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 ABSTRACT 

Treatment of birth asphyxia (BA) is a challenging problem – this condition is common and often 

leads to severe life-long neurological dysfunction. The pathophysiology of BA is complex and 

not fully understood, and the existing therapeutic approaches are not effective. Animal models 

are the main source of knowledge about the pathophysiology of BA, but many of the existing 

models have little relevance to the defining features of BA – the co-occurring hypoxia and 

hypercapnia – making the results obtained from such models, which concentrate on hypoxia 

in isolation, difficult to apply in clinical practice. This Dissertation consists of three studies 

(Studies I–III), which address the above shortcomings and suggest alternative approaches.  

Study I characterizes the pH-dependent vasomotor responses in a novel, physiologically-

validated model of BA. The key advantage of this model is that it reproduces not only the 

hypoxic but also the hypercapnic component of asphyxia. The importance of the co-occurrence 

of these two components is directly demonstrated in experiments showing that in the absence 

of hypercapnia, shifts in brain pH and in partial pressure of oxygen (Po2) during and after 

hypoxia are qualitatively different from those during asphyxia proper. The respiratory acidosis, 

associated with the latter, triggers protective mechanisms that have emerged during 

mammalian evolution to ameliorate brain damage during asphyxia.  

In Study II, we investigated the therapeutic potential of carbon dioxide (CO2) supplemented in 

ambient air for the treatment of BA-seizures. Seizures are a common acute consequence of BA 

and they exacerbate the brain damage caused by asphyxia itself. We found that supplementing 

the inhaled air with 5% CO2 immediately after the asphyxia period prevents seizures, 

presumably by slowing down the brain pH recovery from acidosis caused by asphyxia. 

Study III focuses on carbonic anhydrase inhibitors (CAIs), drugs that cause respiratory acidosis 

by retention of metabolically-generated CO2. These drugs produced brain pH and Po2 

responses similar to the responses to CO2 supplementation and similarly suppressed seizures 

triggered by BA. As first shown in this study, the most widely used CAI, acetazolamide (AZA) is 

therefore a candidate drug for the treatment of BA seizures.  

In sum, this doctoral thesis work developed and characterized a novel rodent model of BA and 

used this model for testing a novel treatment strategy for BA and post-asphyxia seizures. 
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 INTRODUCTION 

Despite decades of research, birth (perinatal) asphyxia (BA) is still a major a leading cause of 

newborn mortality and morbidity worldwide. It causes multiorgan damage, including brain 

disorders such as chronic psychiatric and neurological manifestations, which lead to 

devastating consequences for patients’ lives. Strategies aimed at treatment of BA remain 

ineffective, and the drugs given to the patients are of limited benefit and may be associated 

with high risks. Thus, there is an unmet medical need that necessitates introduction of new 

therapeutic strategies based on better understanding of the pathophysiological processes 

triggered by BA. To this end, novel animal models of BA with improved construct validity are 

essential in the context of both fundamental and preclinical studies. 

The majority of the existing rodent models of BA do not, paradoxically, include hypercapnia, 

which is by definition an essential component of asphyxia. On the contrary, these models 

subject the animals to normocapnic (“pure”) hypoxia, a state that rarely, if ever, occurs outside 

of these experimental conditions and is fundamentally dissimilar to clinical BA. In the absence 

of hypercapnia, the vasomotor response to inhalation of the ambient gas mixture is very 

different compared to asphyxia, and the pH-dependent suppression of neuronal activity 

triggered by hypercapnia does not take place. The vasomotor response and suppression of 

neuronal activity are endogenous (neuro)protective reactions to BA, and these may be 

exploited for therapeutic purposes as shown in the present study. 

The supplementation of CO2 to maintain a normal or slightly acidotic brain pH has been 

previously shown to be beneficial in the acute suppression of epileptic seizures. Seizures are 

one of the main components of the acute outcomes of BA and aggravate the BA-related brain 

damage, and therefore they are one of the primary targets for therapeutic intervention. 

However, the commonly used anticonvulsants are ineffective against seizures in the newborn. 

The work conducted in this doctoral Thesis demonstrates that supplementing 5% CO2 in the 

inhaled air after asphyxia led to near-complete behavioral and electrophysiological seizure 

suppression in our rat model of BA.  

CO2 supplementation in the clinic would obviously require specialized equipment and, 

therefore, it is not a straightforward therapeutic approach in the neonatal intensive care unit 

(NICU). Carbonic anhydrase inhibitors, such as the widely used drug acetazolamide (AZA), 

available as an injectable formulation, promote retention of endogenic CO2 in the body and 

therefore they are expected to produce an effect comparable to CO2 inhalation. AZA is a well 

characterized drug with a long history of use in the clinic, particularly for the control of seizures, 

as well as against high-altitude sickness. It appears to be a good alternative to external CO2 

supplementation as in our experiments it was shown to be as effective as 5% CO2 for seizure 

suppression. 
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 LITERATURE REVIEW 

5.1 Birth asphyxia 

During the birth of a mammal, the lungs quickly replace the placenta as the oxygen source. 

This switch, occurring within minutes, subjects the mammal being born to “obligatory asphyxia” 

(Spoljaric et al., 2017; Summanen et al., 2018) – which is a combination of hypoxia and 

hypercapnia (Huch et al., 1977; Thomsen and Weber, 1984; Robertson and Perlman, 2006). The 

nervous system is fully capable of withstanding obligatory asphyxia without any adverse 

outcomes. In fact, periods of obligatory asphyxia during birth may be important for triggering 

certain developmental processes (Lagercrantz and Slotkin, 1986; Hillman et al., 2012; 

Lagercrantz, 2016; Spoljaric et al., 2017). 

In contrast, in complicated birth, the partial or complete disruption of oxygen supply is 

prolonged (Ahearne et al., 2016). This condition is known as BA, a state characterized by absent 

or difficult breathing at birth, low Apgar score, particularly low or absent muscle tone and 

response to the stimulation (according to the ICD-11). The other important criteria for BA are 

low arterial blood pH (<7.00) and high base deficit (>12), although the exact threshold values 

may vary (Endrich et al., 2017).  

Birth asphyxia creates a major challenge for the healthcare system as the outcomes can be 

severe and life-long (Kang and Kadam, 2015). The severity of the acute asphyxia symptoms 

correlates with poor long-term outcome (Perlman and Shah, 2011). Resilience to brain damage 

in BA is largely related to the intrinsic brain-sparing mechanisms (Giussani, 2016). Such 

endogenous protective mechanisms may be exploited for novel therapeutic interventions 

(Hassell et al., 2015; Dhillon et al., 2018).  

The estimate for birth asphyxia-related mortality rate is about one million cases per year 

worldwide (Lawn et al., 2005; Liu et al., 2015). The number of survivors, who are likely to suffer 

from life-long disabilities, is probably much higher. The possible long-term consequences of 

BA include sensory problems, epilepsy, mental retardation, and in some cases cerebral palsy 

(Mwaniki et al., 2012). Even mild cases of asphyxia can affect the functioning of the nervous 

system in adulthood (van Handel et al., 2012). These consequences are a major problem for 

the healthcare system and a significant distress for patients and their relatives. Thus, better 

understanding of the mechanisms and consequences of BA is important for neonatologists, 

neurologists, and neuroscientists who all share the common goal of finding better ways to 

approach the treatment of BA and prevention of the associated neurological and 

neuropsychiatric sequelae. 
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 Acute pathology and short-term outcomes of birth asphyxia 

Hypoxia suppresses oxidative metabolism, which is particularly important in brain tissue due 

to its high energetic demand. The second defining component of asphyxia, hypercapnia, results 

in respiratory acidosis which affects the body in several ways including suppression of aerobic 

metabolism (Khacho et al., 2014). Over time, additional (i.e., metabolic) acidosis may develop 

due to increase in the relative impact of anaerobic metabolic pathways and lactate production 

(van Walsum et al., 1999).  

