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1 Introduction 

1.1 Epilepsy 

Epilepsy is one of the most common chronic neurologic diseases in humans and animals. It 

affects more than 50 million people worldwide according to the World Health Organization 

(WHO 2019). An epileptic seizure is defined by FISHER et al. (2005) as “a transient 

occurrence of signs and/or symptoms due to abnormal excessive or synchronous neuronal 

activity in the brain.” Epilepsy is a disorder of the brain causing predisposition to generate 

spontaneous recurrent seizures. The diagnosis can be made after two unprovoked seizures 

that are more than 24 hours apart or if the patient is likely to develop a second seizure 

(FISHER et al. 2014). The clinical manifestation of seizures can differ greatly in both 

appearance and occurrence. 

More than 15 different seizure types and more than 30 epilepsy syndromes are defined 

(BERG et al. 2010). Seizures are classified into focal onset, generalized onset, or unknown 

onset (FISHER et al. 2017). They can manifest as non-motor or motor seizures which types 

can differ and manifest as absence, myoclonic, atonic, tonic, and tonic-clonic seizures. While 

generalized seizures rapidly spread in bilaterally distributed networks, focal onset seizures 

are thought to originate from networks limited to one hemisphere (BERG et al. 2010). 

Several different epilepsy types can be diagnosed such as generalized epilepsies, focal 

epilepsies, combined generalized and focal epilepsies and an unknown category as well. 

Taking the seizure types, EEG and imaging features into account an epilepsy syndrome 

diagnosis can be made in some cases (SCHEFFER et al. 2017). Epilepsy syndromes often have 

the following features in common: an age of onset and remission, if applicable, seizure 

triggers, diurnal variation and sometimes prognosis (SCHEFFER et al. 2017). In addition, the 

occurrence of seizures can range from several seizures per day to one per year. While few 

self-limited epilepsies exist, in the majority of cases epilepsy requires lifelong treatment. 

FISHER et al. (2014) suggest that epilepsy can be considered resolved, if a person is seizure-

free for more than ten years of which at least the last five years are without anti-seizure 

medication, or if a person has passed the age of an age-dependent epilepsy syndrome. 



Introduction

 
 

2 

One of the most common focal epilepsies in the adult is the temporal lobe epilepsy (TLE) 

(BERTRAM 2009; VAN VLIET et al. 2014). The epileptic focus from which seizures originate is 

often localized in the limbic system, i.e., the hippocampus, the amygdala, or the 

parahippocampal cortex, from where transmission throughout the mesial temporal lobe can 

occur (CHANG a. LOWENSTEIN 2003; BERTRAM 2014). Focal seizures can manifest with or 

without loss of consciousness (TATUM 2012). In most cases, TLE follows on initiating insults 

which can be febrile seizures, infections of the central nervous system (CNS), traumatic brain 

injury, or stroke (FRENCH et al. 1993). Most importantly, up to 70% of TLE patients cannot be 

addressed successfully by treatment options currently available (VAN VLIET et al. 2014). 

Thus, there is a high need to close the treatment gap that exists for TLE patients. 

The etiological groups of epilepsies can be structural, genetic, infectious, metabolic, 

immune, or unknown, whereas different kind of epilepsies can belong to more than one 

category (SCHEFFER et al. 2017). The majority of epilepsies are of complex inheritance. 

Monogenic causes can be either inherited or caused by de novo mutations. A genetic cause 

of epilepsy can also be complex or polygenic. Other causes of epilepsies can be, e.g., trauma, 

stroke, neoplasms, infections, congenital lesions, birth anoxia, or autoimmune causes 

(THOMAS a. BERKOVIC 2014). Epilepsy-initiating insults that can lead to the development of 

acquired epilepsy are, i.a., infections, traumatic brain injury, or status epilepticus (SE), which 

is a pro-longed and non-self-limiting seizure (LÖSCHER a. BRANDT 2010; TRINKA et al. 2015). 

Patients with epilepsy have an increased risk of comorbidities compared to the general 

population. Amongst these are depression, psychosis, anxiety, neurodegenerative disorders, 

migraine, but also cardio- and cerebrovascular disorders, fractures, pneumonia and chronic 

lung diseases as well as diabetes (GAITATZIS et al. 2004; TÉLLEZ-ZENTENO et al. 2005; 

HESDORFFER et al. 2012; WEATHERBURN et al. 2017). Additionally to comorbidities, the 

quality of life of patients with epilepsy is further reduced by stigma and social impairments 

(SZEMERE a. JOKEIT 2015; SHI et al. 2017; KADDUMUKASA et al. 2018). Getting seizure-free 

under treatment dramatically improves the quality of live. If seizure freedom cannot be 

achieved with treatment, the effects of psychiatric comorbidities and medications are 

perceived to have a larger impact on the quality of life of patients (BLOND et al. 2016). 
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A study by multiple authors in The Lancet Neurology assessed the global disease burden of 

epilepsy in the years 1990 to 2016 (GBD 2016 COLLABORATORS 2019). Particularly 

investigated were epilepsies with a genetic cause or in which diagnostics did not reveal a 

causative factor, the previously called idiopathic epilepsies. Epilepsy globally accounts for 

0.56% of disability-adjusted life years (DALYs). The DALY takes into account the Years of Life 

Lost (YLL) and the Years Lived with Disability (YLD) to create an estimation of a disease 

burden. Dependent on the geographical region, the DALY rates of idiopathic epilepsy ranked 

2nd-7th in comparison with all neurological disorders in 2016, following stroke, migraine, and 

Alzheimer’s disease as well as other dementias (GBD 2016 COLLABORATORS 2019). Though 

the mortality rate and the DALY rates significantly decreased between 1990 and 2016, a 

substantial treatment gap remains (GBD 2016 COLLABORATORS 2019). 

1.2 Neonatal Seizures 

In contrast to chronic epilepsy, neonatal seizures are acute seizures during the neonatal 

period. These first 28 days of life are associated with the highest risk of seizures to occur 

(ANNEGERS et al. 1995; SHETTY 2015). Infants are affected by neonatal seizures with an 

incidence of 0.23-0.7% for term infants and 1.1-1.4% for preterm infants (GHANSHYAMBHAI 

et al. 2016; PISANI et al. 2018). Although the improvement of intensive care has led to an 

overall decrease in mortality of infants in the last years, the incidence of neonatal seizures 

has not declined (GLASS et al. 2012; VASUDEVAN a. LEVENE 2013). The mortality reported in 

a recent multicenter cohort study in the U.S. was 15% for term neonates and 35% for 

preterm neonates affected by neonatal seizures (GLASS et al. 2017). The most common 

cause of neonatal seizures is hypoxic-ischemic encephalopathy caused by birth asphyxia; 

other causes can be stroke, cerebral malformations, metabolic disturbances, and infections 

(VASUDEVAN a. LEVENE 2013; AL-MOMEN et al. 2018; PISANI et al. 2018). URIA-AVELLANAL 

et al. (2013) sums up several studies of survivors of neonatal seizures that investigated the 

underlying etiology, the mortality, and the long-term consequences. Overall, global hypoxic 

ischemic encephalopathy was diagnosed in 64% of children. Furthermore, they report that of 

the term babies with any etiology, 54% of the surviving children showed disabilities. These 

were ongoing seizures, cerebral palsy, as well as impaired hearing, vision, or development. 
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1.3 Therapy of Epilepsy and Neonatal Seizures 

There is no pharmacological treatment available to cure epilepsy. Thus, the treatment with 

anti-epileptic drugs (AEDs) is a lifelong symptomatic treatment for epilepsy patients. Only 

about two thirds of the patients at need of anti-seizure treatment can be treated 

successfully with anti-seizure drugs and become seizure-free under adequate treatment 

(BRODIE et al. 2012). By definition of the International League Against Epilepsy, a patient is 

pharmacoresistant if two “tolerated and appropriately chosen and used AED schedules [fail] 

to achieve sustained seizure freedom” (KWAN et al. 2010). Although several new anti-

seizure medications have been developed and approved in the last decades, one third of 

patients remain refractory to the pharmacologic therapies currently available (LÖSCHER a. 

SCHMIDT 2011; YOUNUS a. REDDY 2018). Additionally, the available AEDs have unwanted 

effects that range from weight gain to cognitive impairment and may result in poor 

compliance (PERUCCA a. MEADOR 2005; CRAMER et al. 2010). 

For some patients that respond poorly to pharmacotherapy and are diagnosed with a 

structural epilepsy, the surgical removal of the epileptic focus may be a therapeutic option. 

Procedures range from lobectomy (i.e. temporal, frontal, parietal, or occipital lobe resection 

of different sizes) to multilobectomy to hemispherectomy (BAUD et al. 2018). In general, 

positive long-term effects can be expected for approximately half of the surgical 

interventions only (DE TISI et al. 2011). A retrospective multicentral study performed in 

Europe by BAUD et al. (2018) showed that 70% of patients that underwent surgery became 

seizure-free. However, these interventions can lead to severe complications for some 

patients, which include hemiparesis or monoparesis (2.2% of the patients), aphasia (1.1% of 

the patients), and others such as memory deficit, behavioral syndrome, hemianopsia, or 

cranial nerve deficit.  

