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1.  Abstract 

 

Marie Johne - Evaluation of Bumetanide Derivatives in a Rat Model of Neonatal Seizures 

Seizures are the most frequent type of neurological emergencies in newborn infants during 

the first 28 days of life. Phenobarbital (PB) is currently the most widely used anticonvulsant 

drug for the treatment of neonatal seizures, but it fails to stop them in ~50% of cases. In a 

preclinical trial, bumetanide, an inhibitor of the Na-K-2Cl cotransporter NKCC1, showed 

positive effects in a hypoxia model of neonatal seizures whereas it was ineffective in a 

human trial. Bumetanide penetrates poorly into the brain, so we focus on the bumetanide 

derivatives DIMAEB and bumepamine, which penetrate the blood-brain barrier more easily 

due to higher lipophilicity and lower ionization rate. In this study, a novel asphyxia model in 

neonatal rats was used, which was designed for better translatability to the human situation. 

The aim of this study was to determine the reproducibility of the previous preclinical 

bumetanide data, to verify the therapeutic predictive value of the novel model using 

commonly used anticonvulsants, and to investigate the anticonvulsant effect of novel 

bumetanide derivatives as an add-on to PB for the treatment of neonatal seizures. 

In 11-day old rats, intermittent asphyxia was induced by an increase in CO2 (20%) with 

stepwise changes in O2 (5-9%) applied for 30 min. After asphyxia, animals were re-exposed 

to room air. In a first study, animals were treated with PB (15 mg/kg) 30 min before asphyxia 

and/or bumetanide (0.3 mg/kg) 15 min before asphyxia. In a second study, bumetanide (0.3 

mg/kg) and PB (30 mg/kg) were administered directly after asphyxia. In an additional trial, 

we applied bumetanide (10 mg/kg) or bumetanide derivatives (equimolar dose) 15 min and 

PB (15 mg/kg) directly before asphyxia. PB alone (15 or 30 mg/kg) was administered 15 min 

before or directly after asphyxia. Midazolam (1 mg/kg) was administered directly before or 

after asphyxia. For histological analysis, animals were perfused 24h after asphyxia. We 

assessed increased cell proliferation and differentiation and neuronal injury at 24h post-

asphyxia using c-Fos, NeuN, and caspase-3 immunoreactivity. 

All untreated animals developed seizures within 10 minutes after the end of asphyxia. In 

histological analysis, a significant decrease in neuronal density was shown in the CA1 region 

of the hippocampus. Moreover in animals with the severest seizures (stage V), caspase-3 

immunolabeling indicated neuronal apoptosis. Treatment with 30 mg/kg PB before or 1 

mg/kg midazolam before and after asphyxia caused a decrease in seizure occurrence as well 
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as the treatment with bumetanide derivatives in combination with PB (15 mg/kg) whereas 

the combination of bumetanide and PB did not.  

These data show that the novel asphyxia model for neonatal seizures has an increased face 

and content validity, and therefore displays an enhanced translational value compared to 

traditional models of birth asphyxia. The novel bumetanide derivatives DIMAEB and 

bumepamine as add on to PB are promising compounds for further investigation in the field 

of neonatal seizure treatment.   
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2. Zusammenfassung 

 

Marie Johne - Evaluation von Bumetanidderivaten in einem Rattenmodell für neonatale 

Anfälle 

Neonatale Anfälle sind die häufigste Art neurologischer Notfälle bei Neugeborenen in den 

ersten 28 Lebenstagen. Phenobarbital (PB) ist derzeit das am häufigsten verbreitete 

Antikonvulsivum zur Behandlung von Krampfanfällen bei Neugeborenen, kann diese jedoch 

in ~50% der Fälle nicht beenden. In einer präklinischen Studie zeigte Bumetanid, ein Inhibitor 

des Na-K-2Cl-Co-Transporters NKCC1, in einem Hypoxie-Modell neonataler Krampfanfälle 

positive Wirkungen, während es in einer Studie am Menschen unwirksam war. Bumetanid 

penetriert schlecht in das Gehirn, daher konzentrieren wir uns auf die Bumetanidderivate 

DIMAEB und Bumepamin, die die Blut-Hirn-Schranke aufgrund ihrer höheren Lipophilie und 

ihrer niedrigeren Ionisierungsrate leichter durchdringen. Ziel dieser Studie war esanhand 

eines neuartigen Asphyxiemodells in neonatalen Ratten, welches für eine bessere 

Übertragung auf die menschliche Situation konzipiert wurde, die Reproduzierbarkeit der 

Daten des Modells festzustellen, die therapeutische Vorhersagekraft des Modells mittels 

üblicherweise genutzten Antikonvulsiva zu überprüfen und die antikonvulsive Wirkung von 

neuartigen Bumetanidderivaten als add-on zu PB zu untersuchen. 

Bei 11 Tage alten Ratten wurde eine intermittierende Asphyxie durch eine Erhöhung des 

CO2-Gehalts (20%) induziert, wobei 30 Minuten lang schrittweise Veränderungen des O2-

Gehalts (5-9%) appliziert wurden. Nach der Asphyxie wurden die Tiere erneut der Raumluft 

ausgesetzt. Zur histologischen Analyse wurden die Tiere 24 Stunden nach der Asphyxie 

perfundiert. Hierbei wurden vermehrte Cellproliferation und –differenzierung sowie 

Neurodegeneration unter Verwendung der c-Fos-, NeuN- und Caspase-3-Immunreaktivität 

untersucht. In einer ersten Studie wurden PB (15 mg/kg) 30 min vor und/oder Bumetanid 

(0.3 mg/kg) 15 min vor Asphyxie verabreicht. In einem zweiten Versuch wurden Bumetanid 

(0.3 mg/kg) und PB (30 mg/kg) direkt nach der Asphyxie verabreicht. In einem zusätzlichen 

Versuch verabreichten wir Bumetanid (10 mg/kg) oder Bumetanidderivate (äquimolare 

Dosis) 15 min vor und PB (15 mg/kg) direkt vor der Asphyxie. PB (15 oder 30 mg/kg) alleine 

wurde 15 min vor oder direkt nach der Asphyxie verabreicht. Midazolam (1 mg/kg) wurde 

direkt vor oder nach der Asphyxie verabreicht.  

Alle unbehandelten Tiere entwickelten innerhalb von 10 Minuten nach dem Ende der 

Asphyxie Krampfanfälle. In der histologischen Analyse zeigte sich eine signifikante Abnahme 

der neuronalen Dichte in der CA1-Region des Hippocampus. Darüber hinaus zeigte die 
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Caspase-3-Immunmarkierung bei Tieren mit den schwersten Anfällen (Stadium V) vermehre 

Apoptose der Neuronen an. Die Behandlung mit 30 mg/kg PB vor oder 1 mg/kg Midazolam 

vor und nach der Asphyxie führte zu einer Abnahme der Anfallshäufigkeit. Die Behandlung 

mit Bumetanidderivaten in Kombination mit PB (15 mg/kg) potenzierte die Wirkung von PB, 

während die Kombination von Bumetanid und PB dies nicht tat.  

Diese Daten zeigen, dass das Asphyxiemodell für Neugeborenenanfälle eine erhöhte 

therapeutische Validität hat und daher im Vergleich zu traditionellen Modellen der 

Geburtsasphyxie einen erhöhten Translationswert aufweist. Die neuen Bumetanidderivate 

DIMAEB und Bumepamin als add-on zu PB sind vielversprechende Substanzen für weitere 

Untersuchungen auf dem Gebiet der Behandlung von Neugeborenenanfällen. 
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3. Introduction 

 

3.1 Neonatal Seizures 

 

Neonatal seizures are one of the most frequent neurological emergencies in newborn 

infants and occur within the first 28 days of life, commonly within the first 24h (Cowan, 

2002; World Health Organization, 2011). Neonates are relatively prone to seizures due to the 

developmental stage of the brain (Pressler et al., 2020). Inhibitory mechanisms are not fully 

developed whereas excitatory neurotransmitters and ion channels are expressed at levels 

that promote excitation (Rakhade & Jensen, 2009).   

The incidence of neonatal seizures is about 5/1,000 live births in term and with 

64/1,000 even higher in preterm neonates (Glass et al., 2009; Ronen et al., 1999; Uria-

Avellanal et al., 2013). The mortality ranges from 7 to 25 % (Pellegrin et al., 2019). There are 

different etiologies of neonatal seizures. Most often neonatal seizures occur due to hypoxic-

ischemic encephalopathy (HIE), which refers to neurological consequences of prolonged 

birth asphyxia (BA) (Pressler et al., 2020; Sugiura-Ogasawara et al., 2019). Other causes for 

neonatal seizures in order of frequency of occurrence are infarction and hemorrhage, brain 

malformations, infections, metabolic disorders, and genetic syndromes (Pressler et al., 

2020). 

Potential risk factors for newborns can be divided into maternal, intrapartal, and 

infant factors corresponding to Massey and Glass (2020). Maternal factors that enhance the 

possibility for neonatal seizures are medical conditions e.g. diabetes mellitus, nulliparity, and 

advanced age of the mother(Massey & Glass, 2020). Maternal fever, prolonged second-stage 

labor, and/or the need for operative intervention while birth are intrapartum risk factors for 

neonatal seizures. The parameters of the infant that increase the risk for neonatal seizures 

are low birth weight, fetal distress, and infections. 