The acute neurological outcome of BA is hypoxic-ischemic encephalopathy (HIE). The progress 

of HIE is often divided into two phases: primary and secondary. The primary phase is associated 

with failure of oxidative metabolism-dependent processes, and particularly of the maintenance 

of the ion gradients across cellular membranes. The extrusion of intracellular Na+ and Ca2+ and 

maintenance of physiological levels of extracellular K+ become compromised, which, in turn, 

leads to membrane depolarization and release of excitatory neurotransmitters (Allen and 

Brandon, 2011), promoting excitotoxicity. Moreover, cytotoxic edema and toxic free radicals 

cause additional damage, promoting neuronal death (Allen and Brandon, 2011). 

After the primary phase and the apparent recovery, known as the latent period, a secondary 

energetic failure develops, with a latency of 6–48 hours (in the human neonate) from the 

original insult caused by BA (Shalak and Perlman, 2004; Allen and Brandon, 2011). This state is 

a result of mitochondrial dysfunction triggered by the energetic failure associated with the 

primary phase of HIE (Shalak and Perlman, 2004) and is characterized by free radical toxicity 

and neuroinflammation (Allen and Brandon, 2011; Liu and McCullough, 2013). The breakdown 

of the blood-brain barrier (BBB) is another pathological process often associated with severe 

BA and is attributed to the secondary energy failure phase of HIE (Lee et al., 2017) . 

 Post-asphyxia seizures 

During the first 28 days of life, 1–5 out of 1000 neonates suffer from seizures of various 

etiologies (Kang and Kadam, 2015). These seizures are referred as neonatal seizures, and more 

than half of the neonatal seizures cases are related to BA (Kang and Kadam, 2015). They are 

first detected several hours after birth and fade away in a few days (Scher, 2003; Wusthoff et 

al., 2011; Srinivasakumar et al., 2013). Neonatal seizures have diverse patterns (Mizrahi and 

Kellaway, 1987; Volpe, 1989). Typically, the seizure episodes last for 2–3 minutes and repeat 

every 7–10 minutes (McBride et al., 2000; Shellhaas and Clancy, 2007; Lynch et al., 2012), lasting 

overall for hours (Lynch et al., 2012). There is controversy on whether post-asphyxia/neonatal 

seizures are merely a symptom of brain damage (Guillet and Kwon, 2007; Kwon et al., 2011) or 

whether seizures themselves cause additional neuropathology (Glass et al., 2009). As a seizure 

is an energy-demanding, self-sustaining process which causes excitotoxicity (Meldrum, 1991), 
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it appears logical to treat them as an additional morbidity factor and thus a target for 

intervention (Glass and Wirrell, 2009). In any case, treatment of seizures in the newborn is 

particularly challenging (Kossoff, 2011). 

Seizures occurring after asphyxia are highly problematic for diagnostics, treatment, and even 

study for a number of reasons. From a diagnostic point of view, the main problem is high 

diversity of behavioral seizure patterns (Mizrahi and Kellaway, 1987; Volpe, 1989) together with 

poor correlation of the behavioral and electrographic seizure manifestations (Scher, 2003). . 

This poor correlation is due to occurrence of so-called electroclinical uncoupling, where 

electrographic seizures seen in the electroencephalogram (EEG) are not associated with any 

motor manifestation (Scher, 2003; Pressler et al., 2021). The opposite situation are behavioral 

seizures in the neonate that do not have a clear EEG correlate (Mizrahi and Kellaway, 1987; 

Scher et al., 2003; Pressler et al., 2021). Electrographic uncoupling makes diagnosing seizures 

in the newborn practically impossible without EEG (Shellhaas, 2015; Pressler et al., 2021) . 

The absence of effective drugs for neonatal/post-asphyxia seizures often leads to the use of 

high doses of multiple anticonvulsants in the NICU (Puskarjov et al., 2014; Soul et al., 2019), 

notably phenobarbital and diazepam, which are also known to increase electroclinical 

uncoupling (Boylan et al., 2002; Scher et al., 2003; Donovan et al., 2016). It is difficult to evaluate 

the actual effects of seizures on the long-term outcomes and separate the effects of BA itself 

from the side-effects of anticonvulsants (Torolira et al., 2017). Anticonvulsant interventions 

used for post-asphyxia seizures in neonates are further discussed in Section 5.6.1. 

 Long-term outcomes of birth asphyxia 

Hypoxic-ischemic encephalopathy causes brain damage, the pattern and scale of which 

depends on the dynamics and severity of the asphyxic insult (Rutherford et al., 1996). Two 

distinct patterns of anatomical damage following BA have been described. The first is usually 

caused by prolonged and partial asphyxia, and comprises mostly cortical damage (Rutherford 

et al., 1996; Murray et al., 2006). More severe asphyxia leads to the damage of deep subcortical 

structures, including of the basal ganglia, the thalamus and the brainstem (Ranck and Windle, 

1959; Myers, 1972; Murray et al., 2006).  

The long-term neurological outcomes of BA include neuropsychiatric and epileptic disorders, 

auditory or visual pathology, cognitive delay and sometimes cerebral palsy (Mwaniki et al., 

2012; Ahearne et al., 2016). Generally, more severe asphyxia causes more severe outcomes, and 

a direct positive correlation between seizure burden and the severity of outcome has been 

demonstrated (McBride et al., 2000). However, even mild cases of asphyxia were shown to be 

detrimental (van Handel et al., 2012).   
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5.2 Animal models of birth asphyxia 

The development of animal models in biomedical research is a challenging task. Due to 

differences in species physiology, ecology, and developmental dynamics, it is difficult to 

reproduce the relevant clinical features of a disease (Germain, 2014). However, the main goal 

of animal models is to make the salient, defining physiological features of human disorders 

more accessible to research and experimentation. 

Birth asphyxia is a complex multiorgan pathology (Martin-Ancel et al., 1995; Polglase et al., 

2016; O'Dea et al., 2020) occurrence of which is associated with different developmental stages 

of the brain and the rest of the body in different mammalian species (Roohey et al., 1997; Yager 

and Ashwal, 2009). A number of animal models have been developed to capture specific 

aspects of BA (Roohey et al., 1997; Koehler et al., 2018). The critical aspect in development of 

an animal model for BA is the matching of the developmental stage and the experimental 

protocol used.  

Relative to each other, different species are at a different stage of brain development at the 

moment of birth (Dobbing and Sands, 1979). The ideal animal model of BA should have the 

model animal’s cortical developmental stage similar to that of the full-term human (Yager and 

Ashwal, 2009). In precocious animals, such as sheep, experimental asphyxia must be performed 

in utero, to match the brain developmental stage with that of human baby at term (Yager and 

Ashwal, 2009; Koehler et al., 2018). In mice and rats, however, the pertinent cortical 

developmental stage corresponds to the middle of their second postnatal week (Yager and 

Ashwal, 2009). In the pig, the developmental stage at birth matches the human full-term 

neonate quite well (Roohey et al., 1997; Koehler et al., 2018).  

Early experiments were performed on monkeys with mechanical respiration suppression and/or 

umbilical cord clamping, and demonstrated that the anatomical pattern of brain damage was 

similar to the one observed in the clinic (Ranck and Windle, 1959; Myers, 1972; Murray et al., 

2006). Long-term behavioral follow-up in the monkey studies revealed that the consequences 

of experimental asphyxia in this model were comparable to the human condition (Saxon and 

Ponce, 1961; Sechzer et al., 1971; Jacobson Misbe et al., 2011). However, experiments in 

monkeys are impractical, there are ethical concerns, and follow-up studies take years.  

Compared to humans, sheep are precocial with respect to their brain developmental stage at 

birth, and the sheep model of BA is typically based on fetal lambs (Dobbing and Sands, 1979; 

Koehler et al., 2018). The experiments require surgery on the fetus and are often performed to 

study changes in brain blood flow and oxygenation, as well as to investigate cardiac responses 

to asphyxia (Clapp et al., 1988; De Haan et al., 1997; Bennet et al., 2000). Particularly, the brain-

sparing response mechanisms have been extensively investigated in fetal lambs (Giussani et 

al., 1994; Giussani, 2016; Lear et al., 2020). In this model, asphyxia is typically evoked via 
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repetitive umbilical cord occlusions up to the point of brain-sparing response failure and 

damage to the brain (De Haan et al., 1997; Koehler et al., 2018). 