The first line of treatment for neonatal seizures is phenobarbital, the second line is 

phenytoin, benzodiazepines, levetiracetam, and lidocaine (HART et al. 2015; YOZAWITZ et al. 

2017). As none of these medications is licensed for the treatment of neonatal seizures, all of 

them are used off-label. A comparison of initial treatments in a recent multicenter cohort 

study in the U.S. yielded no significant differences in treatment success. In this study, 

phenobarbital was mostly used, followed by levetiracetam and last by fosphenytoin. The 
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success of none initial medication differed significantly. In both preterm and term neonates, 

63% of seizures persisted after the initial treatment (GLASS et al. 2017). YOZAWITZ et al. 

(2017) argued that the lack of controlled clinical trials for neonatal seizures led to the 

absence of approved agents for neonatal seizures. They called for clinical trials in the 

according population to develop safe and effective treatment regimens for this indication. A 

first clinical trial (phase 2 randomized blinded controlled) aimed at determining the efficacy 

of levetiracetam vs. phenobarbital, i.v., as first line therapy for EEG-proven neonatal seizures 

(NIH CLINICAL TRIAL DATABANK). The trial recruited in the U.S. from 2012 to 2018. 

Additionally to the pharmacotherapeutic treatment, other methods were proposed or 

proved successful for the treatment of neonatal seizures. Following hypoxic-ischemic 

encephalopathy, therapeutic hypothermia proved to be neuroprotective (GANO et al. 2014; 

SILVEIRA a. PROCIANOY 2015). A graded restoration of normocapnia to prevent brain 

alkalosis was neuroprotective in an animal model of asphyctic encephalopathy (HELMY et al. 

2011). 

Regarding the current treatment options for patients with either chronic epilepsy or 

neonatal seizures, a large treatment gap remains. This circumstance led LÖSCHER et al. 

(2013a) to call for new target driven approaches in the drug discovery processes for anti-

seizure drugs. The sodium potassium chloride cotransporter NKCC1 is a potential new target 

for the development of new anti-seizure therapies (PAYNE et al. 2003; DZHALA et al. 2005; 

LÖSCHER et al. 2013b). This strategy might be interesting especially for the treatment of 

neonatal seizures (KAHLE a. STALEY 2008; DZHALA et al. 2010) and has been proposed for 

other CNS diseases such as Autism Spectrum Disorders, Rett Syndrome, and Down Syndrome 

(BEN-ARI 2017). 

1.4 Na+-Ka+-Cl- Cotransporter NKCC1 

The two transporters NKCC1 (also known as SLC12A2) and KCC2, potassium chloride 

cotransporter 2 (also known as SLC12A5), are most important for chloride homeostasis in 

neurons with GABAergic input. Both are members of the cation chloride cotransporter family 

(CCCs). While KCC2 is described in hippocampal and neocortical principal neurons, NKCC1 is 

expressed ubiquitously including both central and peripheral neurons and glial cells 

(HÜBNER et al. 2001; KANAKA et al. 2001). ZHANG et al. (2014) reported that the SLC12A2 
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gene is one of the most enriched genes in newly-formed oligodendrocytes. Both 

transporters are secondary active symporters in the neuronal membrane. They are thus 

dependent on the Na+-K+-ATPase to build up Na+ and K+ gradients. While NKCC1 is an 

intruder of Cl- ions, KCC2 is an extruder. Physiologically, KCC2 is dominantly expressed in 

hippocampal and peripheral neurons which results in a low intracellular Cl- concentration 

([Cl-]i). If the ligand-gated GABAA-receptor interacts with GABA, this channel becomes 

permeable for Cl- ions and HCO3
- (FARRANT a. KAILA 2007). In physiological conditions the Cl- 

driving force, which is build up from the dominant KCC2-transport, results in Cl- flux into the 

cell and causes an inhibitory postsynaptic potential (IPSP) (KAILA et al. 2014). 

PLOTKIN et al. (1997) described the localization of NKCC1 in choroid plexus cells as apical, 

but in neurons of the central and peripheral nervous system it is distributed in cell body and 

dendrites. A second functional splice variant of NKCC1 was described in the mouse 

(RANDALL et al. 1997) and in the human (VIBAT et al. 2001). This splice variant lacks exon 21, 

which consists of 48 base pairs, and the corresponding protein is thus 16 amino acids shorter 

than the previously described one. The variants have been termed NKCC1A and the shorter 

one NKCC1B. The difference in the amino acid sequence includes a protein kinase A 

consensus site in the C-terminus of the NKCC1A protein that shifts to a casein kinase II 

consensus site in NKCC1B (VIBAT et al. 2001). VIBAT et al. (2001) described a tissue-specific 

distribution of the splice variants. While brain tissue showed the highest relative RNA levels 

of NKCC1, it was also the tissue that expressed more NKCC1B than NKCC1A. Taking together 

the tissue-specific variation in the distribution of the variants and the conserved splicing 

positions in the human and mouse co-transporter, the authors argued that a functional 

significance can be expected for the splice variants (VIBAT et al. 2001). 

Dysfunctions of NKCC1 and/or KCC2 have been found to be the cause of depolarizing GABA 

actions that lead to increased seizure susceptibility in neonatal seizures and adult types of 

partial epilepsy (COHEN et al. 2002; DZHALA et al. 2005; HUBERFELD et al. 2007). COHEN et 

al. (2002) described an interictal spiking activity in resected tissue of patients with temporal 

lobe epilepsy that underwent surgery. This was then linked to a change in the CCC 

expression and functional change of GABAergic neurons in the subiculum of the 

hippocampus (PALMA et al. 2006; MUNOZ et al. 2007). These findings led to the proposal of 
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an experimental treatment: the inhibition of NKCC1 transport to prevent seizures using the 

NKCC1 inhibitor bumetanide. This was eventually altered into a combination therapy of 

bumetanide as add-on-therapy to the GABA-potentiating anti-seizure drug phenobarbital 

(DZHALA et al. 2008). 

1.5 Bumetanide and Loop Diuretics 

The only known selective NKCC inhibitor is the loop diuretic bumetanide (PAYNE et al. 2003). 

It was invented in the 1970s by Leo Pharma in Copenhagen, Denmark, for which several 

sulfamoylbenzoic acid derivatives were administered i.v. and i.p. to dogs and the diuretic 

potency and the saluretic effects were quantified (FEIT 1971). At the time of their discovery, 

the mechanism of action of the loop diuretics was not known, but bumetanide was 

discovered by a screening process involving many 5-sulfamoylbenzoic acid derivatives (FEIT 

1971; FEIT a. NIELSEN 1972; FEIT et al. 1973; FEIT et al. 1974; FEIT a. NIELSEN 1976; FEIT a. 

TVAERMOSE NIELSEN 1977). GREGER et al. (1983) performed experiments using isolated 

perfused cortical thick ascending limb of Henle's loop (TALH) of rabbits with furosemide, 

another loop diuretic. Their results led them to postulate an influence of furosemide on an 

isoelectric Na+:K+:2Cl- cotransporter system. Yet, the molecular identification of its target 

NKCC2 was done much later in the 1990s (DELPIRE et al. 1994; GAMBA et al. 1994; XU et al. 

1994). In fact, the same was true for the discovery of thiazide diuretics. Starting with known 

diuretics from the carbonic anhydrase-inhibitor type, the structure of sulfanilamide was 

modified and eventually led to the description of the thiazide diuretic prototype 

chlorothiazide in the late 1950s without knowledge of the target that was influenced (BEYER 

1958; FEIT 1981). KLEINFELDER (1963) described clinical testing with the first-in-class loop or 

high ceiling diuretic furosemide in 1963 in the treatment of edema patients. Other members 

of the class were developed since. Currently, bumetanide is one of the most potent diuretics 

and approved by the U.S. Food and Drug Administration for edema associated with 

congestive heart failure, hepatic and renal disease including the nephrotic syndrome, and 

hypertension in adults and neonates (WITTNER et al. 1991; SULLIVAN et al. 1996; BRATER 

2000). 

Different techniques were used for the characterization of the effects on Na+:K+:2Cl- 

cotransport of the loop diuretics that were discovered in the following (s. Section 2, Table 2). 



Introduction

 
 

8 

These were TALH preparations, but also mammalian cells, like avian erythrocytes, expressing 

high Na+:K+:2Cl- cotransport as well. Since the mechanisms of action for the diuretic effect 

was found to be inhibition of NKCC isoform 2 only years later, only few studies exist that 

characterize the effect of loop diuretics in heterologous expression systems. Thus, some 

authors claim that the mechanism of action is not fully understood (SUH et al. 2003). It 

needs to be mentioned that bumetanide is the only known NKCC1 inhibitor that, e.g., in 

contrast to furosemide, inhibits KCC2 in much higher concentrations only (PAYNE et al. 