The detection of neonatal seizure is of importance but also difficult. The detection of 

seizures with clinical signs needs constant observation by skilled staff. Moreover, about 50% 

of seizures are electrographic-only seizures, which means that patients have no clinical 

symptoms but show seizures in electroencephalography (EEG) (Glass, 2014). Therefore 

continuous Video-EEG is the gold standard for monitoring patients at risk for neonatal 

seizures (Glass, 2014; Silverstein et al., 2008).  
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41 - 54 % of patients with neonatal seizures show severe long-term consequences 

such as chronic epilepsy, cerebral palsy, mental retardation, and learning disorders(Ronen et 

al., 2007; Uria-Avellanal et al., 2013). The main focus for the prognosis of infants is the 

underlying etiology; the prognosis for preterm neonates is worse compared to term 

neonates (Pellegrin et al., 2019; Ronen et al., 2007). There is increasing evidence that 

neonatal seizures themselves do harm the brain as discussed in detail in the General 

Discussion (Glass et al., 2009; S. P. Miller et al., 2002; Silverstein, 2009). 

 

3.2 Birth Asphyxia as an Etiology of Neonatal Seizures and its Diagnosis 

 

As mentioned above, BA and following HIE are the main cause of neonatal seizures 

(Pellegrin et al., 2019). By definition, asphyxia describes hypoxia, deficiency in the amount of 

oxygen (O2), and hypercapnia, the condition of abnormally elevated carbon dioxide (CO2) 

levels in the tissue. Fetal asphyxia is defined by the presence of hypoxia, hypercapnia, and 

metabolic acidosis (J. A. Low, 1997). HIE is defined by the American College of Obstetricians 

and Gynecologists' Taskforce on Neonatal Encephalopathy (2014) as a “clinically defined 

syndrome of disturbed neurologic function in the earliest days of life in an infant born at or 

beyond 35 weeks of gestation, manifested by a subnormal level of consciousness or seizures, 

and often accompanied by difficulty with initiating and maintaining respiration and 

depression of tone and reflexes”.  

The criteria for diagnostic proposes of HIE following BA are as follows: (1) APGAR 

score < 5 at 5 and 10 min after birth, (2) metabolic acidosis with an umbilical blood pH < 7.0, 

(3) base deficit≥12, (4) multiple organ failures, (5) clinical evidence of encephalopathy, and 

(6) findings cannot be attributed to another etiology (Amerikan College of Obstetricians and 

Gynecologists’ Task Force on Neonatal Encephalopathy, 2014; Flemmer et al., 2014; Gillam-

Krakauer & Gowen, 2020).  

The commonly used APGAR score (1) was first described by Dr. Virginia Apgar, an 

obstetric anesthesiologist, in 1952 (Apgar, 1953; Ellis & Costello, 1997; Leuthner & Das, 

2004; Stark et al., 2006). The score assesses the newborn status directly after birth, 

particularly in fetal appearance (Leuthner & Das, 2004). The evaluation is performed 

immediately after birth and the following clinical signs are considered: heart rate, 

respiratory effort, muscle tone, reflex irritability, and color of mucosae (Ellis & Costello, 

1997). Each sign is given a score of 0, 1, or 2, where 0 is the worst and 2 the best result. The 

https://en.wikipedia.org/wiki/Carbon_dioxide
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international classification of diseases (10th revision) categorizes birth asphyxia regarding to 

APGAR scores into severities (mild/moderate vs. severe) (World Health Organization, 2019). 

However, many other diseases or circumstances can result in a low APGAR score, such as 

healthy premature infants (Ellis & Costello, 1997). For this reason, the consideration of other 

parameters is extremely important when diagnosing HI after BA. 

Already in 1988 Low stated that blood gas analysis including pH and acid-base 

assessment is of crucial importance for the determination of BA– all commonly performed 

nowadays (Leuthner & Das, 2004; James A. Low, 1988). A low blood pH is a sign of metabolic 

acidosis, which is a clinical disturbance resulting from a reduction of serum bicarbonate 

concentrations(Lim, 2007). This kind of acidosis appears due to an increase in lactic acid, 

which is caused by low oxygenation in the tissue (Bobrow & Soothill, 1999). 

 The clinical signs of encephalopathy can be confirmed by the symptoms of hypotonia, 

abnormal oculomotor or pupillary movements, weak or absent suck, apnea, hyperpnea, or 

clinical seizures (Gillam-Krakauer & Gowen, 2020). Even if all above-mentioned 

circumstances are recognized in a patient, still clinicians have to check if other etiologies 

than birth asphyxia apply like an inborn error of metabolism, a genetic disorder, congenital 

neurologic disorder, medication effect (Gillam-Krakauer & Gowen, 2020).  

 In summary, many parameters must be met to diagnose birth asphyxia and following 

hypoxic-ischemic encephalopathy. 

 

3.3 Electroencephalography for Detection of Neonatal Seizures 

 

 Often neonatal seizures appear to be electrographic-only without clinical 

signs(Pressler et al., 2020). Hahn et al. (2004) defined an electrographic seizure as a “[…] 

clear ictal EEG event lasting at least 10 seconds that is characterized by the appearance of 

sudden, repetitive, evolving stereotypic waveforms that have a definite beginning, middle, 

and end”. 

 Moreover, electrographic uncoupling, a phenomenon, in which electroclinical 

seizures become clinical silent, can appear especially in already treated and/or critically ill 

patients (Hahn & Riviello, 2004; Lawrence et al., 2009; Weiner et al., 1991). Therefore, EEG 

monitoring should be performed in infants at risk.  
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The monitoring of HIE patients is not only important because of the possibility  of 

occurrence of electrographic-only seizures and electroclinical uncoupling, but also to 

determine suspicious movements as epileptic seizures (World Health Organization, 2011). 

Neonatal seizures are easy to overlook in newborns because they rarely show clearly 

identifiable convulsive seizure that can be most often seen in older children or adults (Hahn 

& Riviello, 2004).  

 

3.4 Classification of Neonatal Seizures 

 

 Besides the classification of seizures in manifestations (electroclinic and 

electrographic only), seizures with clinical signs can be classified in seizure types as motoric 

(automatisms, clonic, epileptic spasms, myoclonic, sequential, tonic) and non-

motoric(autonomic, behavior arrest)as illustrated in Figure 1(Pressler et al., 2020). In 2020 

the International League Against Epilepsy (ILAE) task force on neonatal seizures presented a 

proposal for these seizure types for neonates, which are a modification of the 2017 ILAE 

Classification of Seizures and Epilepsies.  

 Pressler et al. (2020) pointed out the special considerations in the different seizure 

types seen in neonates as follows: automatisms are often seen as oral automatisms and are 

usually in association with other features. Clonic seizures include repetitive jerking and are 

best recognized clinically. Epileptic spasms are characterized as sudden flexion, extension, or 

mixed extension–flexion of predominantly proximal and truncal muscles (Fisher et al., 2017). 

In neonates, that seizure type is rare and may be clinically hard to distinguish from 

myoclonic seizures(Pressler et al., 2020). Myoclonic seizures are sudden and brief 

spontaneous single or multiple contractions of muscles, which are hard to differentiate from 

non-epileptic myoclonus (Pressler et al., 2020). Sequential seizures were defined as events 

with a sequence of signs, symptoms, and EEG changes at different times. The tonic seizure 

type is usually focal, unilateral, or bilateral asymmetric.  

 The non-motoric seizures are divided into autonomic, which often involves 

respiration and other clinical signs, and behavior arrest, which is often followed by apnea, 

other autonomic manifestations, and motor seizures (Pressler et al., 2020).  
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Figure 1: Classification 
of seizures in the 
neonatal period 
modified from Pressler 
et al. (2020) 
 
The ILAE Task Force on 
Neonatal Seizures stated 
that the manifestation of 
seizures in newborns 
should be classified in 
seizures with and 
without clinical signs. 
Seizures with clinical 
signs can be subdivided 
as seizure types into 
motor, non-motor, and 
unclassified.  

 

3.5 Therapy of Neonatal Seizures 

 

 Neonatal seizures can be addressed by pharmacological and non-pharmacological 

measures. Hypothermia as a treatment for all asphyctic neonates is often performed and 

recommended (D. Azzopardi et al., 2009; Flemmer et al., 2014). Many multicenter 

randomized trials have shown a neuroprotective effect of a decreased body temperature of 

33 - 35°C (Denis Azzopardi et al., 2014; Jacobs et al., 2011, 2013; Shah, 2010; Zhou et al., 

2010). Hypothermia could successfully reduce mortality, moderate-to-severe 

neurodevelopmental disability, severe cerebral palsy, cognitive delay, and psychomotor 

delay in treated infants (Shah, 2010). A long-term study confirmed fewer long-term 

consequences for asphyctic newborns treated with hypothermia up to school age 

(Shankaran et al., 2012). However, it needs 10 infants to save one from death or major 

disability and unwanted side effects such as glucose instability, pulmonary hypertension, and 

multisystem organ damage have been reported if hypothermia was applied to unaffected 

neonates (LaRosa et al., 2017). Moreover, the treatment with hypothermia can only be 

properly deployed in neonatal health centers (LaRosa et al., 2017; Zupan, 2005). 

The treatment practice for neonatal seizures is variable because there are no 

approved drugs for this indication, and neonatologists and neurologists apply different field 

experiences and opinions (Shetty, 2014; Slaughter et al., 2013). 