Newborn piglets are close to the human newborn in terms of the brain development as well as 

in many other physiological criteria (Dobbing and Sands, 1979; Koehler et al., 2018).The piglet 

models are widely utilized in the birth asphyxia and HIE studies (Roohey et al., 1997; Koehler 

et al., 2018). The asphyxia protocols applied to pigs are diverse (Koehler et al., 2018) and include 

breathing with hypoxia (Kyng et al., 2015) or asphyxia (Remzso et al., 2020) gas mixture, 

occlusion of cerebral arteries (Edwards et al., 1995), and interrupting artificial ventilation 

(Goplerud et al., 1989; Domoki et al., 2006).  

Compared to large animal models, the most common ones of which have thus far been 

discussed, rodent models have a number of practical advantages. Rats and mice are the most 

common mammals encountered in the laboratory, with a plethora of standardized methods 

for assessment of behavior, physiology and molecular biology, and with a wide range of 

specialized equipment available (Roohey et al., 1997). These rodents reproduce rapidly, making 

high-throughput studies possible, and have a short lifespan enabling life-long follow-up 

(Roohey et al., 1997). They reach a cortical development stage comparable to the full-term 

human newborn at the middle (around postnatal day [P] 10–12) of their second postnatal week 

(Romijn et al., 1991). This circumvents the technical complications related to intrauterine and 

early post-birth experiments associated with large animal models, such as those based on 

sheep and pigs.  
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5.3 Rodent models of birth asphyxia 

Two main types of experimental paradigms have been widely used in HIE studies using rodents: 

non-invasive with pure hypoxia (Jensen et al., 1991; Sun et al., 2016; Millar et al., 2017) and 

invasive with hypoxia-ischemia (Rice et al., 1981; Sun et al., 2016; Millar et al., 2017). 

Although the details of the experimental protocols on the “pure hypoxia” paradigm differ from 

study to study (Sun et al., 2016), the key features remain the same. The most important 

common feature is that they employ the application of an inhalation gas mixture with reduced 

O2 content without increasing the CO2 content in the inhaled air (Sun et al., 2016). This type of 

gas mixture results in “hypocapnic hypoxia” in the experimental animal (Fletcher et al., 1995; 

Bell et al., 2009), as its application causes a decrease in the CO2 partial pressure of the animal’s 

tissues (Bell et al., 2009). While “pure hypoxia” is never encountered in physiological or 

pathophysiological conditions, this paradigm has been utilized in many BA studies based on 

rodent models (Sun et al., 2016; Hamdy et al., 2020). 

The neonatal hypoxia-ischemia model was initially based on the adult rat hypoxia-ischemia 

model developed by Levine (Levine, 1960; Rice et al., 1981; Roohey et al., 1997). The protocol 

consists of a unilateral common carotid artery ligation and subsequent application of hypoxia-

promoting gas (usually achieved by lowering O2 to 8% in the gas mixture), with variation in 

timing (Sun et al., 2016). The model often relies on rodents around P7 of age (Rice et al., 1981; 

Sun et al., 2016; Edwards et al., 2017), where the age of the animal was chosen based on 

currently revised age alignment estimate between rodents and humans (Dobbing and Sands, 

1979; Romijn et al., 1991; Yager and Ashwal, 2009). In more recent articles a similar protocol 

has been applied to P10–13 rats (Romijn et al., 1994; Patel et al., 2015). Modifications to the 

hypoxia-ischemia protocol have been proposed, including the ligation of other arteries 

(Edwards et al., 2017). Yet again, the application of “pure hypoxia” remains a hallmark also of 

this model. 

The experimental manipulations inherent to the ligation procedure in the hypoxia-ischemia 

model typically cause massive unilateral ischemic brain damage (Rice et al., 1981; Edwards et 

al., 2017). Part of the brain damage seems to be obligatory, while some, probably 

corresponding to the penumbra area, may potentially be prevented (Ashwal et al., 2007). This 

makes the volume of the damaged area an important characteristic of the severity of the acute 

damage caused by the experimental procedure and of the degree of recovery from it (Ashwal 

et al., 2007; Hamdy et al., 2020). Although long-term outcomes of the hypoxic-ischemic insult 

can be investigated in this model (Hamdy et al., 2020), this model misses the hypercapnia 

component and in essence corresponds better to a model of neonatal stroke rather than to 

true BA (Charriaut-Marlangue and Baud, 2018). Thus, any generalization of these conclusions 
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from the hypoxia-ischemia model to the etiology of clinical BA should be done with caution 

due to the absence of the defining feature that is hypercapnia. 

The “pure hypoxia” model without invasive ischemia is considered in the literature to be a 

model of post-asphyxia seizures (Justice and Sanchez, 2018). However, seizures in this model 

happen during the application of the hypoxic gas mixture with the oxygen content decreasing 

over time (Sun et al., 2016; Justice and Sanchez, 2018). This model is often used to inflict 

hypoxia-related brain damage and is often specifically used to study epileptogenesis related 

to post-asphyxia seizures (Sun et al., 2016; Justice and Sanchez, 2018). Although the model has 

been extensively used by many investigators (Sun et al., 2016), as already mentioned, it is 

missing the hypercapnia as a major component of asphyxia.  

The physiological responses to BA, including the intrinsic neuroprotective mechanisms 

triggered in response to asphyxiation, affect both short-term and long-term outcomes of BA. 

Therefore, understanding these mechanisms is important both for developing animal models 

and for designing potential treatments. 
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5.4 Physiology and pathophysiology of birth asphyxia 

The brain is known to be the most energetically expensive organ of the body (Attwell and 

Laughlin, 2001; Erecinska et al., 2004; Buzsaki et al., 2007; Watts et al., 2018). In the developing 

brain, lots of energy is required for the developmental processes, particularly for the formation 

of connectivity and growth. Brain relies on oxidative metabolism and requires a constant supply 

of oxygen (Watts et al., 2018). Severe hypoxia for a few minutes only can cause irreversible 

damage (Madl and Holzer, 2004). The coordinated regulation of brain’s oxygen supply and of 

neuronal activity is a critical part of the neonate’s response to BA.  

The maintenance of stable pH is crucial for normal cellular function, including neurons (Kaila 

and Ransom, 1998; Chesler, 2003). It should be noted that changes in pH act as modulators of 

neuronal signaling under physiological conditions and, moreover, acid shifts have 

neuroprotective effects (Ruusuvuori and Kaila, 2014). There are two main sources of acid 

equivalents in living tissues: CO2 produced by oxidative metabolism, and lactate produced by 

anoxic metabolism (Kaila and Ransom, 1998; Chesler, 2003). Lactate is normally further 

metabolized by oxidative metabolism in mitochondria, while CO2 is transported by the blood 

to lungs to be expelled (Kaila and Ransom, 1998). Severe shortage of oxygen causes 

accumulation of lactate that cannot be properly metabolized, causing metabolic acidosis, while 

compromised removal of CO2 from the body leads to respiratory acidosis (Kaila and Ransom, 

1998; Occhipinti and Boron, 2019). However, rapid fluxes of CO2 within tissues requires it to be 

reversibly converted to H+ and HCO3
- in a reaction with water. CO2 is highly permeable across 

cell membranes and bicarbonate gradients carry most of the intracellular net movements. The 

above (de)hydration is catalyzed by carbonic anhydrases (CAs), see Figure 1 for a schematic 

representation. Some of the CA isoforms are known to have the highest turn-over rates in 

animals, making the above reaction under physiological conditions a very rapid process. 

Pharmacological inhibition of CAs can lead to a substantial slowing of this reaction, promoting 

retention of CO2 in tissues and concomitant respiratory acidosis (Kaila and Ransom, 1998; 

Occhipinti and Boron, 2019).  