2003). However, no study is known to compare the effect of this class of diuretics on NKCC1 

in the same experimental system. Since NKCC1 is discussed as a potential target, a direct 

comparison of the members of the class that potentially inhibit NKCC1 is urgently needed 

and may potentially expand treatment options for CNS diseases. 

1.6 Animal Models 

Preclinical studies utilize animal models that mimic disease to investigate aspects of the 

pathologic condition. Especially in epilepsy research animal models are indispensable due to 

the complexity of the pathology and ictogenesis (LÖSCHER 2011, 2016). Relevant animal 

models described in the following are models of neonatal seizures and models of chronic 

(pharmacoresistent) adulthood epilepsy. 

Models of neonatal seizures mostly intend to mimic hypoxic-ischemic encephalopathy that is 

the underlying cause in approximately two thirds of patients with neonatal seizures. Widely 

used are hypoxia models in which rats or mice in a certain age period are exposed to a 

graded global hypoxia (SUN et al. 2016). Concretely, male rat pups at postnatal days 10-12 

are exposed to 15 minutes of hypoxia (7% O2 for 8 min, 5% O2 for 6 min, 4% O2 for 1 min) in 

a model originally described by JENSEN et al. (1991). This procedure leads to the 

development of acute seizures that model neonatal seizures (SUN et al. 2016). However, the 

construct validity of hypoxia models is criticized for the lack of hypercapnia that is part of the 

asphyxic condition preceeding hypoxic-ischemic encephalopathy (HELMY et al. 2011). Hence, 

also alternative models that combine hypoxic and hypercapnic conditions were developed. 

A variety of models are established for the investigation of acute and chronic seizures in 

animals in adulthood. Amongst the widely used models that mimic chronic epilepsy are the 
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kindling model, post-SE models or traumatic brain injury models (LÖSCHER a. BRANDT 2010). 

Kindling and post-SE models can be performed through either chemical or electrical 

induction. For electrical kindling, electrodes can be implanted intracerebrally into the limbic 

system which are used to repeatedly apply electrical stimuli (GODDARD et al. 1969). The 

response to these stimuli changes progressively until the rats eventually show bilateral clonic 

convulsions. Besides high face validity in kindled rats for TLE, AED testing in amygdala or 

hippocampal kindled rats showed high predictive validity for TLE as well (LÖSCHER a. 

BRANDT 2010). In post-SE models the cholinergic agonist pilocarpine or the glutamate 

agonist kainate and other chemoconvulsants can be used for chemical induction of a SE 

(LÖSCHER a. BRANDT 2010). The former two are well characterized and rodents develop 

spontaneous recurrent seizures and other symptoms that mimic the clinical characteristics 

of TLE (MORIMOTO et al. 2004). Interestingly, pathological changes in CCC expression have 

been described following SE in the pilocarpine model for the hippocampus (LI et al. 2008) 

and in the kainate model at least for the paraventricular nucleus (O'TOOLE et al. 2014).  

1.7 Bumetanide as an Experimental Therapy 

1.7.1 Preclinical Studies 

Proof-of-concept of the anticonvulsant effect of this combination therapy, bumetanide and 

phenobarbital, was demonstrated by CLEARY et al. (2013) in a model for neonatal seizures. 

They showed a dose-dependent potentiation of the anticonvulsant phenobarbital effect in a 

hypoxia model of neonatal seizures in the rat. The dosages used were 15 mg/kg 

phenobarbital, i.p., with either 0.15 or 0.3 mg/kg bumetanide, i.p., versus vehicle, resulting 

in a dose-dependent anticonvulsant effect. However, the brain concentration reached by 

bumetanide in the above study was 100-fold lower than the half maximal inhibition 

concentrations for NKCC1 (PUSKARJOV et al. 2014). The most recent summary of studies on 

bumetanide use for neurological disease, including preclinical and clinical studies, was 

reported by KHAROD et al. (2019). They enumerated preclinical studies of neonatal seizures 

with bumetanide treatment, several of which reached positive endpoints (CLEARY et al. 

2013; HOLMES et al. 2015; WANG et al. 2015; HU et al. 2017), which other studies did not 

detect (KANG et al. 2015; KHAROD et al. 2018). In animal models of temporal lobe epilepsy 
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the combination therapy of bumetanide and phenobarbital had a disease-modifying effect in 

the pilocarpine post-SE model in the rat, however it lacked a seizure-reducing effect 

(BRANDT et al. 2010). KOURDOUGLI et al. (2017) reported that bumetanide infusion with 

minipumps from day 2 to 5 following SE rescues the NKCC1/KCC2 dysregulation at day 5 and 

restores the GABA function (86 ng/24hours for 3 days). Additionally, bumetanide was not 

effective to disrupt SE in rodents, neither alone nor in combination with phenobarbital. 

Although the combination was not able to disrupt SE, it had an anticonvulsive effect. This 

effect, however, was smaller than the effect of phenobarbital and diazepam in combination 

(TÖLLNER et al. 2015). From a preclinical point of view, the successes yielded with the 

combination treatment of phenobarbital and bumetanide remain inconsistent. 

1.7.2 Clinical Studies 

Efforts were made to transfer the experimental treatment to humans. While two clinical 

trials for neonatal seizures have been performed (PRESSLER et al. 2015; SOUL et al. 2017), in 

adults preliminary studies exist only (EFTEKHARI et al. 2013; GHARAYLOU et al. 2019). 

EFTEKHARI et al. (2013) reported of three patients, which received 2 mg/kg oral daily 

bumetanide add-on to continued AED treatment and showed beneficial effects in TLE. An 

open-label, single-arm, single-centered clinical trial assessed bumetanide as an add-on 

therapy for adult patients with pharmacoresistant temporal lobe epilepsy (GHARAYLOU et 

al. 2019). It needs to be mentioned that the study design is not sufficient to create robust 

data, which is accounted for by the authors in the title, claiming this to be a “preliminary 

study” to evaluate the safety and efficacy of bumetanide in patients with drug-resistant 

epilepsy. The 27 enrolled patients received concomitant treatment with two or more various 

AEDs and 2-3 mg/kg bumetanide orally twice a day. Except for one patient that dropped out 

of the study and reported increased seizure frequency, only minor unwanted effects were 

described in the initial weeks of treatment for the other patients. These were anorexia, 

nausea and vomiting, agitation, and headache. The study reports a significantly decreased 

monthly seizure frequency during the six months of treatment. 19 patients responded to 

treatment and five patients were seizure-free in the last three months of treatment. To sum 

it up, preliminary reports exist of using bumetanide in adult patients. However, more robust 

data is needed in preclinical experiments that model adult epilepsies. 
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Two multicenter clinical phase 1/2 trials have been conducted to investigate the anti-seizure 

effects of the combination treatment of bumetanide and phenobarbital in neonatal seizures 

refractory to phenobarbital alone (PRESSLER et al. 2015; SOUL et al. 2017). An open-label, 

multicenter trial in Europe started in 2013, but was stopped early due to serious adverse 

effects and limited efficacy in terms of seizure reduction (PRESSLER et al. 2015). 14 

newborns with hypoxic-ischemic encephalopathy and phenobarbital-resistant seizures 

received either of four dosages of bumetanide (0.05 mg/kg; 0.1 mg/kg; 0.2 mg/kg; or 0.3 

mg/kg) to a second initial dose phenobarbital (10 mg/kg i.v.). Five children met the criteria 

for seizure reduction, three children died, and three of eleven children showed irreversible, 

severe hearing loss in follow-up examinations. All children except for one received 

aminoglycosides that are known to increase the risk of ototoxicity when co-administered 

with loop diuretics. Studies in mice showed ototoxic effects after the co-administration of 

bumetanide and the aminoglycoside kanamycin at 18 days of age, but not at 38 days of age 

(PRIEVE a. YANZ 1984). In vitro, bumetanide was reported to increase aminoglycoside uptake 

through hyperpolarization of the cell (WANG et al. 2013). The co-administration of 

bumetanide with aminoglycosides thus probably resulted in intracellular accumulation and 

cell death (ALLEGAERT et al. 2016). Yet, one out of the three children affected by hearing 

loss did not receive additional glycoside treatment. 

A multicenter, randomized, double-blinded clinical phase 1/2 trial in the U.S. was run from 

2009-2019 (NCT No. NCT00830531). Preliminary findings were published as congress 

abstract at several international conferences including the Meeting of the American Epilepsy 

Society 2017 (SOUL et al. 2017). Neonates with refractory EEG-proven seizures were 

enrolled in the study and assigned to control (phenobarbital and placebo; n=16) or 

treatment (phenobarbital and bumetanide at a dose of 0.1, 0.2, or 0.3 mg/kg; n=27). When 

comparing two hours before the treatment to the four hours following the treatment, the 

seizure burden was significantly reduced in both groups. Yet, the reduction of the seizure 

burden was significantly greater in the groups that received the combination treatment vs. 

phenobarbital alone (SOUL et al. 2017). The efficacy endpoint of this study, however, was 

not stated in the abstract. Furthermore, the randomization led to unevenly distributed 

groups resulting in patients with a lower seizure burden in the control group than in the 

treatment group. Diuresis was significantly increased in the bumetanide groups and two 
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treated neonates had hearing impairment which was not specified further, e.g. if reversible 

or irreversible. This is of interest since both reversible and irreversible hearing loss have 

been described as unwanted effect of loop diuretics (RYBAK 1993), but would differ greatly 

in severity for the patient. In contrast to the European trial, no aminoglycosides were 

administered in the trial by SOUL et al. (2017). 