Nevertheless, the most often used first-line treatment for neonatal seizures is the 

barbiturate PB, second-line drugs for continuing seizures are benzodiazepine (e.g. 

midazolam), phenytoin, and lidocaine (World Health Organization, 2011). 
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3.5.1 Phenobarbital for the Treatment of Neonatal Seizures 

 

Phenobarbital (PB) was developed as a sleep-inducing drug and its antiseizure 

potential was recognized soon. For decades PB was one of the most often used antiseizure 

drugs (ASDs) for the treatment of epilepsy, a chronic disease characterized by seizures, in 

the world (Kumbier & Haack, 2004).PB exerts its antiseizure effect by enhancing the gamma-

aminobutyric acid (GABA)-mediated inhibition through a prolonging of the opening duration 

of the neuronal GABAA receptor(Kwan & Brodie, 2004; Yozawitz et al., 2017). The GABAA 

receptor is an ion channel for chloride in neuronal membranes and thus influences the ictal 

discharge (Yozawitz et al., 2017). 

PB as the most often used first-line drug for the treatment of neonatal seizures is one 

of only few medications that have been evaluated in controlled studies for the treatment of 

neonatal seizures (Bartha et al., 2007; Painter, 1999; Vento et al., 2010). The dosage of PB 

for the treatment of neonatal seizures used in studies and clinics varies from 10 to 40 mg/kg, 

intravenously (G. Boylan et al., 2002; G. B. Boylan et al., 2004; Pressler, 2010). 

Recent clinical studies on midazolam (MDZ) and levetiracetam as first-line treatment 

of neonatal seizures have shown that PB is still the most effective first-line drug that is 

available (Dao et al., 2018; Sharpe et al., 2020). 

However, there are many arguments against the use of PB for the treatment of 

neonatal seizures. In preclinical studies, it was shown that PB leads to neurotoxic side effects 

in rats (Bittigau et al., 2002; Forcelli et al., 2011). The study from Bittigau et al. (2002) 

showed apoptotic neurodegeneration in the immature rat brain at plasma concentrations 

that are used for seizure control in human neonates. Furthermore, it was shown that a 

higher dosage of PB is associated with elevated neurodegeneration (Bittigau et al., 2002). 

Moreover, a recently published study showed that PB often causes adverse events, including 

hypotension, respiratory suppression, sedation, and a requirement for pressor support 

(Sharpe et al., 2020). 

About 50 % of the neonates with neonatal seizures treated with PB are 

pharmacoresistant, which means that the drug is unable to stop the seizures (Shetty, 2014; 

Yozawitz et al., 2017). For that reason infants need at least a second-line drug such as 

benzodiazepines, which will be discussed in the following, to stop the ongoing seizures 

(World Health Organization, 2011). 
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3.5.2 Midazolam for the Treatment of Neonatal Seizures 

 

 MDZ is the gold standard for the treatment of a status epilepticus in children and is 

used as a second-line drug for the treatment of neonatal seizures (Castro Conde et al., 2005; 

Lee et al., 2011; Pressler, 2010; World Health Organization, 2011). MDZ is a fast-acting 

benzodiazepine that rapidly penetrates the blood-brain barrier (BBB) and has a short 

duration of action. Benzodiazepines act via increasing the binding affinity of GABA to the 

GABAA receptor and thus increasing the opening frequency of the GABAA receptor-

associated chloride channel (Yozawitz et al., 2017). 

 MDZ has advantages compared to PB for the treatment of neonatal seizures; for 

example, it has no significant drug interaction potential and is less prone to a sedating effect 

(Dao et al., 2018). Another benefit of MDZ is the intranasal application route, which makes 

the administration simple(Dao et al., 2018). Moreover, MDZ used as a second-line drug after 

PB for the treatment of neonatal seizures was able to reduce seizure occurrence and was 

correlated with improved long-term neurodevelopment (Castro Conde et al., 2005). 

However, a retrospective study of Dao et al. (2018) showed no advantage of the 

antiseizure efficacy of MDZ compared to PB when used as a first-line treatment. 

This again shows that there is an urgent need for further research on more effective 

drugs to increase the efficacy of treatment for neonatal seizures in infants (Spagnoli et al., 

2013). 

 

3.6 Preclinical Models for Neonatal Seizures 

 

In all fields of research, preclinical models that reflect the main aspects of a disease 

are essential, particularly for drug development. Some of the criteria for a good preclinical 

model are comparability of severity, causation, and progression of the examined disease 

(Kang & Kadam, 2014). A good predictive value for the testing of new compounds is also of 

great importance (Löscher & Schmidt, 2011). 

 Due to the different etiologies of neonatal seizures, there are many different 

approaches for preclinical models of seizures in newborns. Since HIE is the most common 

underlying etiology for neonatal seizures, many preclinical models focus on this etiology 

(Pellegrin et al., 2019).  
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To utilize the most representable model of neonatal seizures, it is reasonable to use 

the most frequent cause as the basis for a preclinical model. For this reason, the hypoxia-

ischemia model, the hypoxia-only model, and a novel asphyxia model in rodents are 

discussed in detail in the following. 

Models of birth asphyxia in lambs and pigs are excellent alternative methods to 

rodent models (Koehler et al., 2018). However, there is a need for an appropriate small 

animal model because pigs and lambs are expensive, difficult to house, and long-term 

studies, looking at the life course effect of HIE requires many years (LaRosa et al., 2017). 

 

3.6.1 The Rice-Vannucci Model for Neonatal Seizures in Rodents 

 

Although asphyxia is the most common cause of encephalopathy in neonates, the 

commonly used preclinical models for neonatal seizures focus on hypoxia. The first hypoxic-

ischemic model developed for the evaluation of neonatal seizures was established by Rice et 

al. (1981), known as the Rice-Vannucci model (Kasahara et al., 2018; Rice et al., 1981). In this 

model rat pups with an age of postnatal day 7 (P 7) – P 10 were used. It was assumed that 

rats at this age roughly corresponded best to a human in the late embryonic to early 

postnatal period (Kasahara et al., 2018; Rakhade & Jensen, 2009; Talos et al., 2006). For HI, 

the lateral carotid artery was ligated under anesthesia and in the following animals were 

exposed to a hypoxic environment (gas with 8 % O2 in nitrogen (N2)) for 30 min to 2.5 h 

(Kasahara et al., 2018). Animals showed increased blood and brain lactate concentrations as 

well as a decreased base excess (Young et al., 1983). These parameters are important for 

diagnosis of BA in human neonates as mentioned in chapter 3.2. This model was and is used 

by several groups (Sun et al. 2016). Rice et al. (1981) concluded that their model causes a 

one-sided infarction of the ipsilateral cerebral cortex and hippocampus in 56 % of animals. In 

addition, the unilateral neuronal injury was shown one week after hypoxia in P 17 mice at 

the right brain hemisphere, ipsilateral to the occlusion (Lin et al., 2014). Unilateral 

histological alterations in infant’s brains do not mimic the causation and severity of HIE in 

the clinic. 
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3.6.2 The Hypoxia-only Model for Neonatal Seizures 

 

A model that is gaining traction to be a robust model for neonatal seizures is the 

hypoxia-only model (Hamdy et al., 2020). In this model, the animals are exposed to reduced 

oxygen concentration for a certain time (mostly 15 min) without the invasive method of 

carotid artery occlusion (Cleary et al., 2013; Jensen et al., 1991; S. Wang et al., 2015).Animals 

exhibit neonatal seizures during the hypoxic episode (Cleary et al., 2013).  

In contrast to the Rice-Vannucci model, the hypoxia-only model is less invasive but 

still does not reflect the clinic situation. Perinatal asphyxia is the cause of HIE in patients 

with neonatal seizures (Leuthner & Das, 2004; Sugiura-Ogasawara et al., 2019) and not 

hypoxia. 

Furthermore, in the above-mentioned models, neonatal seizures take place during 

hypoxia, which is not translational into the human clinic, where the neonatal seizures take 

place hours to days after BA (Pellegrin et al., 2019).Thus, these models do not reflect well 

the progression of the disease they are intended to model and can be regarded as 

suboptimal preclinical models. Therefore, our cooperation partner Professor Kai Kaila from 

the University of Helsinki developed a novel model of birth asphyxia in neonatal rats to 

improve the translatability of preclinical models for neonatal seizures  and increase the 

predictive value for therapeutic validity of findings in preclinical experiments (Ala-Kurikka et 

al., 2020). 

 

3.6.3 A Novel Asphyxia Model for Neonatal Seizures in Rats 

 

 Recently, Ala-Kurikka et al. (2020) described a novel model of BA. Rat pups were 

exposed to either a steady or intermittent asphyxia as shown in Figure 2. The steady 

asphyxia was done by an exposition to gas with low O2(5%) and high CO2 (20 %) 

concentrations in a protocol of 15 min (Ala-Kurikka et al., 2020). The protocol of intermittent 

asphyxia includes 5 min in 9% O2 and 5 min in 5 % O2 alternating with a constantly high CO2 

concentration of 20% for 30 min (Ala-Kurikka et al., 2020).  
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Figure 2: Protocol of intermittent and 
steady asphyxia modified from Ala-
Kurikka et al. (2020) 

(A) A protocol of 5 min in 9 % O2 and 5 min 
in 5 % O2 with 20 % alternating with a 
constant high CO2 concentration of 20 % 
for 30 min was induced for the intermittent 
asphyxia. (B) The steady asphyxia included 
an exposition to a gas with 5 % O2 and 20 % 
CO2 concentrations in a protocol of 15 min 
(Ala-Kurikka et al., 2020). After the 
asphyxia pups were reexposed to room air. 