The transport of acid equivalents is an important mechanism of pH regulation, but even more 

important are the buffering systems. Although they are multiple, the open CO2/bicarbonate 

buffer has the biggest impact on pH buffering and therefore it is vital for the regulation and 

modulation of pH in the brain and elsewhere in the body (Chesler, 2003). The open buffer 

system links together the CO2 partial pressure, the dissolved CO2 concentration, and pH (Kaila 

and Ransom, 1998).  

Hypocapnia and respiratory alkalosis are known to cause hyperexcitability and even seizures 

(Aram and Lodge, 1987; Traynelis and Cull-Candy, 1990; Lee et al., 1996; Pasternack et al., 1996; 

Tombaugh and Somjen, 1996; Schuchmann et al., 2006; Schuchmann et al., 2008), and 
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hypocapnia triggered by forced tachypnea is one of the standard diagnostic tests for seizure 

susceptibility (Miley and Forster, 1977; Wirrell et al., 1996; Salvati and Beenhakker, 2019). The 

main morbidity factors of hypocapnia are excitotoxicity and increased energy demand due to 

increased neuronal activity, and vasoconstriction due to the pH sensitivity of blood vessels 

(Laffey and Kavanagh, 2002). The similarity of these factors with those related to HIE indicate 

that hypocapnia and alkalosis can exacerbate the post-BA brain damage.  

Hypocapnia has, indeed, been reported to occur after BA, and the neonates who suffer 

episodes of hypocapnia have a more severe outcome following birth asphyxia (Klinger et al., 

2005; Pappas et al., 2011; Lopez Laporte et al., 2019; Szakmar et al., 2019).  

Unlike hypocapnia, hypercapnia and acidosis suppress neural activity and seizures (Caspers and 

Speckmann, 1972; Traynelis and Cull-Candy, 1990; Voipio et al., 1991; Lee et al., 1996; 

Pasternack et al., 1996; Tombaugh and Somjen, 1996; Tolner et al., 2011; Ruusuvuori and Kaila, 

2014). On top of that, alterations in pH have an important vasomotor effect: as was mentioned 

before, hypocapnia promotes vasoconstriction, which can potentially lead to ischemia (Laffey 

and Kavanagh, 2002), while hypercapnia promotes vasodilation and the increase of CBF (Kety 

and Schmidt, 1948; Reivich, 1964; Ito et al., 2003). The pH-dependent vasodilatation allows 

regulation of blood flow depending on the metabolic rate of the tissue, and has been found to 

take place also in the developing brain already before maturation of more advanced 

neurovascular coupling (Colonnese et al., 2008).  
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Figure 1. A schematic representation of carbonic anhydrase (CA) actions on pH. The 

regulation of pH by various CA isoforms spans multiple compartments including the cytoplasm, 

extracellular space and blood. In the context of Studies I-III included in this thesis, the brain-

blood interface is the most important. Suppression of oxidative metabolism caused by oxygen 

shortage leads to accumulation of lactate and acid equivalents and, thus, to metabolic acidosis.   
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5.5 Neuroprotective mechanisms during birth 

There are physiological responses to BA that protect the brain during the asphyxic insult. These 

have evolved to promote survival and may be harnessed for potential therapeutic impact. Such 

intrinsic neuroprotective mechanisms include the brain-sparing response related to cerebral 

blood flow (Giussani, 2016), suppression of neural activity (Spoljaric et al., 2017), spontaneous 

hypothermia (Wood and Gonzales, 1996), and compartmentalization by the BBB (see Pospelov 

et al., 2020). 

The brain-sparing response, triggered by asphyxia, is the redistribution of blood flow from 

the peripheral tissues to the brain, the heart, and the adrenal glands (Giussani, 2016). Although 

this response might resemble pH-dependent vasodilatation, there is a major difference. pH-

dependent vasodilation is a response of the blood vessel to changes in local pH levels. 

Although in the case of systemic acidosis, pH-dependent vasodilation can potentially take 

place in many organs simultaneously, there is no systemic regulation of it. On the contrary, 

brain-sparing response is triggered by the peripheral chemoreflex (Giussani, 2016), and is 

modulated via hormones, particularly adrenaline and arginine vasopressin (AVP) (Giussani, 

2016; Lear et al., 2020). The brain-sparing response preserves the vital and energy-demanding 

tissues at the expense of less important more tolerant tissues during hypoxic conditions 

(Giussani, 2016).  

Suppression of neural activity decreases energy demand by the brain and promotes neuronal 

survival (Ames et al., 1995). Cellular metabolism is downregulated in many tissues by acidosis 

(Khacho et al., 2014) and virtually all neurons display a decrease in electrical activity upon 

acidosis (Tolner et al., 2011; Ruusuvuori and Kaila, 2014). In line with pH sensitivity, numerous 

mechanisms can participate in the silencing of neurons, including those mediated by the pH 

sensitivity of ligand-gated and voltage-gated channels (Pasternack et al., 1996; Tombaugh and 

Somjen, 1996; Ruusuvuori and Kaila, 2014) and by more specialized acid-sensing ion channels 

(Ziemann et al., 2008) 

Spontaneous hypothermia is associated with normal delivery and was shown to be enhanced 

after BA (Burnard and Cross, 1958; Jayasinghe, 2015). In a rat model of birth asphyxia, 

spontaneous hypothermia was shown to improve survival (Wood and Gonzales, 1996). 

Therapeutic hypothermia, on the other hand, is an intervention often used in the NICU for BA 

treatment (Edwards and Azzopardi, 2006), and will be discussed in Section 5.6.2. 

Peripheral AVP release in response to hypoxia is one of the possible triggers for spontaneous 

hypothermia (Wood and Gonzales, 1996). In experiments performed by our group, a massive 

surge of peripheral AVP occurred in response to hypoxia and asphyxia (Summanen et al., 2018); 

and hypothermia induced by experimental asphyxia has been detected as well as will be 

discussed in detail (see Ala-Kurikka et al., 2021). Although AVP does not seem to mediate 
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hypoxia-induced anapyrexia (Steiner et al., 1999) in adult rats, this still might be the case in 

neonatal animals.  

Blood-brain barrier-related compartmentalization. The BBB is a complex structure which 

consists of the brain-vessel endothelium, pericytes, and especially the astrocytic end-feet 

contacting them (Sweeney et al., 2019; Villabona-Rueda et al., 2019). The function of the BBB 

is to maintain the neurons in a tightly regulated environment, shielded from the fluctuations 

of blood plasma composition, and to protect the brain from infections as well as from the 

body’s own immune system (Sweeney et al., 2019). Furthermore, the BBB (along with the 

choroid plexus) provides a regulated supply of water, ions and nutrients to the neurons 

(Daneman and Prat, 2015). Disruption of the BBB is one of the known morbidity factors of 

severe HIE (Lee et al., 2017). The intact BBB efficiently compartmentalizes lactate and thereby 

protects the brain against metabolic acidosis (Kaila and Ransom, 1998). In contrast, the BBB is 

permeable to CO2, and thus brain tissue is directly affected by respiratory acidosis (Kaila and 

Ransom, 1998).  
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5.6 Therapeutic approaches for treatment of birth asphyxia seizures 

The most important therapeutic intervention for BA is to correct the compromised gas 

exchange (Berglund et al., 2008). Modern resuscitation procedures benefit from the advanced 

medical equipment, skilled specialists and advances in medical knowledge.  

  Standard anticonvulsant therapy 

The drug therapy of HIE targets mostly the BA seizures. Phenobarbital (PB) is the first-in-line 

anticonvulsant given in the vast majority of cases (Soul et al., 2019). This drug has a long history 

of usage for control of the epileptic seizures (Brodie and Kwan, 2012), which likely explains its 

initial adoption as a treatment approach for seizures in neonates. However, epilepsy is a chronic 

disease characterized by permanent structural and functional alterations in the neural networks 

(Spencer, 2002; Fisher et al., 2014), while most seizures associated with BA are not. Although 

high doses of the drug are able to suppress the BA seizures in animal models (Johne et al., 

2021) and in clinic (Painter et al., 1999), it is not efficient enough. The non-ideal efficacy of PB 

has led to the simultaneous application of other ASDs, such as levetiracetam and midazolam 

(Carmo and Barr, 2005).  

