Results of behavioral testing of the severe fetal asphyctic animals 

In summary, the results of the behavioral testing (previously done within this group) of the same 

sFA animals as used in this study are as follows. Cognitive performance was assessed using the 

spatial Morris Water Maze (MWM) task at 1.5, 6, 12 and 19 months. The total distance moved to 

reach the platform provides a measure for the ability to learn a task. The data of those distances 

are presented in figure 1 of this appendix. Both groups had acquired the task as shown by the 

decrease in distance moved between the first and the second trial. Animals of both groups had also 

no problem remembering the task at 1.5, 6 and 12 months, which is presented in the figure by the 

low values at the 3rd th and 4  trial. At 19 months, however, asphyctic animals did have problems 

remembering the task compared to the sham animals. The distances moved during the 3rd and 4th 

trial were significantly higher in the asphyctic group.  
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Figure 1: The results of the Morris Water Maze testing. (A) The results of the sFA and the Sham group at the age of 19 

months. During the 3rd trial, the FA animals had a problem remembering were the location of the platform. (B) The results of 

the FA animals at the age of 1.5, 6, 12 and 19 months, showing that only the aged animals significantly performed less 

during the 3  P<0,05)  (sFA = severe  fetal asphyxia) rd and 4th trial. (*

 

Locomotor activity and anxiety-related behavior were analyzed at 6 and 19 months using the open 

field test (OF). Figure 3 in this appendix depicts the results. The asphyctic rats showed no 

differences compared to the sham-operated rats at 6 months. Though at 19 months, the asphyctic 

rats spent significantly more time in the corners and less time along the walls and in the center. 

These observations point towards anxious behavior. There was also a significant difference in the 

total distance moved, indicating that the asphyctic rats are less active.  
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Figure 2: The results of the Open Field testing of the sFA and sham animals at the age of 19 months. The sFA animals 

spent significantly more time in the corners compared to the sham animals. The sham animals, in contrast, spend more time 

in the center area. (  P<0,05) (sFA = severe fetal asphyxia)  *
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