 

 

Rat pups were placed in a chamber with a temperature of 36 °C. Gases for the 

asphyxia protocol were warmed, humified, and transported by a flowrate of 2000 ml/min 

into the chamber (Ala-Kurikka et al., 2020). Before and directly after asphyxia, rats were 

reexposed to room air (O2: 21 %; CO2:0.04 %).   

 Rat pups of an age of P11 -12 were used by Ala-Kurikka et al. (2020). The cortical 

development of rats at this stage is regarded equivalent to human term neonates(Ala-

Kurikka et al., 2020; Clancy et al., 2001; Romijn et al., 1991). The maturity of the cortex is of 

special interest because K+-Cl- co-transporter (KCC2) 2, a key transporter for GABA inhibitory 

effect as discussed in the next chapter, and the carbonic anhydrase isoform 7, a key 

molecule in age-dependent neuronal  pH  regulation, show high expression levels in the 

neocortex and hippocampus of term human neonates (Kaila et al., 2014; Ruusuvuori et al., 

2013).  

 Ala-Kurikka et al. (2020) were able to show a decreased blood pH, decreased base 

excess, and an increase in lactate in the animals, which point to metabolic acidosis, which is 

next to hypoxia and hypercapnia the main parameter in the clinic for determination of BA 

(Leuthner & Das, 2004; Low, 1997). Moreover, increased copeptin concentrations were 

detected in blood plasma in rats after asphyxia (Ala-Kurikka et al., 2020). Studies in human 

neonates showed a strong relation between copeptin in the blood plasma and perinatal 

stress such as birth acidosis and asphyxia (Kelen et al., 2017; Schlapbach et al., 2011). This 

again shows the convincing face validity of this novel model for neonatal seizures.  

While seizures in hypoxia-only models emerge under the hypoxic condition only, all 

seizures in the asphyxia model emerge after the asphyxia (Ala-Kurikka et al., 2020).This is 
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one of the major improvements of the model compared to the traditional hypoxia (-

ischemic) models for neonatal seizures. The criteria for good preclinical model causation and 

severity are improved in this novel model compared to the hypoxia model. Therefore the 

asphyxia model was chosen for the evaluation of substances to treat neonatal seizures in the 

following. 

 

3.7 A Key Role for the Natrium-Kalium-Chloride Co-Transporter? 

 

As mentioned in chapter3.5, there are many pharmacoresistant patients whose 

seizures cannot be stopped.  There is substantial evidence that this may be caused by a low 

GABAA receptor expression and inappropriate subunit composition for ASDs, and an 

increased intracellular chloride-concentration due to immature expression of chloride 

cotransporters at the cell membrane in human neonates (Glass, 2014; S. M. Miller et al., 

2016). 

Chloride co-transporters (CCCs)in the cell membrane control the electrochemical 

gradient of chloride and can be divided into chloride exporting K+-Cl- co-transporters (KCCs)  

as well as the chloride importing Na+–Cl− cotransporter (NCC) and Na+-K+-2Cl- co-transporters 

(NKCCs) (Kaila et al., 2014; Löscher et al., 2013). There are two isoforms of NKCCs: NKCC1, 

which is expressed in all organs including the central nervous system, and NKCC2, which is 

expressed at the Henle loop in the nephron. Newer research has shown that there are two 

splice variants of NKCC1 in humans: NKCC1A and NKCC1B. The latter has a higher expression 

level in brain tissue than NKCC1A (Lykke et al., 2016; Vibat et al., 2001). Four different KCCs 

(KCC1, KCC2, KCC3, and KCC4) primarily mediate chloride-efflux in the cells. Of these 

transporters, KCC2 is dominantly expressed in neurons (Ben-Ari et al., 2012). 

CCCs, especially NKCC1 and KCC2 are essential for the balance of the chloride 

concentrations at the post-synaptic cell membrane and therefore play an important role in 

membrane potential in the immature brain (Blaesse et al., 2009; Glass, 2014; Kahle & Staley, 

2008).The omnipresent NKCC1 and the neuronal-specific KCC2 are the main chloride–

importer and exporter in neurons, respectively (Ben-Ari et al., 2012). 

GABA, as the most important inhibitory neurotransmitter in adults, exerts its effect 

through binding to the GABAA receptor, which acts, as mentioned before, as a chloride 

channel. Therefore the chloride resting level in neurons plays a crucial role for GABAs 

inhibitory effect (Vibat et al., 2001). In mature neurons, KCC2 is expressed at high levels. 
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Therefore a GABA effect at the GABAA receptor causes a chloride-influx, a hyperpolarization 

at the cell membrane, and an inhibitory postsynaptic potential (Kaila et al., 2014).   

Brain insults like epileptic activity and neuronal trauma can change CCC expression. 

Specifically, they cause a downregulation of KCC2 and an upregulation of NKCC1 (Löscher et 

al., 2013). Such a regulation was for example shown in a pilocarpine model of temporal lobe 

epilepsy (TLE) in adult mice (Li et al., 2008). The subsequently changed chloride gradient at 

the postsynaptic cell membrane leads to a GABA mediated chloride extrusion. As a 

consequence, there can be a shift in the effect of GABA to depolarization. This affects the 

activity of ASDs like PB as shown in Figure 3 (Puskarjov et al., 2014).  

 

 

Figure 3: Hypothetical change of NKCC1 and KCC2 expression levels after asphyxia and adapted 
action of GABA modified from Puskarjov et al. (2014) 

The arrows indicate a relatively higher Cl- import by NKCC1 in the neuronal postsynaptic cell 
membrane in an asphyxiated neonate (B) vs. a healthy term neonate (A). Cl- export by KCC2, on the 
other hand, is higher in A vs. B. This is resulting in a different chloride gradient. Interaction of GABA 
with GABAA receptor and its opening for Cl- leads to Cl-influx and hyperpolarization in A vs. Cl-efflux 
and depolarization in B. 

 

Therefore, the inhibition of NKCC1 is a target of ongoing research to prevent seizure 

and pharmacoresistance in patients.  

 

3.8 Bumetanide and Neonatal Seizures 

 

The loop diuretic drug, bumetanide (bumetanide), developed in the 1960s, is known for its 

diuretic effect caused at the loop of Henle in the nephron (Feit, 1981). By the inhibition of 

NKCC2, the absorption of sodium is reduced and more urine is excreted (Haas & Forbush, 

Extracellular space 

Intracellular space 
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1998). More recent research has shown that bumetanide also inhibits neuronal NKCC1 (Ben-

Ari, 2017; Payne et al., 2003).In vitro and in vivo models of neonatal seizure have shown that 

bumetanide potentiates the efficacy of PB (Cleary et al., 2013; Dzhala et al., 2005; Liu et al., 

2012; S. Wang et al., 2015). Cleary et al. (2013) showed in a preclinical model of hypoxia-

induced neonatal seizures in 10 days old rats that the combination of PB (15 mg/kg, i.p.) and 

bumetanide (0.3 mg/kg i.p.) reduced the seizure incidence and frequency. In a recently 

published clinical study bumetanide (0.1 – 0.3 mg/kg) as an add-on to PB (5 – 10 mg/kg) 

demonstrated a benefit on seizure reduction (Soul et al., 2020). However, the treatment did 

not lead to a seizure cessation but to a reduced seizure burden referring to seizure duration.  

In contrast, a clinical study in human infants performed by Pressler et al. (2015) found 

adverse effects and limited evidence of seizure reduction by the combination of PB (10 

mg/kg) and bumetanide (0.05 – 0.3 mg/kg). It is important to point out that open questions 

are remaining about the efficacy of bumetanide to inhibit neuronal NKCC1 in vivo.  

The chemical properties of bumetanide result in a high ionization at physiological pH 

of 7.4 and cause an extensive (> 95%) binding to plasma proteins (Löscher et al., 2013; 

Puskarjov et al., 2014). Plasma proteins and bound substances are not able to penetrate 

through the mature BBB. Furthermore, our group has recently shown that bumetanide has a 

high tissue binding in the brain (80 %) (Brandt et al., 2018). These are reasons that may 

cause too low concentrations of freely moving bumetanide for inhibition of neuronal NKCC1 

(Löscher et al., 2013).  

Because of the discussed disadvantages of bumetanide as an add-on therapy to PB 

for the treatment of seizures, our group focuses on bumetanide derivatives that provide 

more promising properties than bumetanide does.  

 

3.9 Bumetanide Derivatives – a New Approach 

 

 Using of drug derivatives is a well-known practice in medical research and drug 

development to enhance the efficacy and drug tolerability, especially for diseases of the 

central nervous system (CNS) (Rautio et al., 2008). One example is the non-steroidal anti-

inflammatory drug (NSAID) aspirin. Salicylic acid as one of the first known pain-relieving 

substances was converted into acetylsalicylic acid by adding an acetylgroup. Acetylsalicyclic 

acid acts as a prodrug of salicylic acid, which improved efficacy and tolerability(Goldberg, 

2009).  
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 For the research in epilepsies and neonatal seizures, our group focuses on 

bumetanide derivatives to enhance the anticonvulsant efficacy of PB. These derivatives were 

developed years ago together with bumetanide in the 1970s (bumepamine)(Nielsen & Feit, 

1978) or were developed more recently (DIMAEB)(Brandt et al., 2018; Töllner et al., 2014).  