There is no universally accepted guidance for second-line pharmacotherapy of neonatal 

seizures (Carmo and Barr, 2005; Bartha et al., 2007; Shetty, 2015), therefore treatment practices 

vary (Carmo and Barr, 2005; Dizon et al., 2019). Notably, levetiracetam (Venkatesan et al., 2017; 

Gowda et al., 2019; Sharpe et al., 2020), phenytoin (Painter et al., 1999; Pathak et al., 2013), and 

midazolam (Conde et al., 2005; Sirsi et al., 2008; Dao et al., 2018) are used and have been 

investigated both as a subsequent treatment or possible replacement for phenobarbital. 

Strikingly, however, there are no outcome studies that would provide information on the long-

term effects of anti-seizure drugs (ASDs) used in the NICU. 

Although PB as a therapy for neonatal seizures in general and post-asphyxia seizures in 

particular is criticized by many authors (Sankar and Painter, 2005; Donovan et al., 2016), and 

despite the efforts for developing alternative drug therapies, use of PB as first-line remains in 

treatment guidelines (Soul et al., 2019). 

 Therapeutic hypothermia 

Cooling the newborn baby as a therapeutic intervention has been discussed in the field of 

physiology for a long time, and cold exposure was shown to be beneficial for asphyxiated 

newborns in early studies conducted more than half a century ago (Dunn and Miller, 1969). 

Hypothermia decreases metabolic rate and therefore is protective in conditions, where 
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pathogenesis involves metabolic perturbations: traumatic brain injury (Shaefi et al., 2016), 

stroke (Krieger and Yenari, 2004), and cardiac arrest (Song and Lyden, 2012).  

Therapeutic hypothermia was shown to be effective in a rodent model of hypoxia-ischemia, 

both in P7-8 and P10-11 rats (Busto et al., 1987; Yager and Asselin, 1996; Patel et al., 2015). 

Comparable results were obtained also in large animal models, including the fetal lamb and 

the newborn piglet (Thoresen et al., 1995; Gunn et al., 1997; Edwards and Azzopardi, 2006). 

Therapeutic cooling was shown to reduce multiple HIE-associated factors such as 

neuroinflammation, release of excitatory neurotransmitters, and apoptosis (Edwards and 

Azzopardi, 2006). 

In the asphyxic human neonate, hypothermia was shown to be safe (Azzopardi et al., 2000), 

and to improve the neurologic outcome of survivors, but did not reduce mortality (Azzopardi 

et al., 2009). The effectiveness of this therapeutic intervention was confirmed in subsequent 

studies (Azzopardi et al., 2014).  

 Increasing CO2 levels as a putative therapy 

CO2 inhalation 

The increase of the CO2 concentration in the inhaled air was proposed as a possible anti-

epileptic intervention at least a century ago (Lennox et al., 1936), and was further developed in 

a various seizure models in more recent times (Morimoto et al., 1996; Schuchmann et al., 2009; 

Tolner et al., 2011). Respiratory acidosis reduces neuronal excitability in virtually all brain 

structures, except in (and obviously) respiratory pacemaker regions of the brainstem (Krause 

et al., 2009; Ruusuvuori and Kaila, 2014). Moreover, many seizure types are known to be 

precipitated by alkalosis, which is known to increase neuronal excitability (Wirrell et al., 1996; 

Ruusuvuori and Kaila, 2014). As best shown in the context of febrile seizure, which are triggered 

by hyperthermia-induced respiratory alkalosis, seizures associated with an alkalotic shift in 

brain pH are effectively suppressed by increasing the partial pressure of CO2 in the inhaled air, 

and normalizing brain pH (with no net acidosis of the brain) is sufficient (Schuchmann et al., 

2009; Schuchmann et al., 2011; Ruusuvuori and Kaila, 2014; Pospelov et al., 2015). 

The recovery from BA was shown to be associated with hypocapnia and/or alkalosis in humans, 

which can be one of the mechanisms of brain damage (Laffey and Kavanagh, 2002). Moreover, 

therapeutic hypothermia (see Section 5.6.2) may promote respiratory alkalosis as a side effect 

(Szakmar et al., 2018).  

BA seizures, however, are only one of possible targets for using CO2 supplementation as a 

therapeutic intervention. Inhalation of air with CO2 content as low as 5% virtually abolishes 

respiratory alkalosis, and thus effectively prevents all adverse effects associated with it (Laffey 

and Kavanagh, 2002). Moreover, CO2 supplementation by suppressing neuronal 
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(hyper)excitability and thus cellular metabolic expenditure, combined with improving CBF (see 

brain-sparing response discussed in Section 5.5), decrease the energetic demands of neurons 

and increase their survivability (Laffey and Kavanagh, 2002). 

Retention of endogenous CO2 using carbonic anhydrase inhibitors 

An increase in the CO2 partial pressure of the tissue can be achieved not only by supplementing 

the inhaled air with elevated levels of CO2, but also by inhibition of CAs as well (Kaila and 

Ransom, 1998). CAs are important in facilitating acid-base fluxes across cell membranes (see 

section 4.5 above), and therefore inhibitors of CA (CAIs) markedly slow down these transitions. 

CA inhibitors, particularly AZA, have been used for controlling seizures since the 1950s 

(Lombroso et al., 1956; Millichap, 1956; Chao and Plumb, 1961; Reiss and Oles, 1996). They 

were shown to be quite effective (Millichap, 1956; Chao and Plumb, 1961; Reiss and Oles, 1996), 

particularly in patients with seizures precipitated by hyperventilation (Lombroso et al., 1956; 

Chao and Plumb, 1961). Additionally, CAIs are used in the treatment of high-altitude sickness, 

glaucoma, intracranial hypertension and hydrocephalus (Cowan and Whitelaw, 1991; Supuran, 

2008; Scozzafava and Supuran, 2014; Swenson, 2014; Millichap and Millichap, 2015).  

The safety profile of AZA is well-characterized with manageable adverse events (Schmickl et 

al., 2020) and AZA has been used off-label in neonates to treat hydrocephalus (Cowan and 

Whitelaw, 1991). Moreover, the majority of adverse events associated with AZA such as 

formation of calcifications in the kidneys, are associated with chronic use (Paisley and Tomson, 

1999). In contrast, in the context of BA seizures treatment periods would be expected to be 

restricted to one or two days at the longest. The possible action of AZA on bicarbonate 

absorption is easily taken care in post-BA neonates in the NICU by systemic application of 

NaHCO3.  

Similarly to AZA, benzolamide (BZA) and ethoxzolamide (EZA) are effective and isoform-

unspecific CAIs (Vullo et al., 2005) and have a good therapeutic potential (Reiss and Oles, 1996; 

Supuran and Scozzafava, 2000; Collier et al., 2016). However, these drugs are characterized by 

substantially different membrane permeability: EZA>AZA>BZA (Holder and Hayes, 1965; 

Saarikoski and Kaila, 1992). Comparison between physiological effects of these drugs can be 

used to reveal the compartments critical for the AZA anticonvulsant action. 

Similarly to CO2 supplementation, AZA can have other potentially beneficial effects in addition 

to seizure suppression: respiratory acidosis promoted by AZA is likely to increase CBF (Cotev 

et al., 1968; Vorstrup et al., 1984; Okazawa et al., 2001; Domoki et al., 2008). Obviously, rigorous 

preclinical evaluation in relevant animal models is required to evaluate the efficacy of this drug 

on post-asphyxia seizures. 
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 AIMS 

Current pharmacotherapeutic management of neonatal seizures is based on a direct translation 

of therapeutic strategies developed for epilepsy in adults. Despite the fact that many 

researchers and clinicians are aware of specific traits of the developing brain, there is a shortage 

of novel therapeutic strategies. Evidence-based treatment of seizures in neonates and infants 

cannot be achieved without an understanding of the specific processes which lead to seizure 

generation in the developing brain. The general aim of this Dissertation was, using a non-

invasive model based on postnatal day 11 rats, to investigate the physiological mechanisms of 

birth asphyxia-related seizures, in which brain pH seems to play a key role.  