1.8 Repurposing 

The repurposing, or repositioning, of drugs is a potentially fast way with lower risk for 

medications to become available for patients due to lower overall costs and shorter 

timelines for development (ASHBURN a. THOR 2004; PUSHPAKOM et al. 2018). This means 

that potentially repurposable drugs were approved for medical use for one indication, i.e., 

high blood pressure in the case of bumetanide, and may then be approved for a second 

indication, i.e., neurological diseases like Autism Spectrum Disorders or epilepsy for 

bumetanide. An example of a successfully repurposed drug is sildenafil that was originally 

intended for treatment of angina pectoris and later for pulmonary hypertension and erectile 

dysfunction (GHOFRANI et al. 2006). Other examples of successful repurposing are aspirin, 

recently approved for colorectal cancer, and the AED topiramate, recently approved for 

obesity (PUSHPAKOM et al. 2018). A last example that fits this category to some extent is the 

loop diuretic torasemide. In the TORIC study, a clinical trial, the treatment of chronic heart 

failure with furosemide and torasemide was compared and an unexpected reduced 

mortality with torasemide treatment was evident (COSÍN a. DÍEZ 2002). The reduced 

mortality was postulated by BUGGEY et al. (2015) to be mediated by reduced myocardial 

collagen production and reduced cardiac fibrosis in patients with heart failure. Torasemide 

was since approved for the treatment of chronic heart failure for veterinary medicine in 

2016. 

Several approaches can be taken for repurposing, e.g., retrospective clinical and/or 

pharmacological analyses like in the cases mentioned above. Another possibility is a target-

driven experimental approach, like potentially in the case of bumetanide that originally was 

a diuretic drug and then entered clinical phase 1/2 studies for neonatal seizures. After two 

clinical trials, the question remains whether other less well characterized substances of the 

same class as bumetanide are fit better to address the suggested mechanism of action – 
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inhibition of NKCC1 – in patients with seizures. From this drug-drug similarity the starting 

point of the hypothesis to be tested was that bumetanide is the most potent NKCC1 inhibitor 

of the loop diuretics. 

1.9 Derivatives 

Besides the strategy described above two other strategies were pursued by our group in the 

last years to evaluate the efficacy of drugs similar to bumetanide for the combination 

therapy with phenobarbital in epilepsy patients. These aimed to find alternative NKCC1 

inhibitors superior to bumetanide as well: 1) the development of bumetanide prodrugs that 

cross over the blood-brain barrier (BBB) and are metabolized to bumetanide in the brain; 2) 

the development of new chemical entities derived from bumetanide that act as NKCC1 

inhibitors on their own and have improved pharmacokinetic and -dynamic properties for the 

treatment of CNS diseases. 

1.9.1 Prodrug Strategy 

The substitution of the carboxyl group with a dimethylaminoethyl ester resulted in a 

compound that met the desired prodrug criteria (TÖLLNER et al. 2014). The i.v. application of 

this compound, “BUM5” or 2-(Dimethylamino)ethyl-3-(butylamino)4-phenoxy-5-sulfamoyl-

benzoate, resulted in higher brain concentrations of bumetanide than the administration of 

its parent compound bumetanide itself. “BUM5” penetrated better over the BBB due to its 

higher lipophilicity (logP=2.9 vs. logP=2.7) and was metabolized in the brain by ubiquitous 

esterases to bumetanide. The co-administration of either bumetanide or “BUM5” with 

phenobarbital was efficient to increase the afterdischarge threshold in fully kindled rats, a 

model for pharmacoresistant epilepsy (STABLES et al. 2003; LÖSCHER a. BRANDT 2010). Yet, 

“BUM5” and phenobarbital in combination, additionally reduced the seizure duration 

significantly as recorded at the afterdischarge threshold (TÖLLNER et al. 2014). In the same 

study, it was shown, however, that the diuretic effect of “BUM5” in mice was significantly 

reduced compared to the effect of bumetanide. In a second model for pharmacoresistant 

epilepsy, the pilocarpine-induced post-SE model (STABLES et al. 2003; LÉVESQUE et al. 

2016), the positive effect of “BUM5” was substantiated. It was shown that the combination 

of “BUM5” and phenobarbital was more effective to potentiate the anticonvulsant effect of 
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phenobarbital in chronic epileptic mice, which the combination with phenobarbital was not 

(ERKER et al. 2016). These experiments were performed in sham-treated mice vs. mice that 

developed chronic epilepsy after pilocarpine-induced SE. Pilocarpine-induced SE was 

described to lead to alterations in NKCC1 and KCC2 expression levels in mice (LI et al. 2008). 

Thus, the combination of “BUM5” potentiated the anticonvulsant phenobarbital effect only 

in chronic epileptic mice, but not in the sham, non-epileptic, group. The design of 

bumetanide prodrugs that target the brain is feasible as was demonstrated by “BUM5”’s 

anticonvulsant effect in two animal models of epilepsy and its reduced unwanted effects. 

“BUM5” is an interesting prototype of this group. Additionally, the potentiation of the 

phenobarbital effect in chronic epileptic mice only marks the importance of pathologic 

changes for the mechanism of action of the combination treatment. This also supports the 

hypothesis that the anticonvulsant effects of bumetanide and phenobarbital in vivo, which 

were inconsistently found, can be improved by substituting bumetanide for a more brain-

permeable NKCC1 inhibitor that reaches higher concentrations at the target. 

1.9.2 New Chemical Entity Strategy 

The aim was to identify bumetanide derivatives for targeting CNS diseases that themselves 

inhibit NKCC1 by screening selected compounds for their inhibitory potency towards 

hNKCC1A and hNKCC2A in vitro and combining this data with their diuretic potency in vivo 

(LYKKE et al. 2015; LYKKE et al. 2016). These studies also assessed structure-activity 

relationships for both NKCC variants. Bumetanide and nine compounds were tested that 

differed structurally from bumetanide in several ways. One or two functional groups were 

substituted with other functional groups. These were either the carboxyl group at position 1, 

the butylamine group at position 3, or, in addition to the butylamine group, the phenoxy 

group at position 4 or the sulfamoyl group in position 5. This study by LYKKE et al. (2015) 

substantiated the conclusion made by Feit and coworkers after the screening processes for 

potent loop diuretics: The carboxyl group in benzoic acid derivatives is a prerequisite for a 

strong diuretic effect, hence NKCC2 inhibition. From the tested substances “BUM13”, or 

bumepamine, was selected for further investigations. Although it showed a diuretic effect in 

dogs, neither did it inhibit NKCC1A nor NKCC1B in xenopus laevis oocytes in concentrations 
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up to 100 µM (LYKKE et al. 2015; LYKKE et al. 2016). Due to its higher logP and pKa, it was 

expected to penetrate better over the BBB. 

Interestingly, the strategy to use bumetanide prodrugs and analogs was shown to be 

promising in a mouse stroke model with hypertension comorbidity (HUANG et al. 2019). A 

chemically identical compound to “BUM5”, described above (s. Section 1.9.1 Prodrug 

Strategy), and a new chemical entity derived from bumetanide “STS66” or 3-(Butylamino)-2-

phenoxy-5[(2,2,2-trifluoroethylamino)methyl]benzenesulfonamide were used to prevent 

pathologic damage following arterial occlusion. “BUM5” and “STS66” were able to 

significantly reduce infarct volume and cerebral swelling in a mouse stroke model with 

hypertension comorbidity when administered twice daily over five days at equimolar 

dosages to 10 mg/kg bumetanide following the insult. Bumetanide (10 mg/kg), on the other 

hand, did not produce these beneficial effects. However, the mortality was increased more 

than 50% with the “BUM5” treatment. 
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Abstract 

The Na+-K+-2Cl- cotransporter NKCC1 plays a role in neuronal Cl- homeostasis secretion and 

represents a target for brain pathologies with altered NKCC1 function. Two main variants of 

NKCC1 have been identified: a full-length NKCC1 transcript (NKCC1A) and a shorter splice 

variant (NKCC1B) that is particularly enriched in the brain. The loop diuretic bumetanide is 

often used to inhibit NKCC1 in brain disorders, but only poorly crosses the blood-brain 

barrier. We determined the sensitivity of the two human NKCC1 splice variants to 

bumetanide and various other chemically diverse loop diuretics, using the Xenopus oocyte 

heterologous expression system. Azosemide was the most potent NKCC1 inhibitor (IC50s 

0.246 µM for hNKCC1A and 0.197 µM for NKCC1B), being about 4-times more potent than 

bumetanide. Structurally, a carboxylic group as in bumetanide was not a prerequisite for 

potent NKCC1 inhibition, whereas loop diuretics without a sulfonamide group were less 

potent. None of the drugs tested were selective for hNKCC1B vs. hNKCC1A, indicating that 

loop diuretics are not a useful starting point to design NKCC1B-specific compounds. 