The goal of our group is to develop and find substances that penetrate more easily through 

the BBB into the brain and show a synergistic anticonvulsant effect as an add-on therapy to 

PB in preclinical epilepsy and neonatal seizure models. 

 

3.9.1 A Prodrug of Bumetanide: DIMAEB 

 

 DIMAEB (also known as “BUM5” or “STS5”), the N,N-dimethylaminoethylester of 

bumetanide, is a prodrug of bumetanide developed by us and our cooperation partners 

(Töllner et al., 2014). The carboxyl group in bumetanide was exchanged by a dimethylamino-

side chain in DIMAEB, which leads to higher lipophilicity (logP = 2.9)and an uncharged 

character of the new compound (Töllner et al., 2014). This makes it much easier for DIMAEB 

to penetrate through the BBB. In the blood, DIMAEB is cleaved into bumetanide by 

ubiquitous esterases. Much higher concentrations of bumetanide are reached in the brain 

when DIMAEB is administered intravenously (i.v.) vs. bumetanide (in mice: 1 µg/g vs. 0.4 

µg/g for DIMAEB and bumetanide respectively, determined 30 min after injection of 10 

mg/kg or equimolar dosage; in rats: 0.28 µg/g vs. 0.05 µg/g for DIMAEB and bumetanide 

respectively, determined 15 min after injection of 10 mg/kg or equimolar dosage) (Töllner et 

al., 2014). 

 Our group already investigated if DIMAEB can improve the anticonvulsant effect of 

PB in adult epileptic mice and rats. Töllner et al. (2014) showed that DIMAEB can reduce the 

increases of pentylenetetrazole (PTZ) threshold in adult mice after status epilepticus (SE). In 

fully kindled rats the afterdischarge threshold (ADT) was significantly increased and the 

duration of seizures was significantly decreased by the combination of DIMAEB and PB 

(Töllner et al., 2014). Furthermore, DIMAEB increases the anticonvulsant effect of PB in 

epileptic but not in nonepileptic mice in a maximal electroshock seizure threshold (MEST) 

model for the evaluation of antiepileptic drugs (Erker et al., 2016).  

These findings indicate that the usage of a more lipophilic, uncharged substance as 

DIMAEB can be a promising candidate for further research in the field of seizure treatment. 
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In our study, we evaluated the efficacy of DIMAEB in combination with PB to reduce 

seizure incidence in a model for neonatal seizures in rats.  

 

 

3.9.2 Bumepamine 

 

Besides the strategy of prodrugs, the development of new chemical entities, which 

address a selected target, is a second way for drug development in research. The synthesis 

of bumepamine (BUM13) was first described by Nielsen and Feit (1978). Bumepamine is a 

benzylamine derivative of bumetanide. Since bumepamine is uncharged and a weak acid 

(pKa = 7.0), which in turn contributes to high lipophilicity (logP = 4.5), bumepamine can 

penetrate well through the BBB (Brandt et al., 2018). This stands in contrast to bumetanide, 

which is a relatively strong acid (pKa = 3.6) and has low lipophilicity (logP = 2.7) (Brandt et al., 

2018). 

 Therefore, our group found bumepamine to be an interesting substance for further 

investigations in the field of epilepsy research. For this reason, we evaluated the efficacy of 

bumepamine to inhibit NKCC1, our selected target, in in vitro and in vivo studies.  

Interestingly, bumepamine was not able to inhibit NKCC1and NKCC2 in an in vitro xenopus 

laevis oocyte assay (Brandt et al., 2018; Lykke et al., 2015, 2016). However, a high 

concentration was achieved in the brain by bumepamine, which was about five times higher 

than with bumetanide (in mice: 1.4-4.4 µg/g vs. 0.26-0.77 µg/g, respectively, dosage of 10 

mg/kg i.v.) (Brandt et al., 2018). 

Although bumepamine is not able to inhibit neuronal NKCC1 in an oocyte assay, 

bumepamine was able to potentiate the anticonvulsant effect of PB in a MEST model in 

epileptic and non-epileptic mice, and the potentiating effect was significantly higher in the 

epileptic mice (Brandt et al., 2018). The relative diuretic potency of bumepamine was less 

compared to that of bumetanide in healthy dogs and mice, which is an advantage for the 

treatment of CNS diseases (Lykke et al., 2015; Nielsen & Feit, 1978).   

The above-mentioned previous findings on bumepamine make this substance a very 

interesting compound for further research in the field of neonatal seizures.  
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4. Hypothesis 

 

There are three working hypotheses addressed in this thesis: (1) the novel asphyxia 

model described by Ala-Kurikka et al. (2020) is a model with good face validity and findings 

of Ala-Kurikka et al. (2020) are reproducible;(2) the novel asphyxia model is a helpful tool for 

the evaluation of neonatal seizures, which is proved by consistency in treatment efficacy;(3) 

the novel bumetanide derivatives DIMAEB and bumepamine can potentiate the 

anticonvulsant effect of PB.  

(1) Ala-Kurikka et al. (2020) stated that the present rodent model of BA is the first 

one, in which robust behavioral and electrographic seizures are triggered after the BA-

mimicking insult consistent with clinical BA. We hypothesize that the parameters seizure 

occurrence after the insult and detectability of seizures in the EEG are reproducible. 

Additionally, we hypothesize that asphyxia and following neonatal seizures cause histological 

alterations in the brain, which was not examined before. 

(2) PB and MDZ are used as a treatment for intervention of neonatal seizures in 

human neonates.  We hypothesize that these ASDs can effectively control neonatal seizure 

in asphyxiated rats. Moreover, we hypothesize that the combination of bumetanide and PB 

does not show a synergistic anticonvulsant effect, which was shown in human neonates by 

Pressler et al. (2015). 

(3) We predict that the novel lipophilic bumetanide derivatives DIMAEB and 

bumepamine potentiate the anticonvulsant effect of PB in the treatment of neonatal 

seizures. Bumetanide derivatives will achieve higher brain concentration than bumetanide 

due to better penetration of the BBB and thus will reach a higher target concentration than 

the parent drug bumetanide.  

The study design, methods, findings, and outcome are described in the following 

chapters. 
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Abstract 

 

Objectives: Neonatal seizures are the most frequent type of neurological emergency in 

newborn infants, being often a consequence of prolonged perinatal asphyxia. Phenobarbital 

is currently the most widely used antiseizure drug for treatment of neonatal seizures, but 

fails to stop them in ~50% of cases. In a neonatal hypoxia model based on 11-day old rats, 

the NKCC1 inhibitor bumetanide was reported to potentiate the antiseizure activity of 

phenobarbital, whereas it was ineffective in a human trial in neonates. The aim of this study 

was to evaluate the effect of clinically relevant doses of bumetanide as add-on to 

phenobarbital on neonatal seizures in a non-invasive model of birth asphyxia in P11 rats, 

designed for better translation to the human term neonate.  

 

Methods: Intermittent asphyxia was induced for 30 min by exposing the rat pups to three 

7+3 min cycles of 9 % and 5 % O2 at constant 20% CO2. Drug treatments were administered 

i.p. either before or immediately after asphyxia.  

 

Results: All untreated rat pups had seizures within 10 minutes after termination of asphyxia. 

Phenobarbital significantly blocked seizures when applied before asphyxia at 30 mg/kg but 

not 15 mg/kg. Administration of phenobarbital after asphyxia was ineffective, while 

midazolam (0.3 or 1 mg/kg) exerted significant antiseizure effects when administered before 

or after asphyxia. In general, focal seizures were more resistant to treatment than 

generalized convulsive seizures. Bumetanide (0.3 mg/kg) alone or in combination with 

phenobarbital (15 mg/kg) exerted no significant effect on seizure occurrence.  

 

Significance: The data demonstrate that bumetanide does not increase the efficacy of 

phenobarbital in a model of birth asphyxia, which is consistent with the negative data of the 

recent human trial. The translational data obtained with the novel rat model of birth 

asphyxia indicate that it is a useful tool to evaluate novel treatments for neonatal seizures 
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Abstract 

 

Objectives: Bumetanide was suggested as adjunct to phenobarbital for suppression of 

neonatal seizures. This suggestion was based on the idea that bumetanide, by reducing 

intraneuronal chloride accumulation through inhibition of the Na-K-2Cl cotransporter 

NKCC1, may attenuate or abolish depolarizing GABA responses caused by birth asphyxia. 

However, a first proof-of-concept clinical trial failed. This could have had several reasons, 

including bumetanide’s poor brain penetration, the wide cellular NKCC1 expression pattern 

in the brain, and problems with the general concept of NKCC1’s role in neonatal seizures. We 

recently replicated the clinical failure of bumetanide to potentiate phenobarbital’s effect in a 

novel rat model of birth asphyxia. In this recent study, a clinically relevant dose (0.3 mg/kg) 

of bumetanide was used that does not lead to NKCC1-inhibitory brain levels. The aim of the 

present experiments was to examine whether a much higher dose (10 mg/kg) of bumetanide 

is capable of potentiating phenobarbital in this rat model. Furthermore, the effects of two 

lipophilic bumetanide derivatives, the ester prodrug DIMAEB and the benzylamine derivative 

bumepamine were examined at equimolar doses.  

 

Methods: Intermittent asphyxia was induced for 30 min by exposing male and female P11 

rat pups to three 7+3 min cycles of 9 % and 5 % O2 at constant 20% CO2. All control pups 

exhibited neonatal seizures after the asphyxia. 