 

The specific aims were to: 

1. To develop a valid rat model of BA and BA seizures with a specific focus on pH/CO2-

related physiological mechanisms of brain protection, seizure generation, and seizure 

suppression. 

 

2. To investigate in detail the role of brain pH in seizure generation, and the efficacy of 

5% ambient CO2 in seizure suppression. 

 

3. To examine the effects of inhibitors of carbonic anhydrase as ASDs in the present 

model, and to gain information on their potential as novel ASDs to be used in the 

therapy BA seizures in human neonates.  
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 METHODS 

A detailed description of the methods used in this Thesis is provided in the original 

publications. An overview of the methods is given below: 

Animals and ethical approval. The experiments were performed in P6 and P11 Wistar rats 

and P0-P2 guinea pigs. All experimental procedures were carried out in accordance with the 

European Convention for the Protection of Vertebrate Animals used for Experimental and 

Other Scientific Purposes (ETS 123) and the Directive 2010/63/EU, implemented in Finland in 

Act 497/2013 and Decree 564/2013 on the protection of animals used for scientific or 

educational purposes. All experiments were approved by the Local Animal Ethics Committee 

of Helsinki University and the National Animal Ethics Committee in Finland.  

Surgery. The surgical procedures were identical in all three studies (I-III). The anesthesia was 

induced with 4.0-4.5% isoflurane and maintained with 1.5-3.0% isoflurane and 1 mg/g 

urethane. After the scalp skin and soft tissue was removed, the craniotomies for the electrode 

placement were made with a specialized drill. Coordinates of the craniotomies depended on 

the animal species and age as well as the target structure. The plastic frame for the head fixation 

was attached to the animal scull with dental cement. Skin incisions on the lower back were 

made in the animals assigned for the body pH and Po2 recordings. After the end of the surgery, 

the additional urethane injection was made based on the animal reaction to the tail pinch and 

the experimental protocol intended, and the total dose of urethane was 1.25-2.00 mg/g.  

Electrophysiological recording. The animal was placed in the setup, head-fixed and the mask 

for the room air and gas mixture application was attached. Body temperature was monitored 

with a rectal probe and BAT‐12 thermometer (Physitemp, New Jersey, USA), and heating system 

was adjusted to maintain the desired body temperature (33-34°C for rats in Study I, 36-37°C 

in other cases). The Ag/AgCl ground wire was located epidurally over the cerebellum through 

the craniotomy in the occipital bone. The pH-25 and OX-10 (Unisense A/S, Aarhus, Denmark) 

and the reference for pH (glass pipette with Ag/AgCl wire) probes were inserted into the 

hippocampus (Study I) or parietal cortex (Studies II, III) through the craniotomies in the parietal 

bones. The pH-500, OX-NT and reference for body pH (soft tube filled with agarose/saline with 

Ag/AgCl wire) probes were inserted into the subcutaneous space (Study I). The piezo sensor 

for respiration monitoring and cardiographic electrodes for heart rate monitoring, were 

attached to the animal’s chest and the right hindlimb with a tape. The recordings were 

performed using the Spike2 software with sampling rate of 2000 Hz for the local field potential 

(LFP, obtained from the brain pH reference electrode), 100 Hz for the respiration and 

cardiogram and 10 Hz for other channels. The BBB potential (Study I) was computed as the 

difference between brain and body reference probes.  
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Gas mixture application. The breathing mixtures were applied through the mask in the head-

fixed electrophysiological experiments or into the closed chamber in the blood sampling (Study 

I) and behavioral assessment (Studies II and III) experiments. The gas mixtures were premixed 

or made from pure O2, CO2, and N2 with an Environics S4000 mass flow controller. The specific 

protocols of the gas mixture application are described in the original publications. In the results 

of this thesis, the protocols are referred as:  

Hypoxia: gas mixture that contains 0% CO2 and 5% or 9% O2 balanced with N2, similar to the 

“pure hypoxia” or “hypocapnic hypoxia” in the literature. 

Hypercapnia: gas mixture that contains 21% O2 and 5%, 10% or 20% CO2 

Asphyxia: gas mixture that contains 5% or 9% O2 and 20% CO2 

Intermittent asphyxia: this protocol includes repetitive alternating periods of 5% O2 and 9% O2 

application with constant 20% CO2 application.  

Drug administration. In the Study III, saline, AZA (20 mg/kg), BZA or EZA (equimolar to the 

AZA) were injected i.v., 1 μL/g, using a tail vein cannula installed during the surgery. During the 

asphyxia experiments, the injections were done within 30 seconds after the termination of the 

asphyxia gas mixture application. The i.p. injections of the drugs (5 μL/g) or saline were 

performed in the behavioral experiments (Study III) using a special chamber with a soft wall. 

The injections were done 10 minutes before the end of asphyxia without opening the chamber 

and compromising the gas mixture application.  

Blood analyses. The trunk blood was collected after a rapid animal decapitation and analyzed 

using the GEM Premier 4000 (Instrumentation Laboratory). 

The methods used are summarized in Table 1.  

 

Table 1. 

Method Study 

Behavioural seizures scoring II, III 

Brain surgery, stereotactic implantation of 

sensors, electrophysiological recording in 

head-fixed animals.  

I, II, III 

Blood sampling, GEM 4000 I, II  

i.p. and i.v. drug injection III  
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 RESULTS AND DISCUSSION 

8.1 Study I 

Birth asphyxia is caused by compromised gas exchange that leads to hypoxia and hypercapnia. 

However, many experimental animal studies on birth asphyxia are based on exposing animals 

to hypoxia only. Application of a gas mixture which contains a reduced oxygen level and no 

carbon dioxide causes a reduction in CO2 production in cells, and therefore results in 

hypocapnic hypoxia, which has virtually no parallels in real life. In Study I of this thesis I 

investigated the effects of hypoxia and hypercapnia, applied either separately or 

simultaneously, on pH and oxygenation of the brain and the body of neonatal rats, as well as 

on the BBB potential.  

Experimental asphyxia, induced by exposing P6 or P11 rats to 20% CO2 and 5% or 9% O2, 

caused qualitatively similar responses in the two age groups. In P6 rats exposed to 5% O2 

asphyxia, brain and body pH rapidly decreased by ~0.5 units due to hypercapnia (i.e., 

respiratory acidosis), as a similar acidosis was observed in pure hypercapnia experiments as 

well (see Figures 1 and 2 in Study I). An additional acidosis component developed gradually in 

the body at a much higher rate than in the brain during the 45-minute 5% asphyxia, and it was 

paralleled by lactate accumulation seen in blood analysis, indicating its metabolic nature. This 

lactate accumulation may contribute to the long-term pH difference between the brain and 

the body, which persisted for an hour after the end of asphyxia. The absence or much lower 

rate of metabolic acidosis in the brain is likely due to the compartmentalization ensured by the 

BBB. A qualitatively similar difference between brain and body pH was observed in 5% hypoxia 

experiments: without an external CO2 supply, the brain displayed a rapid alkalosis, while the 

body displayed a gradual acidosis over the entire hypoxia period (see Figure 1 in Study I). 

Experiments were also done using the intermittent asphyxia protocol in which the ambient 9% 

and 5% O2 levels alternated with 5 min intervals while CO2 was maintained at 20%. Body pH 

kept on decreasing in both P6 and P11 rats throughout the intermittent asphyxia exposure, 

and alternating O2 between 9% and 5% had a minor effect on the rate of acidification. Contrary 

to this, brain pH fell during the 5 min 5% O2 asphyxia periods but started to recover during the 

9% O2 periods (see Figure 2 in Study I). Taken together, these observations can be explained 

by metabolic acidosis that is more pronounced in the body than in the brain. Indeed, blood 

lactate increased by >10 mmol/L from the baseline level of approximately 1 mmol/L upon only 

15 min of 5% asphyxia. The difference between the brain and the body acidosis may be based 

on more than one mechanism. It can be because of effective extrusion of acid equivalents 

through the BBB, or because of persistent oxidative metabolism in the brain even during the 

5% asphyxia. Both explanations are plausible: BBB potential changes recorded through our 

experiments were highly consistent and reversible, suggesting that BBB remains intact during 
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the gas application and recovery period. This supports the idea of brain-protecting functional 

compartmentalization at the level of the BBB. Brain acidosis is also likely to reduce metabolic 

activity and energy consumption. This idea gains support from our unpublished observations 

showing that 9% hypoxia causes much less brain activity suppression than 9% asphyxia (see 

Figure 2), which is consistent with decreased energy and oxygen demand under asphyxia. 