Azosemide was found to exert an unexpectedly potent inhibitory effect and as a non-acidic 

compound, it is more likely to cross the blood-brain barrier than bumetanide. 
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3.1 Abstract 

Based on the potential role of Na-K-Cl cotransporters (NKCCs) in epileptic seizures, the loop 

diuretic bumetanide, which blocks the NKCC1 isoforms NKCC1 and NKCC2, has been tested 

as an adjunct with phenobarbital to suppress seizures. However, because of its 

physicochemical properties, bumetanide only poorly penetrates through the blood-brain 

barrier. Thus, concentrations needed to inhibit NKCC1 in hippocampal and neocortical 

neurons are not reached when using doses (0.1-0.5 mg/kg) in the range of those approved 

for use as a diuretic in humans. This prompted us to search for a bumetanide derivative that 

more easily penetrates into the brain. Here we show that bumepamine, a lipophilic 

benzylamine derivative of bumetanide, exhibits much higher brain penetration than 

bumetanide and is more potent than the parent drug to potentiate phenobarbital's 

anticonvulsant effect in two rodent models of chronic difficult-to-treat epilepsy, amygdala 

kindling in rats and the pilocarpine model in mice. However, bumepamine suppressed 

NKCC1-dependent giant depolarizing potentials (GDPs) in neonatal rat hippocampal slices 

much less effectively than bumetanide and did not inhibit GABA-induced Ca2+ transients in 

the slices, indicating that bumepamine does not inhibit NKCC1. This was substantiated by an 

oocyte assay, in which bumepamine did not block NKCC1a and NKCC1b after either extra- or 

intracellular application, whereas bumetanide potently blocked both variants of NKCC1. 

Experiments with equilibrium dialysis showed high unspecific tissue binding of bumetanide 

in the brain, which, in addition to its poor brain penetration, further reduces functionally 

relevant brain concentrations of this drug. These data show that CNS effects of bumetanide 

previously thought to be mediated by NKCC1 inhibition can also be achieved by a close 

derivative that does not share this mechanism. Bumepamine has several advantages over 

bumetanide for CNS targeting, including lower diuretic potency, much higher brain 

permeability, and higher efficacy to potentiate the anti-seizure effect of phenobarbital. 
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5 Discussion 

The two papers present progress in the pursuit of better alternatives to the NKCC1 inhibitor 

bumetanide for the treatment of seizures. The first study investigated alternatives in the 

same class, loop diuretics, the second one a new chemical entity and bumetanide derivative, 

bumepamine. 

5.1 Diuretics 

To our knowledge HAMPEL et al. (2018a) is the first study to quantify the inhibitory potency 

of approved loop diuretics for the sodium potassium chloride cotransporter NKCC1 in the 

same experimental setting. Three structurally different groups of loop diuretics were tested 

in a xenopus laevis expression system for their potency to inhibit 86Rb+ uptake by the two 

human splice variants hNKCC1A and hNKCC1B. In general, the sulfonamides, with the 

exception of tripamide, were more potent inhibitors than the non-sulfonamides. Of all 

inhibitors, azosemide was the most potent one in this study. None of the compounds 

significantly inhibited one splice variant over the other. 

The intention of the study was to characterize chemically diverse approved loop diuretics. 

Some of them are known to act on NKCC2, for others that their site of action is the TALH. 

The goal was to address two questions: Firstly, the identification of potent NKCC1 inhibitors 

that are potentially interesting for the treatment of CNS diseases; secondly, the assessment 

whether a pharmacological discrimination between the splice variants hNKCC1A and 

hNKCC1B is feasible. 

5.1.1 General Findings  

The loop diuretics were previously divided into three groups based on their chemical 

structure and the resulting physicochemical properties. The acid dissociation constant (pKa) 

is of high importance as it determines the fraction of each compound that is ionized at blood 

pH. Thus, it limits the amount of compound that crosses the BBB via passive diffusion as it is 

not permeable for polarized ions. The sulfonamide derivatives were assigned to the non-

acidic or the acidic sulfonamides, depending on their acidity, leaving the non-sulfonamides 
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to form the third group. Investigated non-acidic sulfonamides were azosemide (pKa=7.38; 

logP=1.40) or 2-chloro-5-(2H-tetrazol-5-yl)-4-(thiophen-2-

ylmethylamino)benzenesulfonamide, torasemide (pKa=5.92; logP=1.96) or 1-[4-(3-

methylanilino)pyridin-3-yl]sulfonyl-3-propan-2-ylurea, and tripamide (no pKa stated; 

logP=2.21) or N-[(1S,2R,6S,7R)-4-azatricyclo[5.2.1.02,6]decan-4-yl]-4-chloro-3-

sulfamoylbenzamide. Acidic loop diuretics among bumetanide (pKa=4.69; logP=2.88) or 3-

(butylamino)-4-phenoxy-5-sulfamoylbenzoic acid were furosemide (pKa=4.25; logP=2.3) or 4-

chloro-2-(furan-2-ylmethylamino)-5-sulfamoylbenzoic acid and piretanide (pKa=4.68; 

logP=2.3) or 4-phenoxy-3-pyrrolidin-1-yl-5-sulfamoylbenzoic acid. The non-sulfonamides 

were ethacrynic acid (pKa=2.8; logP=2.84) or 2-[2,3-dichloro-4-(2-

methylidenebutanoyl)phenoxy]acetic acid and tienilic acid (pKa=3.22; logP=3.04) or 2-[2,3-

dichloro-4-(thiophene-2-carbonyl)phenoxy]acetic acid. The pKa values were taken from the 

DrugBank database (DRUGBANK) and logP values were taken from (DÖRWALD 2012). 

5.1.2 NKCC1 Inhibitors of Interest for CNS Diseases 

In contrast to the 5-sulfamoylbenzoic acid derivatives, the acidic group, the non-acidic loop 

diuretics with a sulfonamide moiety lack the carboxyl group. This results in higher pKa values 

in comparison to the acidic group. In turn, a larger fraction of non-acidic loop diuretics are 

non-ionized at blood pH 7.4 compared to the acidic group. Hence, that is an advantageous 

physicochemical property for overcoming the BBB. Azosemide was the most potent NKCC1 

inhibitor tested in this study, about four times more potent than bumetanide. Torasemide 

also proved to be a potent inhibitor of NKCC1s, however about ten-fold less potent than 

bumetanide. With the exception of tripamide, that did not inhibit NKCC1 transport, this 

might be the most interesting group for further studies in the search of NKCC1 inhibitors of 

interest for CNS diseases. 

To target NKCC1 in the brain for CNS diseases, the suitable compound will be required to 

overcome the BBB and reach sufficient concentrations at the target. Although azosemide 

and torasemide are potent inhibitors and have more advantageous physicochemical 

properties for BBB penetration over bumetanide, low in vivo brain penetration for both 

compounds was described (LEE a. LEE 1995; LEE et al. 2005). LEE et al. (2005) found brain 

concentrations of 0.0127 µl/ml in the rat brain 30 min after 10 mg/kg i.v. injection. LEE a. LEE 
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(1995) reported azosemide to be under the detection limit in rat brain 30 min after 20 mg/kg 

i.v. injection. These findings of low brain penetrance in the rat could be confirmed by in vivo 

pharmacokinetic studies in mice in our laboratory (unpublished data). Efflux mechanisms at 

the BBB that affect bumetanide brain concentrations were described previously by us and 

others in detail (DONOVAN et al. 2016; RÖMERMANN et al. 2017). The active efflux 

contributes to the low bumetanide brain levels. We found evidence that azosemide and 

torasemide might be affected similarly like bumetanide by efflux transporters (unpublished 

data). The transporter hypothesis is one to possibly explain the mechanisms of resistance to 

AEDs in patients (LÖSCHER et al. 2013a). These efflux mechanisms might explain the low 

brain concentrations found in the in vivo studies. While neither of the two substances 

reached significantly higher brain concentrations, they are less potent diuretics and could 

hence be dosed higher than bumetanide for which dosage is limited by its potent diuretic 

action. The compounds could also be interesting for emergency treatment of seizures even if 

the low brain concentrations limit their use for chronic anticonvulsive treatment. 

Out of the tested acidic sulfonamide derivatives, piretanide was even more potent to inhibit 

NKCC1 than bumetanide and furosemide. Interestingly, bumetanide and piretanide differ 

structurally in the butylamine group only but differ in their selectivity towards cation 

chloride cotransporters. The N-butyl group forms a ring in piretanide and a chain in 

bumetanide. Both compounds inhibit NKCC1 and NKCC2 at a similar range. Bumetanide has 

an approximately 500-fold higher affinity towards KCC2 than to NKCC1 (PAYNE et al. 2003). 