 

Results: Even at 10 mg/kg, bumetanide did not potentiate the effect of a submaximal dose 

(15 mg/kg) of phenobarbital on seizure incidence, while a significant suppression of neonatal 

seizures was determined for combinations of phenobarbital with DIMAEB or, more 

effectively, bumepamine, which, however, does not inhibit NKCC1. Interestingly, the 

bumepamine/phenobarbital combination prevented the neurodegenerative consequences 

of asphyxia and seizures in the hippocampus.  

 

Significance: Both bumepamine and DIMAEB are promising tool compounds that may help 

to develop more effective lead compounds for clinical trials.  

  



 

 

41 

7. General Discussion 

 

The present work deals with (1) the evaluation of a novel asphyxia model in neonatal 

rats according to clinical presentation of seizures, EEG recordings, and histological 

alterations; (2) the efficacy of frequently used drugs in the novel asphyxia model; (3) the 

treatment of neonatal seizure with bumetanide and the novel bumetanide derivatives 

DIMAEB and bumepamine as an add-on to PB. 

Before speaking of the urgent need for more effective treatment of neonatal seizures 

one has to ask: is there a need to treat neonatal seizures at all? 

The treatment of neonatal seizures aims to protect the infants from further brain 

damage, higher risk for developing epilepsies, and poor neurological outcome (Wirrell, 2005; 

Wirrell et al., 2001), although it is known that the underlying etiology of neonatal seizures 

causes longtime consequences as well(Ronen et al., 2007; Uria-Avellanal et al., 2013). There 

is an ongoing discussion if treatment of neonatal seizure is necessary or not. Many studies 

and reviews point out that there is evidence that seizures alone do harm the brain (Glass et 

al., 2009; S. P. Miller et al., 2002; Silverstein, 2009). For example, Miller et al. (2002) 

concluded in an MRI study in human neonates that seizure severity is associated with brain 

injury and that this proves the hypothesis that seizures are not only a benign manifestation 

of the brain as often discussed (Holmes & Ben-Ari, 1998; Wasterlain, 1997). This implies a 

need for treatment for neonatal infants with neonatal seizures in particular those with 

severe seizures to prevent long-term consequences. Therefore, our aim to find more 

effective treatments for neonatal seizures is of importance. 

 

7.1 Reproducibility and Face Validity of an Asphyxia Model for Neonatal Seizures 

 

The novel asphyxia model for neonatal rats described by Ala-Kurikka et al. (2020) is 

the basis for the present study. Starting with the protocol that was used in Ala-Kurikka et al. 

(2020) the asphyxia protocol was changed to 7 min 9 % O2 and 3 min 5% O2 alternating for 

30 min with a constantly 20 % CO2 to reduce mortality. All model alterations were done in 

cooperation with Professor Kai Kaila (Molecular and Integrative Biosciences and 

Neuroscience Center, University of Helsinki, Finland).  

Animals that received no drug (in the following: untreated) and vehicle-treated 

animals exhibited 100 % seizure incidence; seizures occurred within the first 10 min after 
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asphyxia. As discussed by Ala-Kurikka et al. (2020), behavioral seizures are triggered after the 

insult consistent with clinical BA. In traditional rodent models for neonatal seizures, seizures 

occur while the insult takes place (Cleary et al., 2013; Rice et al., 1981). Therefore the onset 

of seizures after the insult is an improvement for rodent models for neonatal seizures and is 

an indicator for improved face validity. However, the average latency period from the end of 

asphyxia to seizure onset was 1.31 min (Johne, Römermann, et al., 2021). This much more 

immediate onset stands in contrast to neonatal seizures in humans, which commonly appear 

within 2 - 8 h after birth (Cowan, 2002). The short latency period in this model is a limitation 

since a short latency period makes therapeutic intervention difficult as shown and discussed 

in detail in chapter 7.2. 

As already mentioned, the severity of seizures is of importance for prognosis and 

long-term consequences in infants. This is not only the case in patients with neonatal 

seizures but also with other diseases that are associated with seizures like epilepsy(Duncan 

& Sander, 1991). Therefore, description of seizure severity is of importance for patients and 

clinicians. The definition of seizure stages is a helpful tool for the identification of seizure 

severity. 

In 1972 Racine developed a scale for seizure stages (I – V) for the evaluation of the 

severity of seizures in a preclinical amygdala-kindling model in rats, which is still used in 

many rodent seizure models (Lüttjohann et al., 2009; Racine, 1972). As the Racine scale 

describes seizures in a model with adult animals and is not reflecting the seizures of the 

neonatal rats after asphyxia exactly, slight adaptations were made to the Racine scale for 

this model. By observation of untreated animals after asphyxia, behavior, movements, and 

seizure signs were noted and compared to the behavior of naive animals, human seizure 

staging, and the Racine scale.  

In the following, we modified the scoring of seizure stages as follows: stage I, 

orofacial automatism; stage II, head nodding or ≥ 2 rapid isolated jerks; stage III, uni- and/or 

bilateral repetitive clonic seizures of limbs; stage IV, stage III plus tonic seizures of fore-

and/or hind limbs; stage V, stage IV plus loss of righting (Johne, Römermann, et al., 2021).If 

the human seizure classification is compared to the seizure stages in the present asphyxia 

model, the similarity of seizure symptoms is apparent. For example, seizures in human 

neonates can be orofacial automatisms like stage I in neonatal rats but also jerking like in 

stage II of our seizure score. There are more similarities as shown and discussed in chapter 

6.3.2.   
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Additionally, seizure stages of our scoring scale can be differentiated into non-

convulsive (stage I – II) and convulsive seizures (stage III – V). As mentioned in chapter 3.4 

neonatal seizures in humans are as well differentiated in non-motor (non-convulsive) and 

motor (convulsive) seizures. Fisher et al. (2017) defined a non-motor seizure as a focal or 

generalized seizure, in which motor activity is not prominent. In human neonates, the onset 

of non-motor seizures is often characterized by autonomic, behavior arrest, cognitive, 

emotional, or sensory dysfunction (Fisher et al., 2017). In the present study, rats show non-

motor symptoms like orofacial automatisms and head nodding, which are rated as non-

convulsive seizures. Stereotyped behavior and other automatisms in neonatal rats like 

extensive grooming or wet dog shakes were sometimes recognized after asphyxia as 

described in Johne, Römermann et al. (2021). Those not-rated symptoms are most often 

correlated to other symptoms, which are rated as non- or motor seizures. However, it was 

not possible to assign these symptoms to a specific seizure severity. 

The gold standard for the detection of neonatal seizures is the video-EEG recording 

as mentioned in chapter 3.3. Therefore, the detectability of seizures in the EEG is another 

important parameter for the evaluation of the face validity of the asphyxia model. 

Convulsive seizures (stage III – V) in neonatal rats after asphyxia showed epileptic activity 

detected by cortical electrodes above the motor cortex. In contrast, nonconvulsive seizures 

(stage I – II) could not be seen in the EEG. The location and type of the EEG electrodes cover 

seizures that arose from cortical areas of the brain. Most likely non-convulsive seizures do 

not originate in the cortical but in subcortical brain areas such as the limbic system and, 

therefore, paroxysmal activity is detected by the surface electrode when cortical regions are 

believed to be affected as in III-V. Those discharges affecting the limbic system leading to 

seizures were determined in humans as well (Wieser & Kausel, 1987). In the hypoxia model 

for neonatal seizures, seizures with clinical signs like chewing and myoclonic jerks of trunk 

and limbs (stage I + II in the present model) were detectable by the EEG with depth 

electrodes (Rakhade et al., 2011).In addition, the absence of electrographic-only seizures 

often seen in neonatal patients is a limitation of this novel model. However, traditional 

rodent models for neonatal seizures also were not able to show those seizure types as well. 

As mentioned above, cortical electrodes in rodents cover mainly seizures that arose from 

cortical brain regions. Therefore, the use of depth electrodes may show electrographic-only 

seizure. Rakhade et al. (2011) defined a seizure in neonatal rats as an EEG alteration with 

clinical signs. Therefore electrographic-only seizures may remain undetected in their study, 
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even with depth electrodes for EEG recording. Since the placement of depth electrodes is an 

invasive procedure and may damage brain tissue, it was not performed in the present study. 

 During asphyxia, the EEG shows a significant reduction of the amplitude (Johne, 

Römermann, et al., 2021) indicating reduced neuronal activity. The fall of pH can result in 

dampened activity of neurons (Sinning & Hübner, 2013) and is observed in this model during 

asphyxia (Ala-Kurikka et al., 2020). This finding stands in line with the pH decrease in human 

neonates during asphyxia (Jorgensen, 2006) and shows again the excellent face validity of 

the asphyxia model.  

As mentioned above the asphyxia model for neonatal seizures is a novel model that 

needs further investigation. Histology, especially immunohistochemistry, is often used as a 

method in several preclinical models to distinguish cellular changes like cell death and 

cellular activity in animals. Histological changes in rat brains after the asphyxia are of special 

interest to evaluate severity and long-term consequences of the applied asphyxia and the 

following seizures.  