Finally, it is worth pointing out that both anesthesia and the body temperature of 33.5 – 34.0oC 

that were used in the experiments of Study I reduce brain activity and energy consumption.  

Another mechanism which facilitates brain survival during asphyxia is based on blood flow 

redistribution. It has been studied thoroughly in big animal models of perinatal asphyxia 

(especially in sheep), and it is known as the brain-sparing response or peripheral chemoreflex 

(Lear et al., 2018). In 9% asphyxia (steady asphyxia or applied as part of the intermittent 

asphyxia), after its initial decrease, the Po2 in brain tissue rapidly recovered to baseline levels in 

P6 and P11 rats as well as in P0-P2 guinea pigs (see Figure 3 in Study I). This effect was 

particularly obvious in the intermittent asphyxia experiments, and paralleled by a rise in body 

Po2 that was slower and did not reach the baseline level even during the 9% O2 steady asphyxia 

exposures. No recovery in brain Po2 was observed during the 15 min 9% hypoxia exposures in 

P6 and P11 rats, where brain Po2 stayed close to zero (see Figure S1 in Study I). The rapid 

recovery in brain Po2 during asphyxia reflects an increase in the cerebral blood flow (CBF) that 

is an essential mechanism in the brain sparing response and mediated by vasodilation, a 

process well-known to be CO2 and pH sensitive (Kety and Schmidt, 1948; Reivich, 1964; Ito et 

al., 2003). This effect was reproduced in isolation by application of hypercapnia: increases in 

brain Po2 became larger when increasing the level of inhaled CO2 up to 20 %. Thus, the absence 

of the rapid and large respiratory acidosis in hypoxia experiments readily explains the 

difference that was seen in the Po2 responses to asphyxia and hypoxia. This is also consistent 

with the finding that a Po2 overshoot was always seen during the early recovery from asphyxia, 

but never during recovery from 15 min 9% hypoxia. The Po2 overshoot is a result of increased 

CBF superimposed with recovered normal oxygen supply, similar to “luxury perfusion” and 

“postischemic hyperaemia” phenomena (Traupe et al., 1982; Pryds and Edwards, 1996).  

Suppression of the neural activity by asphyxia but not hypoxia, reduced metabolic acidosis in 

the brain during prolonged severe asphyxia, and improved oxygenation of the brain during 9% 

asphyxia can be assumed to have a brain-sparing effect. Importantly, all the mechanisms listed 

are associated with the hypercapnic component of asphyxia. Several studies have shown that 

seizures may occur and EEG activity stays relatively high during pure hypoxia despite the 

oxygen shortage (Jensen et al., 1991; Zanelli et al., 2014), probably depleting the energy 

resources. Respiratory acidosis supresses neuronal activity by a multitude of molecular 

mechanisms (Lee et al., 1996; Ziemann et al., 2008; Schuchmann et al., 2011; Tolner et al., 2011; 

Ruusuvuori and Kaila, 2014; Spoljaric et al., 2017). These mechanisms are likely to suppress 
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cortical activity during asphyxia and hypercapnia in the perinatal brain. Hypercapnia, therefore, 

aids to preserve energy during the shortage of supplies. Models of asphyxia which utilize only 

the hypoxia component are, therefore, dealing with the brain in a very unnatural state: oxygen-

deprived and simultaneously active. This effect is exaggerated by the mechanisms discussed 

above that reduce or even eliminate metabolic acidosis in the brain. Hypoxia may lead to 

hypocapnia due to a decrease in CO2 production and stimulation of respiration, which in turn 

may lead to brain alkalosis, which is known to stimulate neuronal activity (Schuchmann et al., 

2011). Therefore, in the absence of hypercapnia, brain activity is in fact stimulated by hypoxia, 

not suppressed. It is reasonable to assume that reducing metabolic acidosis in the brain during 

perinatal asphyxia is a beneficial adaptive response, but the underlying mechanism may 

become even maladaptive in experimental models that use pure hypoxia. Finally, respiratory 

acidosis is an essential trigger of the systemic brain-sparing response: blood flow centralization 

by the peripheral chemoreflex (Lear et al., 2018). In fact, during systemic hypocapnia triggered 

by hypoxia, cerebral blood flow can decrease (Kety and Schmidt, 1948), exaggerating brain 

oxygen deprivation. Notably, prolonged hypoperfusion is particularly harmful for the neonatal 

brain (Ikonen et al., 1992). Taken together, the results of Study I clearly demonstrate that the 

physiological responses to hypoxia and asphyxia differ, and a particularly significant difference 

is seen in the brain pH and Po2 responses.  

All in all, Study I examined the complex and interconnected effects of experimental birth 

asphyxia on two fundamental physiological variables, pH and Po2 in brain tissue and in “body” 

(in subcutaneous space) of rats at P6 and P11 that roughly correspond to preterm and term 

human neonates in terms of cortical development. Asphyxia was induced by changing the O2 

and CO2 content in the ambient gas, which has the advantage that the experimental 

manipulations target the entire infant rat and trigger systems level adaptive responses which 

are of endogenous origin. Hypercapnia was shown to play a key role in the adaptive responses 

to asphyxia. The results demonstrated compartmentalization at the level of the BBB that 

operates to reduce metabolic acidosis and to maintain proper oxygenation in brain tissue 

compared to body during asphyxia. The results suggest that delaying restoration of 

normocapnia during recovery from asphyxia as a therapeutic intervention prolong the actions 

of the endogenous protective mechanisms. 
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Figure 2. Suppression of hippocampal LFP caused by 9% O2 hypoxia and 9% O2 asphyxia 

in P11 rats (N=6). The asphyxia gas mixture caused nearly complete suppression of the 

hippocampal LFP power (see for comparison LFP Figures 3-5 in Study II and Figure 3 in Study 

III, note the difference in the anesthesia, temperature and recording site). The hypoxia resulted 

in approximately 50% decrease of the LFP power despite much lower brain Po2 during the pure 

hypoxia. These observations indicate a critical role of the respiratory acidosis in the brain 

adaptation to the shortage of oxygen during the BA. Unpublished data collected by the author 

during Study I.  
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8.2 Study II 

In this study the rodent model of birth asphyxia characterized in Study I of this Dissertation 

was shown to produce behavioural (motor) and neocortical electrographic seizures during the 

recovery period after asphyxia when the animals were exposed to room air. Importantly, and 

in line with the seizure suppressing properties of hypercapnia, no seizures were observed 

during asphyxia itself, which is similar to clinical BA seizures (Lynch et al., 2012). Latency to 

post-asphyxia seizures (around 3 min) and the duration (around 2 min) of seizures were similar 

regardless whether the animal was lightly anesthetized with urethane (1.25 mg/g) or naïve to 

anesthesia (see Figures 3 and 4 in Study II). This is contrast to findings of Study I, where under 

heavier urethane anesthesia (1.5 mg/g) and a lower body temperature (33-34°C (closely 

mimicking hypothermia cooling) vs. 36-37°C in Study II), animals of the same age never 

developed electrographic seizures. Another key difference between the two studies is that 

electrographic activity in Study I was recorded from the electrode placed in the hippocampus, 

while in this study the recording site was in the parietal neocortical area.  