Knowledge on piretanide’s affinity towards KCC2 would be interesting for the future design 

of bumetanide derivatives. Furosemide, however, is known to inhibit KCC2, the extruder of 

Cl- and counterpart to NKCC1 at the neuronal membrane in the same range, as it does 

NKCC1 (GILLEN et al. 1996; HANNAERT et al. 2002; PAYNE et al. 2003). Thus, furosemide is 

not of interest for the targeting of NKCC1.  

From a pharmacokinetic point of view, it is interesting that JAVAHERI et al. (1994) described 

that a furosemide concentration of 10 µM is reached in cerebrospinal fluid after i.v. 

application (400 mg/kg) in dogs. This concentration exceeds both IC50s (IC50,hNKCC1A=5.15 µM, 

IC50,hNKCC1B=5.82 µM) found in HAMPEL et al. (2018a). The maximum therapeutic dosage in 

case of acute renal failure however is 5 mg/kg, i.v., in dogs (RICHTER a. UNGEMACH 2014). 
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Although the recommended maximum dosage is exceeded by far, the findings might be 

interesting to consider when interpreting pharmacodynamic data of furosemide. 

The non-sulfonamide derivatives, ethacrynic acid and tienilic acid, were the least potent to 

inhibit NKCC1. IC50s of ethacrynic acid were 1678 µM for hNKCC1A and 3071 µM for 

hNKCC1B. IC50s of tienilic acid were 489 µM for hNKCC1A and 1781 µM for hNKCC1B. Due to 

their low potency they are probably not of interest as alternative NKCC1 inhibitors. 

Furthermore, because of their pKa values (2.8 and 3.22 for ethacrynic acid and tienilic acid 

respectively), they cannot be expected to penetrate well into the brain due to high 

ionization in the blood. In addition, ethacrynic acid’s diuretic potency is comparable to 

bumetanide’s and it will thus have a large unwanted diuretic effect when used for treating 

CNS diseases. 

Tienilic acid, on the other hand, after its approval for the European and the U.S. market in 

1976 and 1979, respectively, has been withdrawn from the market due to hepatotoxic 

effects (ZIMMERMAN et al. 1984). It was identified to cause immunoallergic hepatitis in 

humans (1 case for 10 000 patients) by inducing anti-LKM2 autoantibodies that are directed 

against the human liver cytochrome P450 (MANSUY 1997). Thus, neither tienilic acid is an 

alternative for the treatment of CNS diseases. 

Interestingly, a work by REID et al. (2000) claims an anticonvulsant effect of ethacrynic acid 

(90 mg/kg, i.v.) in audiogenic seizures in global ischemia in rats. In the same setup similar 

effects were seen with furosemide (200 mg/kg, i.v.) and bumetanide (40 mg/kg, i.v.), but not 

with the osmotic diuretic mannitol (2 g/kg, i.v.). In a second setup, furosemide was 

ineffective in acute bicuculline-induced audiogenic seizures. Although the authors included 

animals in which seizures could be triggered by sound prior to the drug testing only, the 

described experiments lack both sham and vehicle controls and the findings thus cannot be 

considered robust, but rather an indication that the loop diuretics in the used epilepsy 

model might have an anticonvulsant effect. In addition, the maximum dosages 

recommended in the literature for dogs are exceeded. Recommended maximum dosages are 

5 mg/kg, i.v., for furosemide, up to 3 mg/kg, i.v., for ethacrynic acid, 1.5 g/kg/d mannitol, i.v., 

and 0.1 mg/kg bumetanide, i.v. (RICHTER a. UNGEMACH 2014). 
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5.1.3  Pharmacological Differentiation Between the Two NKCC1 Splice Variants 

A second important question was whether any chemically more diverse substance than in 

previous comparable experiments (LYKKE et al. 2015; LYKKE et al. 2016) could show that 

pharmacological discrimination between the two NKCC1 splice variants could be achieved. 

This evolved from the findings of the clinical NEMO trial by PRESSLER et al. (2015). Their trial 

examined the combination of phenobarbital and bumetanide as an experimental seizure 

therapy for neonatal seizures. After two years the trial was stopped early because of 

irreversible ototoxic effects in three children enrolled in the study. Of the two human splice 

variants, hNKCC1B expression in the brain is higher than hNKCC1A expression. The situation 

is vice versa or the splice variants are equally expressed in other tissues (VIBAT et al. 2001). 

Knowledge about pharmacological selectivity thus is vital for the pursuit of a compound with 

less peripheral unwanted effects. 

All in all, none of the inhibitors were significantly more potent to inhibit either hNKCC1A or 

hNKCC1B. Piretanide showed the highest hNKCC1A/hNKCC1B ratio regarding IC50 (2.02), 

while tienilic acid showed the lowest ratio (0.275). Neither difference was significant. The 

IC50s for hNKCC1A and for hNKCC1B for all seven substances showed high correlation 

(r2=0.9906; N=3-7). This leads to believe that the non-significant differences seen for tienilic 

acid and piretanide would have been eradicated by higher repetition of experiments. In this 

experimental setup, the tested substances were not able to discriminate between the two 

splice variants pharmacologically. 

The difference in the amino acid sequence between the two splice variants results from exon 

21 losses in hNKCC1B. Due to this splicing difference of the 48 base pairs, exon 21, the C-

terminus of hNKCC1B is 16 amino acids shorter. Although the splicing difference between 

the two variants is conserved in mouse and human (RANDALL et al. 1997; VIBAT et al. 2001), 

its biological purpose may be the trafficking of the variants. NKCC1A contains a basolateral 

sorting motif in the C terminus, a leucine motif, which includes exon 21 (CARMOSINO et al. 

2008). NKCC2 lacks exon 21 as well and contains apical sorting information. CARMOSINO et 

al. (2008) argued that the intact leucine motif might be responsible for dendritic targeting 

signals in NKCC1A. They hypothesized that the alternative splicing might result in altered 

sorting of NKCC1B, i.e. to the axon initial segment in the neuron. Specific trafficking might be 
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the evolutionary purpose for the conservation of the splicing difference in mice and humans.  

Meanwhile the change is not accompanied by alterations in functional transport or 

pharmacological response. This might be due to differences between the primary amino acid 

sequences of the proteins that appear not to affect their tertiary structure in a way that 

alters the pharmacological action site for loop diuretics. It may thus not be feasible to 

develop selective NKCC1B inhibitors. However, the loop diuretics investigated in this study 

can be dismissed as a possible starting point in the development of such selective inhibitors.  

5.1.4 Pharmacological Differences Between NKCC1 and NKCC2 

Diuresis is an unwanted effect in the chronic pharmacological treatment of epilepsy patients. 

Regarding the loop diuretics as a starting point for the development of NKCC1 inhibitors, a 

look at how structural differences affect the ratio of NKCC1/NKCC2 inhibition might yield 

insight into how to develop less diuretic NKCC1 inhibitors. Unfortunately, few studies are 

published that investigate inhibitory potency to NKCC2, less even for NKCC1 (s. Section 2, 

Table 2). Although data on NKCC2 inhibition in heterologous expression systems is scarce for 

all loop diuretics except bumetanide and furosemide, a study by SCHLATTER et al. (1983) 

linked the diuretics to their anatomical site of action. The study investigated the potency of a 

large number of diuretics in tissue preparations of rabbit TALH. However, all three variants 

of NKCC2 are expressed in either the medullary TALH (NKCC2f) or the cortical TALH (NKCC2a, 

NKCC2b) (ITOH et al. 2014). All of these variants differ in their affinity towards bumetanide 

(PLATA et al. 2002) and can be expected to differ for other loop diuretics as well. Hence, the 

data from the tissue preparations of TALH can be interpreted as inhibitory potency towards 

all combined NKCC2 variants rather than any one variant specifically. For this reason, it 

cannot be set into direct comparison with data from the heterologous systems as these 

concretely assess affinity to one target. Additionally to the multiple NKCC2 variants, it has to 

be taken into account that in the tissue preparations the experimental setting is different 

than in cells, i.e., active transport might play a role. The Organic Anion Transporter 3 is 

localized in the basal membrane in the renal proximal tube and bumetanide is a known 

inhibitor (WANG a. SWEET 2013). Thus, the data from tissue preparations are influenced by 

more variables. However, if it is assumed that the magnitude of inhibitory potency can be 

compared in the two setups themselves and the TALH preparation is representative for 



Discussion

 
 

27 

NKCC2 inhibitory potency, some substances are notable. Bumetanide, for example, is the 

most potent substance in preparations of the TALH. A comparison of the ranked potency 

between the TALH preparations and the present NKCC1 transport in oocytes shows that 

some compounds rank similarly (bumetanide, furosemide, piretanide, tienilic acid) in 

contrast to others that do not (azosemide, torasemide, ethacrynic acid). This might be 

particularly interesting for further development of less diuretic NKCC1 inhibitors. 

The potency of azosemide, torasemide, and ethacrynic acid shows differences in the two 

setups. Azosemide is tenfold less potent in a different TALH preparation (GREVEN 1991), and 

thus appears to be a more potent NKCC1 than NKCC2 inhibitor. Torasemide and ethacrynic 

acid on the other hand appear to be more potent inhibitors of NKCC2 than of NKCC1. In a 

TALH preparation by WITTNER et al. (1986), torasemide was as potent as bumetanide is in 

other TALH preparations (SCHLATTER et al. 1983; HANNAERT et al. 2002). In contrast to this, 

torasemide was ten-fold less potent in the oocyte assay to inhibit NKCC1 than was 

bumetanide. Since this is a comparison between TALH preparations, the differences found 

for azosemide and torasemide might be resulting from variations between the experiments. 