For the detection of particularly affected areas in the brain, the upregulation of c-Fos, 

an immediate early response gene involved in cell proliferation and differentiation, was 

evaluated in asphyxiated rats 24h after the insult. Gunn et al. (1990) showed in a hypoxia-

ischemia model that the amount of c-Fos positive cells was the same as in sham controls 

directly after hypoxia-ischemia. The unexpected absence of an increase in c-Fos positive cells 

after asphyxia is most likely triggered by the reduction of protein production due to the lack 

of energy supply (Dell’Anna et al., 1995). Upregulation of c-Fos positive cells in the 

contralateral dentate gyrus of carotid artery ligation was shown 2h up to 3 days after 

neonatal seizures induced by hypoxia-ischemia (Gunn et al., 1990). Therefore 24h after 

asphyxia was chosen as the time point for investigation in this novel asphyxia model.  

 Regions for investigation were chosen in alignment with the literature. As mentioned 

above Gunn et al. (1990) saw an upregulation of c-Fos positive cells in the dentate gyrus 

whereas Dell’Anna et al. (1995) found significant changes in the amount of c-Fos positive 

cells in the piriform cortex and cortical amygdaloid nuclei after perinatal asphyxia. 

Therefore, the dentate gyrus and the piriform cortex were chosen to evaluate increased 

activation in the brain after asphyxia. Nevertheless, no significant difference was found 

between asphyxiated and sham controls in the present model of birth asphyxia (Johne, 

Käufer et al., 2021). One possible explanation is that the time point 24h after asphyxia is too 

late. The c-Fos protein has a short half-life time of about 1 h (Kruijer et al., 1984). However, 

as mentioned before, Gunn et al. (1990) showed an increase of c-Fos positive cells 24 h after 
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insult but they used the invasive hypoxia-ischemia model including ligation of a carotid 

artery. This invasive method causes less blood flow to the brain, which already may ground 

histological changes. The results of Gunn et al. (1990) showed a significant difference 

between the brain hemispheres pointing to a damage due to the one-sided ligation of the 

carotid artery. In the asphyxia model, the entire brain is exposed to the insult, so no 

differences between the two brain hemispheres were expected. 

 For detection of degeneration and apoptosis of neurons in the novel asphyxia model 

immunohistochemistry with caspase-3 and NeuN was done. Caspase-3 plays an important in 

the apoptosis cascade and therefore is a marker for ongoing apoptosis (Stoyanovsky & 

Billiar, 2007), whereas NeuN is a specific neuronal marker (Gusel’nikova & Korzhevskiy, 

2015).  

 The density of neurons marked by NeuN in the CA1 region was significantly 

decreased in asphyxiated animals compared to control animals but not in the hilar region 

(Johne, Käufer et al., 2021). This could be an indication of neurodegeneration caused by 

asphyxia and the subsequent seizures. To confirm these findings we counted caspase-3 and 

NeuN positive cells to evaluate if there is an increase in neuronal apoptosis. Interestingly, 

about half of neurons are removed through apoptosis due to neuronal development, which 

causes an upregulation of apoptotic cascade mediators like caspase-3 even in naive animals 

at young age (Blomgren et al., 2001; Hagberg, 2004). In agreement with this, we found 

caspase-3 positive neurons even in sham control rat brains at an age of P12 (Johne, Käufer et 

al., 2021). 

In hypoxia-ischemia models, an increase in caspase-3 positive cells has been detected 

showing an increase in apoptotic cells in brains following the insult (Blomgren et al., 2001; 

Cheng et al., 1998; X. Wang et al., 2001; Zhu et al., 2000).  Hypoxia and the following 

reoxygenation of the cells produce oxidative stress, which triggers apoptosis (Ho et al., 

2006).  

However, a significant increase in caspase-3/NeuN positive cells was not seen in the 

asphyxia group compared to sham controls in the cortex, the lateral thalamus, and the CA1 

region of the hippocampus. Interestingly, when animals with the highest severity of seizure 

(stage V) were compared to sham controls,caspase-3 and NeuN positive cells in the CA1 

region of the hippocampus were significantly increased (Johne, Käufer et al., 2021). A 

probable explanation is that apoptosis is associated with more severe seizures and stands in 

line with the findings of Miller et al. (2002) who stated that seizure severity is independently 

associated with brain injury. This is an important finding because it could be a hint that 
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seizures alone can harm the brain as discussed before and should be evaluated in further 

experiments. Moreover, it needs further investigation of the finding of neurodegeneration 

and increased apoptosis after severe neonatal seizures in long-term studies.  

 

7.2 Efficacy of Frequently Used Drugs in the Novel Asphyxia Model 

 

As mentioned in chapter 3.6, a novel model with enhanced face validity compared to 

traditional models. Before the evaluation of new treatment strategies for neonatal seizures 

is performed commonly used drugs need to be evaluated. Therefore, the frequently used 

drugs PB, as the gold standard for neonatal seizures, and midazolam were used for 

evaluation of therapeutic validity of the model as discussed in the following. 

PB is the most often used drug for the treatment of neonatal seizures (World Health 

Organization, 2011). For evaluation of the asphyxia model two different, a high and a low 

dosage of PB were administered (30 vs. 15 mg/kg, intraperitoneal (i.p.), 15 min before 

asphyxia); both dosages are clinically relevant (Pressler, 2010). The high dosages of PB could 

significantly reduce the occurrence of seizures when administered before asphyxia. Only 

25% of the animals showed seizures after this treatment (vs. 100% in untreated) (Johne, 

Römermann et al., 2021). In human neonates, about 50 % of patients still show seizures 

after the treatment with PB (Yozawitz et al., 2017). However, a second dose or infusion with 

PB would be administered when seizures are not suppressed after the initial dosage of PB. 

Treatment with a second dose of PB in the asphyxia model is not reasonable due to the short 

duration of the seizures. 

The treatment with a lower dosage of PB did not achieve a significant anticonvulsant 

effect compared to vehicle. In addition, the lower dosage did not suppress convulsive 

seizures when administered 15 min before asphyxia. The lower dosage administered directly 

before asphyxia was able to significantly suppress convulsive seizures whereas occurrence of 

nonconvulsive seizures was not reduced (Johne, Käufer et al., 2021). 

These results show that it is possible to suppress the seizures in neonatal rats in the 

asphyxia model with PB, the current first-line drug of seizure treatment in human neonates. 

MDZ is often used as a second-line drug. Therefore the efficacy of MDZ in the 

asphyxia model was also evaluated. MDZ that quickly reaches effective concentrations in the 

brain administered directly before or after asphyxia (1 mg/kg, i.p.) was able to significantly 

reduce seizure occurrence (80 % vs. 53%).Human neonates treated with MDZ after asphyxia 
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with 0.1 mg/kg (i.v. or i.n.) show in 51 %  of cases inhibition of seizures (Dao et al., 2018). 

The comparison of MDZ efficacy in humans (51 %) and rats (53 %) treated after asphyxia 

shows an excellent predictive validity of the asphyxia model. Although the applied doses and 

application routes differ in humans and rats, the effective concentrations in the plasma are 

comparable (rats ~0.18 µg/ml vs. human neonates ~0.14-0.2 µg/ml) (Johne, Römermann et 

al., 2021; Rey et al., 1991). 

When animals were treated with a low dosage of MDZ (0.3 mg/kg, i.p.) directly after 

asphyxia, convulsive seizures were significantly suppressed whereas nonconvulsive seizures 

were resistant to treatment. To our knowledge, the present novel asphyxia model is the first 

rodent model for neonatal seizures that allows application of treatments after the insult 

(e.g. asphyxia). This is possible because seizures occur after asphyxia. The latency time 

between asphyxia and seizure onset is an opportunity for therapeutic intervention. This 

stands in contrast to the traditional models for neonatal seizures where seizures take place 

during the insult (for details see chapter 3.6.1). In humans, neonatal seizures occur up to 28 

days after birth (Cowan, 2002). The timing of the onset of human neonatal seizures is, 

therefore, more comparable to the timing in the novel asphyxia model than to the hypoxia 

models used in research so far. 

  

7.3 Bumetanide(derivatives) as an Add-on Therapy to Phenobarbital 

 

Two clinical studies for the treatment of neonatal seizures with combining 

bumetanide and PB have drawn different conclusions from their data. Pressler et al. (2015) 

stated that bumetanide is not able to potentiate PB’s anticonvulsant effect whereas Soul et 

al. (2020) concluded that there is a benefit of the usage of bumetanide as add-on therapy to 

PB. However, the benefit was not in terms of freedom from seizures, but rather in terms of 

seizure burden referring to seizure duration(Soul et al., 2020). This contrasts with the 

previous research on treatment efficacy for neonatal seizures, in which the effectiveness 

was measured by seizure cessation(Painter, 1999; Sharpe et al., 2020). Therefore, the 

mentioned benefit of bumetanide in the clinical trial of Soul et al. (2020) is questionable.  

Cleary et al (2013) were the first to show a synergistic effect of bumetanide and PB 

for the treatment of neonatal seizures in a rodent model for neonatal seizures. In the 

hypoxia model, preclinical findings of the treatment combination with bumetanide and PB 

for neonatal seizure were not comparable to a study in human neonates (Cleary et al., 2013; 
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Pressler et al., 2015). Therefore and because of bumetanide’s low penetration of the BBB, 

we challenge the results and therapeutic validity of the used model in Cleary et al. (2013). 

In the present study, the same treatment settings, i.e. application time points, 

application route, and doses of drugs as in the study of Cleary et al. (2013) were used in a 

novel asphyxia model. These doses are clinically relevant and used in human neonates. The 

combination of bumetanide (0.3 mg/kg i.p., 15 min before asphyxia) and PB (15 mg/kg i.p., 

30 min before asphyxia) was not effective in the asphyxia model. The lack of the efficacy of 

Bum and PB for the treatment of neonatal seizures corresponds with those reported in the 

study by Pressler et al. (2015) but stands in contrast to Cleary et al. (2013).  