An important finding of this study was that the intermittent asphyxia protocol was associated 

with higher seizure incidence than the asphyxia protocol comprising continuous, steady 5% O2 

asphyxia. Electrographic seizures were recorded in approximately half of the animals that were 

subject to intermittent asphyxia, while such seizures were never observed in rats in the 

respective room air recovery period following exposure to steady asphyxia. In the majority of 

animals that showed electrographic seizures (n = 12), the events characterized as clusters of 

high-amplitude spikes. In three of the animals, however, a continuous electrographic seizure 

was recorded (see Figure 4 in Study II). The apex of these electrographic seizures coincided 

with a decrease in both brain pH and Po2, parameters recorded simultaneously from a cortical 

location distal to the LFP recording electrode. This indicates that seizures produced in this 

model of BA include also generalized ictal events, interfering with brain energy metabolism 

over broad cortical areas. Notably, spike-wave activity in this model appears during the very 

rapid phase of brain pH recovery from acidosis and the overshoot of the brain Po2 (see Study 

I).  

Animals who had more severe asphyxia during the intermittent protocol, manifesting in 

breathing rate drop, heart rate decelerations and brain acidosis (the author, unpublished 

observations), tended to have smoother pH recovery and less seizure incidence. Conversely, 

the animals that were subjected to a steady 5% asphyxia for 15 minutes and had no seizures, 

displayed smooth brain pH recovery as well.  

In line with the fact that alterations in pH recovery rate were achieved in Study I by 

supplementing room air with 5% CO2 during the recovery from the asphyxia (Helmy et al., 
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2011), a similar approach in the present study has been found to effectively suppress both LFP 

and behavioural seizures in the same animal. 

While 5% hypercapnia applied just after the end of asphyxia was seizure suppressing and 

slowed down the alkalotic pH recovery from acidosis, it did not alter brain oxygenation 

overshoot observed also in room air (see Figure 5 in Study II). This suggests that a) the pH-

related mechanisms are likely to play a critical role in the seizure generation after following 

experimental birth asphyxia b) the overshoot in oxygenation after asphyxia is unlikely to drive 

the seizures observed after asphyxia when oxygen supply is rapidly restored. This finding is in 

line with the existing literature, where the effectiveness of hypercapnia against multiple types 

of seizures was demonstrated (Schuchmann et al., 2008; Tolner et al., 2011).  
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8.3 Study III 

In this study, CAIs, particularly acetazolamide, were studied in order to develop a clinically more 

feasible intervention than gas-induced hypercapnia as a treatment against BA-seizures. CAIs 

cause rapid accumulation of carbon dioxide in tissues by slowing down its transportation to 

lungs and exhaled gas (Kaila and Chesler, 1998; Occhipinti and Boron, 2019). In this sense, their 

acute effect is similar to the moderate hypercapnia studied in Studies I and II. Based on the 

results, CAIs can be used as an alternative for hypercapnia, which does not require any special 

equipment or training.  

AZA injection i.p. (20 mg/kg) effectively suppressed the behavioural BA-seizures in freely-

moving P11 rats, (incidence 45% in saline-injected, 12% in AZA-injected animals, see Figure 5 

in Study III). Seizures in the saline-injected animals had the latency of approximately 2 minutes 

and duration of 3 minutes, which is comparable to Study II, indicating that subtle modifications 

of the asphyxia protocol (7 min/3 min vs. 5 min/5 min of 9%/5% O2) do not affect the seizures.  

The effects of AZA on brain pH were similar to those described in literature (Heuser et al., 1975). 

The effect was dose-dependent, with saturation at 10-20 mg/kg, therefore the dose of 20 

mg/kg of AZA was used in this study. As a comparison to AZA, benzolamide (BZA) and 

ethoxyzolamide (EZA) were used in equimolar doses of 28.8 mg/kg and 23.2 mg/kg, 

respectively, in the electrophysiological experiments. None of the three drugs is CA isoform 

specific (Vullo et al., 2005), but they differ in their membrane permeability (BZA<<AZA<EZA) 

(Holder and Hayes, 1965; Saarikoski and Kaila, 1992). All three drugs caused qualitatively similar 

brain pH responses after i.p. injection (5 μl/g): acidosis of 0.10-0.15 pH within 10-15 minutes 

after the injection of AZA or BZA, and within 2-3 minutes when using the more lipophilic EZA 

(see Figure 1 in Study III). I.v. injections of AZA (1 μl/g) caused a similar acidosis within 2-3 

minutes (see Figure 2 in Study III), indicating that absorption from the peritoneal cavity is rate-

limiting for the acute acidosis. Based on the dynamics of the acidosis after i.v. injection, the 

drugs or saline were administered i.v. within 30 seconds after the end of asphyxia, giving 

enough time for the drugs to act before seizure onset.  

In accordance with Study II, saline-injected anesthetized rats displayed electrographic seizures 

within the first 5 minutes of the recovery period, simultaneously with the rapid brain pH 

recovery and brain Po2 overshoot (see Figures 3 and 4 in Study III). Being injected i.v. right after 

the end of asphyxia, AZA effectively prevented the electrographic seizures in the anesthetized 

rats. The pH recovery in the AZA-injected animals was slowed down and incomplete, stabilizing 

at a level 0.1-0.15 pH units more acidic than the baseline, which is similar to the AZA effect 

recorded in i.p. and i.v. injections in anesthetized but otherwise naïve animals. AZA decreased 

the amplitude of the Po2 overshoot and increased its duration. The brain acidosis after the AZA 
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injection showed little recovery within the recording period (1.5-2 hours), consistent with the 

persistent increase in brain pO2 (see Figure 4 in Study III).  

BZA and EZA had effects similar to AZA on the majority of the measured parameters: they 

suppressed seizures, caused acidosis, and resulted in Po2 recovery with a transient overshoot 

and lasting elevation. There were, however, few notable distinctions. First, BZA-induced 

alterations in brain pH and Po2 showed a clear trend of recovery within the 1.5-2 hours 

recording period in all animals observed. Second, only AZA caused a decrease in the Po2 

overshoot amplitude, while the other drugs did not (see Figure 4 in Study III).  

The simultaneous pH recordings from the brain and from the body upon the i.p. injection of 

the AZA display no significant differences between the two compartments, indicating that the 

acidosis caused by AZA is respiratory at least within 1 hour after the injection (unpublished 

observations).  

The rapid respiratory acidosis caused by the CAIs, particularly AZA, is a promising therapeutic 

tool for the suppression of BA seizures. AZA is known by clinicians, and it has a long history of 

usage in the treatment of various disease states, including epilepsy (Chao and Plumb, 1961; 

Reiss and Oles, 1996; Supuran, 2008). The majority of known side effects of the drug are caused 

by its chronic usage (Paisley and Tomson, 1999), whereas the application in BA treatment is 

naturally limited to hours or days. The most important advantage is, however, that the CAIs 

target the BA-seizures triggering mechanism, instead of affecting the seizures by overall 

decrease of the neuronal excitability.  
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 CONCLUSIONS 

 

Therapeutic strategies that target the actual disease mechanisms are likely to be the most 

effective. We developed an animal model based on the main features of BA from the viewpoint 

of respiratory physiology and investigated a possible way of manipulating these features for 

the treatment of seizures occurring after BA; based on this we proposed a pharmacological 

intervention, which in our model proved to be efficacious against seizures that emerge after 

the asphyxic episode.  

 

 Regardless of brain maturation stage, hypercapnia can increase and even restore brain 

Po2 despite compromised oxygen availability during asphyxia, and thereby it 

contributes to protection of the brain against metabolic acidosis. Enhanced brain 

oxygenation extends to recovery phase if normocapnia is restored slowly. 

Compromised oxygen availability, similar to that during asphyxia but without 

hypercapnia, results in near-zero brain Po2, demonstrating that exposure to hypoxia 

does not mimic asphyxia. 

 

 The rapid brain pH recovery from acidosis in the current rodent model of human birth 

asphyxia at term is associated with a high burden of both electrographic and motor 

seizures in 11-day old rats. Prolonging hypercapnia after the asphyxic insult while 

restoring oxygenation effectively suppresses these post-asphyxia seizures in P11 rats, 

most likely, via brain pH.  

 

 Acetazolamide is an effective drug for acute birth asphyxia seizures suppression. It 

slows down the brain pH recovery and improves brain oxygenation in a manner similar 

to moderate hypercapnia.  
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