It is necessary to assess their potency to inhibit NKCC2 in a heterologous system in the same 

experimental setting in order to either verify or falsify the conclusions above.  

Ethacrynic acid and tienilic acid were tested by SCHLATTER et al. (1983) in the same TALH 

preparation. While ethacrynic acid was as potent as furosemide, tienilic acid was 100-fold 

less potent than the other two. It seems noteworthy that ethacrynic acid was far more 

potent in the TALH preparation than tienilic acid while both their effects on NKCC1 in the 

oocyte assay were equally weak. The chemical structure of the two substances ethacrynic 

acid or 2-[2,3-dichloro-4-(2-methylidenebutanoyl)phenoxy]acetic acid and tienilic acid or 2-

[2,3-dichloro-4-(thiophene-2-carbonyl)phenoxy]acetic acid differs in position 4 of the 

phenoxy group. These differences result in altered physicochemical properties. It appears 

that these structural modifications are important for NKCC2 inhibition while not significant 

for NKCC1 inhibition. 

Our group has shown that the loop diuretic bumetanide is a possible starting point for the 

development of derivatives that are more effective to potentiate the anticonvulsant effect of 

phenobarbital in rodent epilepsy models (BRANDT et al. 2018). This study represents a step 
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towards the development of more effective derivatives for this experimental therapy. The 

most important result is that a carboxyl group is not necessary for the strong inhibition of 

NKCC1 as azosemide was the strongest NKCC1 inhibitor in this study and lacks this carboxyl 

group. This contradicts the findings for NKCC2 inhibitors and might thus be beneficial for the 

development of less diuretic NKCC1 inhibitors. Substances without the carboxyl group also 

have physicochemical properties that allow better brain penetration than bumetanide. This 

is beneficial for reaching a target in the CNS (TÖLLNER et al. 2014). To fully assess the 

potential of the loop diuretics, their inhibitory potency towards KCC2 needs to be 

investigated in the same experimental setting to evaluate whether any of them might 

themselves be fit for repurposing as anticonvulsants. 

5.2 Bumepamine 

One approach to find an approved combination of compounds that act synergistically as an 

anticonvulsant therapy by inhibiting NKCC1 and potentiating GABA like shown by CLEARY et 

al. (2013) for bumetanide and phenobarbital was described above (s. Section 4.1 Diuretics). 

Apart from the evaluation of loop diuretics for their suitability to substitute bumetanide as 

NKCC1 inhibitor in an experimental therapy, our group also investigated the suitability of 

bumetanide derivatives. The derivative approach can actually be divided into two branches. 

Firstly, the works by TÖLLNER et al. (2014) and ERKER et al. (2016) have shown the feasibility 

to develop prodrugs of bumetanide that are less diuretic, yet more effective to potentiate 

the anticonvulsant effect of phenobarbital. Secondly, new chemical entities were developed 

and/or characterized. The work by BRANDT et al. (2018) is proof-of-concept that the design 

of new chemical entities from bumetanide that are more effective to potentiate the 

anticonvulsant effect of phenobarbital is feasible as well. 

The study showed that a benzylamine derivative of bumetanide was more effective than 

bumetanide to potentiate the phenobarbital effect in two rodent models of epilepsy. The 

substitution of the carboxyl group with a benzylamine group led to altered physicochemical 

properties. This resulted in a soluble compound with improved brain penetrance. 

Furthermore, tissue binding was increased with bumepamine in comparison to bumetanide 

in both plasma and brain tissue. It was shown that bumepamine was not metabolized 

significantly to bumetanide and, hence, fitted the definition of new chemical entity. It was 
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also less diuretic than bumetanide. This was expected as it showed lower diuretic potency in 

dogs and low inhibitory potency towards NKCC2 in the xenopus laevis assay in vitro (LYKKE et 

al. 2015). Although no inhibitory effect was described for bumepamine in vitro for NKCC1 

except the late onset reduction of GDPs (LYKKE et al. 2016; BRANDT et al. 2018) or NKCC2 

(LYKKE et al. 2015), it did show a diuretic effect in rats in the present study and in dogs 

(NIELSEN a. FEIT 1978). A dose of 1 mg/kg, i.v., of bumepamine (or “BUM13”) resulted in the 

excretion of 33 ml/kg H2O, 4.5 mEq/kg Na+, 1.15 mEq/kg K+, 5.4 mEq/kg Cl- per 6 hours after 

administration. All parameters were highly elevated in contrast to the control group. Control 

animals resulted in 0.3-4.2 ml/kg H2O, 0.05-0.45 mEq/kg Na+, 0.06-0.30 mEg/kg K+, and 0.06-

0.28 mEq/kg Cl- (extreme values from 108 experiments) (NIELSEN a. FEIT 1978). In 

comparison, bumetanide at a dose of 0.25 mg/kg i.v. resulted in 39 ml/kg H2O, 4.0 mEq/kg 

Na+, 0.84 mEq/kg K+, 5.7 mEq/kg Cl- per 3 hours after administration (OSTERGAARD et al. 

1972). So, bumetanide yielded a similar diuretic effect at a four-fold smaller dose of 

bumepamine and in half the time of these experiments. 

The combination treatment of bumepamine with phenobarbital was more effective to 

enhance the anticonvulsant effect of phenobarbital in two rodent epilepsy models than the 

combination of bumetanide with phenobarbital. Surprisingly however, in three experimental 

setups it could not be shown that the compound is inhibiting NKCC1 potently in vitro or ex 

vivo. Thus, it has to be asked whether the mechanism of action for bumepamine and 

phenobarbital in this study is indeed NKCC1 inhibition and GABA potentiation or rather an 

off-target effect of bumepamine in this combination. 

The study showed that bumetanide is a possible starting point to create new chemical 

entities in order to improve the experimental treatment of seizures with a combination of an 

NKCC1 inhibitor and a GABA-potentiating AED. Bumepamine can be the prototype of this 

development. Additionally, this study was a step towards more insight into the mechanism 

of action of the combination therapy, whereas bumepamine will be a possible model 

substance to clarify the mechanism of action. Furthermore, the study showed properties of 

bumepamine that need further improvement for future strategic design of new chemical 

entities like the plasma protein binding and the brain tissue binding. 
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As reported by us earlier, bumepamine has a logP of 4.5 and a pKa
 of 7.0 (LYKKE et al. 2015). 

Especially the higher lipophilicity compared to bumetanide might result in the higher tissue 

binding in brain tissue in vitro because binding to lipids is of most importance in the CNS 

(REICHEL 2009). For future design it may be important that lipophilic escalation does not 

necessarily yield substances with higher concentrations at the target due to increased tissue 

binding in the CNS. However, the bumetanide derivative “STS66” or 3-(Butylamino)-2-

phenoxy-5[(2,2,2-trifluoroethylamino)methyl]benzenesulfonamide can be expected to have 

high lipophilicity. “STS66” was reported to have beneficial effects in a stroke model that are 

interpreted to be mediated by NKCC1-inhibition (HUANG et al. 2019). Investigations into the 

affinity of “STS66” towards NKCC1 by in vitro and into its level of tissue binding in the brain 

might yield interesting insight into bumepamine’s mechanism of action.  

Although the study increased the knowledge on the way bumetanide acts on NKCC1, it 

presented no experimental data to back up an explanation of the mechanisms of action of 

bumepamine. Hence, the most important question that needs to be answered is how can 

the anticonvulsant effect of the combination therapy of bumepamine and phenobarbital can 

be explained, although bumepamine does not act on NKCC1 in vitro nor ex vivo. 

Regarding the mechanism of action of bumepamine, the study investigated two potential 

targets: NKCC1 and the water channel AQP4. A chemically similar compound, AqB013 or 3-

butylamino-phenoxy-N-pyridin-3-yl-5-sulfamoyl-benzamide, was described by MIGLIATI et 

al. (2009) to inhibit the AQP4 function. AQP4 is a water channel that is expressed in astroglial 

cells at the BBB (YOOL 2007). AQP4 was discussed to play a role in epilepsy and it was 

thought to impact K+ homeostasis via the inward rectifier K+ channel Kir4.1 (BINDER et al. 

2006). However, more recent findings led ASSENTOFT et al. (2015) to suggest that AQP4 only 

plays a minor role in Kir4.1-mediated K+ clearance. MIGLIATI et al. (2009) showed that 

AqB013 influenced the ratAQP4-mediated cell swelling. This effect was, however, not 

reproduced by ESTEVA-FONT et al. (2016) or the current study (BRANDT et al. 2018). 