Even when treatment settings were changed (higher dosage of bumetanide(10 

mg/kg, i.p.) and time point of application closer to asphyxia (bumetanide15 min before 

asphyxia, PB 0 min before asphyxia)) bumetanide was not able to significantly potentiate the 

effect of PB corresponding to seizure occurrence and seizure severity (Johne, Käufer et al., 

2021). 

However, the missing effect can be explained by the properties of bumetanide. As 

shown in Brandt et al. (2018) bumetanide is ionized at a physiological blood pH and is to a 

large extent bound to plasma proteins. Therefore, bumetanide poorly penetrates the BBB by 

free diffusion. In addition, several efflux transporters at the BBB transport bumetanide from 

the brain into the blood (Römermann et al., 2017). All these properties have the 

consequence that only a very low concentration of bumetanide is present in the brain, which 

is insufficient for the inhibition of NKCC1. The half-maximal inhibitory concentration (IC50) of 

bumetanide for NKCC1 is about 0.2 – 0.3 µM (Puskarjov et al., 2014). Our pharmacokinetic 

data show that with a bumetanide dosage of 0.3 mg/kg, i.p. a brain concentration of 0.01 

µg/g (0.03 µM) is reached, which is approximately ~ 7-fold less than needed to inhibit NKCC1 

by half (Johne, Römermann et al., 2021).  Using the high dose of bumetanide (10 mg/kg, i.p.) 

brain concentrations were 0.2 µg/g (0.6 µM) (Johne, Käufer et al., 2021). However, a high 

fraction of bumetanide is bound in the brain tissue so that the effective concentration of 

bumetanide is much lower (Brandt et al., 2018; Hampel et al., 2020).  

In a setting with the high dosage of PB (30 mg/kg, i.p.) and bumetanide (0.3 mg/kg, 

i.p.) given directly after asphyxia, seizure occurrence was not reduced compared to vehicle 

animals (Johne, Römermann et al., 2021). Brain concentrations of PB were significantly lower 

than compared to the same dosage of PB given 15 min before asphyxia showing a relatively 

slow distribution of PB into the brain (Johne, Römermann et al., 2021). The add-on therapy 
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with bumetanide (0.3 mg/kg, i.p.) was not able to increase efficacy of the high dosage of PB 

administered after asphyxia. 

As pointed out in the introduction, the novel bumetanide derivatives DIMAEB and 

bumepamine penetrate the BBB to a larger extent via passive diffusion than bumetanide. 

Because of the comparatively higher concentration at the target in the brain, we 

hypothesized that both derivatives are more effective to potentiate PB’s effect in the 

asphyxia model for neonatal seizures than bumetanide.  

For the evaluation of the derivatives of bumetanide, application time points and 

order of applications were changed in comparison to earlier experiments: bumetanide 

derivatives were administered 15 min before asphyxia. Afterward, PB (15 mg/kg, i.p.) was 

administered directly before asphyxia. If the hypothesis is an increased NKCC1 expression 

after asphyxia results in pharmacoresistance against PB in patients, to inhibit NKCC1 in the 

first place to change the chloride gradient at the postsynaptic cell membrane would be 

reasonable before the application of PB. After NKCC1 inhibition, PB would be able to exert 

its anticonvulsant effect again. In addition, PB can penetrate the BBB faster than 

bumetanide, therefore it is sufficient to do the administration of PB directly before asphyxia.  

 The prodrug of bumetanide DIMAEB (13 mg/kg (equimolar dosage to 10 mg/kg 

bumetanide), i.p.) could significantly reduce seizure occurrence compared to the vehicle 

group when administered with PB (15 mg/kg, i.p.). Whereas it was not able to reduce seizure 

incidence when administered alone (Johne, Käufer et al., 2021). This supports our hypothesis 

that inhibition of NKCC1 may improve the effect of commonly used ASDs like PB in the 

asphyxia model. 

 Interestingly, 10 min after asphyxia the concentration of bumetanide in the brain was 

not significantly increased after DIMAEB administration compared to bumetanide 

administration. On the one hand, missing esterases for the cleavage of DIMAEB into 

bumetanide could be a reason. However, our group recently showed that esterases of rat 

and human neonates can cleave DIMAEB into bumetanide (Theilmann et al., 2020). On the 

other hand in previous experiments, we could show that a rapid metabolization of DIMAEB 

and bumetanide in rats leads to a peak in brain concentrations 30 min after administration 

whereas at 60 min after administration brain concentrations were significantly decreased 

compared to 30 min (Töllner et al., 2014). In the present study plasma and brain 

concentrations of bumetanide were determined 55 min after administration, therefore the 

peak concentrations in plasma and brain may be before collecting the samples. This need 

not reflect the bumetanide concentration at the time period vulnerable to seizures. 
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However, the pharmacokinetic data of our second bumetanide derivative 

bumepamine demonstrate high brain concentrations caused by rapid penetration of the 

BBB. This proves our findings in a previous study showing as well high concentration in the 

brain after i.v. administration in mice (Brandt et al., 2018). Unexpectedly, after the combined 

treatment of PB and bumepamine brain concentration of PB was significantly higher than 

the concentration of PB administered alone. This shows pharmacokinetic interactions 

between PB and bumepamine. However, this increase of PB concentration in the brain alone 

is not sufficient to explain the drastic reduction in the occurrence of seizures by this 

substance combination (Johne, Käufer et al., 2021).The bumetanide derivative 

bumepamine(10 mg/kg, i.p) administered with PB (15 mg/kg, i.p.) was able to significantly 

reduce seizure incidence compared to vehicle and PB administered alone (Johne, Käufer et 

al., 2021). Only ~ 20 % of animals treated with bumepamine and PB showed seizures after 

asphyxia, which is a reduction of ~ 80 % compared to vehicle and 55 % compared to PB 

alone.  

As mentioned in the Introduction, bumepamine was not able to inhibit NKCC1 in 

previous in vitro studies (Brandt et al., 2018).Still, bumepamine showed effective 

suppression of seizures in the present in vivo study. On the one hand, bumepamine might 

have an off-target effect. On the other hand, the in vitro study might not represent the 

actual mechanism of bumepamine action. In previous studies, bumepamine showed a 

diuretic effect in dogs probably caused by the inhibition of NKCC2 in the kidney(Nielsen & 

Feit, 1978; Turnheim, 2013). However, in vitro experiments could not confirm the inhibition 

of NKCC2 (Lykke et al., 2016). Thus, the action of the diuretic effect of bumepamine could 

not be proven by in vitro studies, same might be true for the anticonvulsant effect of 

bumepamine in combination with PB. It is possible that the in vitro experiments cannot 

sufficiently represent the interaction of bumepamine in vivo and thus the results of the in 

vitro studies may not be reliable. In summary, further experiments are needed to clarify the 

interaction of bumepamine in vivo.  
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8. Conclusion 

 

Neonatal seizures are one of the most frequent neurological events in newborn 

infants commonly caused by HIE(Pressler et al., 2020; World Health Organization, 2011).  

Treatment of those seizures is difficult due to necessary off-label use of ASDs and a high 

number of pharmacoresistant patients (World Health Organization, 2011; Yozawitz et al., 

2017). There is a lack of preclinical models with sufficient face validity for neonatal seizures 

(Lombroso, 2007).  

(1) The collected data confirm an improved face validity of the asphyxia model from 

Ala-Kurikka et al. (2020) compared to traditional preclinical models for neonatal seizures. 

The findings of Ala-Kurikka et al. (2020) corresponding to different seizure types, EEG 

alliterations of the seizures, and time point of seizure onset (after asphyxia) were confirmed 

by our study. Moreover, the histological changes in the asphyxia model showing 

neurodegeneration and increased apoptosis with severe seizures support findings in human 

neonates reported by Miller et al. (2002). Therefore the translational value of the novel 

asphyxia model to the clinic seems to be high.  

(2) The asphyxia model is a helpful tool for the evaluation of new treatments of 

neonatal seizures. The treatment of neonatal seizures with commonly used ASDs like PB and 

MDZ in different dosages shows significant seizure reduction. In human neonates, the used 

ASDs were effective in ~ 50 % of infants (Dao et al., 2018; Yozawitz et al., 2017).In addition, 

consistent with trials in human neonates, bumetanide as an add-on to PB is not able to 

potentiate the anticonvulsant effect of PB with regard to seizure cessation in the asphyxia 

model (Johne, Römermann et al., 2021; Pressler et al., 2015; Soul et al., 2020).  

(3) The novel bumetanide derivatives DIMAEB and bumepamine potentiate the 

anticonvulsant effect of PB whereas bumetanide is not able to do so. Seizure occurrence was 

significantly reduced by the combination of bumetanide derivatives and PB when compared 

to the vehicle group. Especially bumepamine is a very interesting substance because the 

combination of bumepamine and PB could reduce seizure occurrence up to 80%. 

In conclusion, the novel asphyxia model for neonatal seizures has an increased face 

and therapeutic validity compared to previously available models and therefore displays an 

enhanced translational value. The novel bumetanide derivatives DIMAEB and bumepamine 

as an add-on to PB are promising compounds for further investigation in the field of 

neonatal seizure treatment.   
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