Although AqB013 and bumepamine have structural similarities, bumepamine did not alter 

the AQP4 function in the current model either (BRANDT et al. 2018). Hence, the 

anticonvulsant effect by bumepamine and phenobarbital is probably not AQP4-mediatied. 
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5.2.1 Hypotheses to the Mechanism of Action 

To sum it up, evidence on how bumepamine acts mechanistically is yet to be delivered. 

Although neither in field recordings nor in the oocyte assay functional effects are seen, the 

hypothesis that it inhibits NKCC1 in vivo has yet to be tested and cannot be dismissed. The 

effects of bumepamine after i.v. injection in dogs described by NIELSEN a. FEIT (1978) 

showed ion concentrations that indicated that the diuretic effect was mediated via NKCC2 

inhibition. It was reported that the diuretic effect of 1 mg/kg bumepamine i.v. was a more 

than 10-fold volume increase, a more than 20-fold Na+-increase, and a more than 5-fold K+-

increase. A strong volume increase like described by NIELSEN a. FEIT (1978) strongly 

indicates that the mechanism of action is either that of osmotic diuretics, like mannitol, or 

that of loop diuretics, like bumetanide. Osmotic diuretics, however, are not expected to 

increase the Na+-excretion in the immense way that is described in the dog (TURNHEIM 

2013). However, in vitro no inhibitory effect on NKCC2 was observed in 86Rb+ uptake assays 

in concentrations up to 100 µM (LYKKE et al. 2015). Yet, the in vivo studies in dogs strongly 

indicated the inhibition of NKCC2 in vivo. Interestingly enough, the same was true in the 

present study for NKCC1. While an in vivo effect of bumepamine was described that was 

expected to be mediated by NKCC1 inhibition, no effect of bumepamine on NKCC1 could be 

verified in vitro or ex vivo. As bumepamine appears to be a model substance for a novel 

therapy option for seizures, efforts should be made to elucidate its anticonvulsive 

mechanism of action in vivo. 

5.2.2 Proposals for the Future 

In a pre-print database, DUBANET et al. (2019) suggested a method to assess the effects on 

the GABA function by single-cell recordings and fieldIPSP recordings in vivo. In the kainate 

model of temporal lobe epilepsy, they were able to identify single pyramidal cells in the 

Cornu ammonis 3 region of the hippocampus that responded to GABAergic input with firing 

action potentials while the sum of the cells responded with an inhibitory field potential. In 

the future, this method might be valuable to elucidate network activity in vivo. It might be 

valuable as well to substantiate the hypothesis that bumepamine and bumetanide inhibit 

NKCC1 in vivo and in that manner potentiate phenobarbital’s anticonvulsant effect.  
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Additionally, our group successfully performed the intrahippocampal kainate model of 

temporal lobe epilepsy in NKCC1-/--mice (HAMPEL et al. 2018b; HAMPEL et al. 2018c). 

Although upregulation of NKCC1 is described in many models of epilepsy and interpreted to 

contribute to increased seizure susceptibility, all NKCC1-/--mice developed spontaneous 

recurrent seizures. Following the hypothesis that bumepamine’s mechanism of action in 

BRANDT et al. (2018) is indeed the inhibition of NKCC1 in vivo, the combination treatment of 

bumepamine and phenobarbital should not be able to reproduce the anticonvulsant effect 

in chronic epileptic NKCC1-/--mice. In the future, such an experiment could either 

substantiate the thesis that NKCC1 in vivo is inhibited by bumepamine or indicate that 

bumepamine hits an off-target structure to exert its anticonvulsant effect. 

5.3 Overall 

The existing treatment gap in patients with neonatal seizures and patients with 

pharmacoresistant chronic epilepsy makes it necessary to develop new anticonvulsant 

therapies. The transporter NKCC1 was proposed as a target to develop new experimental 

therapies. Our group has pursued several strategies to find better alternatives to 

bumetanide because its physicochemical properties limit its brain penetration. One 

approach to develop brain-permeable prodrugs brought forth the development of “BUM5”, 

a compound that potentiated phenobarbital’s anticonvulsant effect in chronic epileptic 

mice. The second approach that involves bumetanide derivatives yielded bumepamine as 

presented in the study by BRANDT et al. (2018). This benzylamine derivative of bumetanide 

is a new chemical entity that even more effectively potentiated phenobarbital’s 

anticonvulsant effect than the prodrug “BUM5”. Finally, a third approach was started to 

select possible members of the class loop diuretics, if any might be superior to bumetanide. 

A first step was made by the examination of the inhibitory potency of eight loop diuretics in 

the xenopus laevis heterologous expression system. In this setup, azosemide proved to be an 

even more potent NKCC1 inhibitor than bumetanide. The fairly potent inhibitor torasemide 

combined with altered physicochemical properties might also warrant further 

characterization. Looking ahead, bumepamine and “BUM5” will be great prototypes for the 

future development of suitable bumetanide derivatives as well as azosemide and torasemide 

need to be further characterized for their possible efficacy to treat CNS diseases. 
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6 Summary 

Characterization of Loop Diuretics and Bumetanide Derivatives with Selective 

Effect on the Neuronal Cation Chloride Cotransporter NKCC1 

Philip Hampel 

Epilepsy is one of the most common chronic neurologic diseases that affect about 50 million 

patients worldwide. Only two out of three patients can be treated successfully with the 

treatment options currently available. A worse treatment gap exists for neonatal patients 

that develop acute seizures, a condition with an incidence of about 1 per 1 000 newborns. 

Only half of these patients reach freedom of seizures under treatment. An experimental new 

treatment option for seizures, both acute neonatal seizures and seizures during chronic 

epilepsy, that has been investigated in recent years, combines the inhibitor of the neuronal 

Na-Ka-Cl cotransporter NKCC1 bumetanide, a loop diuretic, and the GABA-potentiating anti-

epileptic drug phenobarbital. However, bumetanide has limitations for the treatment of 

diseases of the central nervous system, and findings in preclinical and clinical studies with 

the combination treatment were inconsistent. An alternative, which may lead to improved 

anti-seizure efficacy of the combination treatment, is a more brain permeable and/or more 

potent NKCC1 inhibitor to substitute bumetanide. 

The potency of approved loop diuretics and bumepamine, a benzylamine derivative of 

bumetanide, was characterized in vitro towards both human NKCC1 splice variants, NKCC1A 

and NKCC1B. In a xenopus laevis expression system their inhibitory effect on NKCC1 

transport was evaluated. Furthermore, NKCC1 effects of bumepamine were investigated 

electrophysiologically ex vivo. The pharmacokinetic properties of bumepamine were 

examined in vitro using a binding assay and in vivo using population kinetics. The anti-seizure 

efficacy of either bumetanide or bumepamine alone or in combination with phenobarbital 

was assessed in two rodent models of pharmacoresistant epilepsy, the rat kindling model 

and the post-SE pilocarpine model in mice. 
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Azosemide turned out to be the most potent inhibitor of NKCC1 in the transport assays. 

Azosemide was followed in potency by bumetanide, piretanide, furosemide, and 

torasemide. Tienilic acid and ethacrynic acid were by far less potent inhibitors. Azosemide 

and torasemide will need further characterization if they might fit to substitute bumetanide 

in the combination therapy. Their lack of the carboxyl group that is in part responsible for 

bumetanide’s disadvantageous pharmacokinetic properties makes them both interesting 

possibilities. Bumepamine, on the other hand, was found to be no NKCC1 inhibitor in the in 

vitro settings. However, it reached higher brain concentrations than bumetanide and was 

not metabolized to its mother substance. Most interestingly, bumepamine was more 

effective to potentiate phenobarbital’s anti-seizure effect in both rodent models of epilepsy, 

the rat kindling model and the pilocarpine model. Bumepamine is thus a very noteworthy 

model substance in the search of a compound to substitute bumetanide in the experimental 

therapy. To sum it up, azosemide, torasemide, and bumepamine are attractive substances 

that might lead to the improvement of treatment options for patients with seizures in the 

future. 
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7 Zusammenfassung 

Characterisierung von Schleifendiuretika und Bumetanid-Derivaten mit 

selektivem Effekt auf den neuronalen Kation-Chlorid-Cotransporter NKCC1 

Philip Hampel 

Epilepsie ist eine der häufigsten chronischen neurologischen Erkrankungen, mit der etwa 50 

Millionen Patienten weltweit leben. Von drei Patienten können nur zwei mit den heute zur 

Verfügung stehenden Therapieoptionen erfolgreich behandelt werden. Ein vergleichbarer 

medizinischer Notstand besteht bei Neugeborenen, von denen etwa 3 von 1000 nach 

termingerechter Geburt akute Anfälle entwickeln. In lediglich der Hälfte der Patienten kann 

Anfallsfreiheit durch eine Behandlung erreicht werden. Eine experimentelle, mechanistisch 

neue Behandlung für Anfälle, Neugeborenenkrämpfe und Anfälle von chronischen 

Epilepsiepatienten, wurde in den letzten Jahren untersucht. Diese kombiniert den Inhibitor 

des neuronalen Na-K-Cl-Cotransporters NKCC1 Bumetanid, ein Schleifendiuretikum, und das 

GABA-potenzierende Antikonvulsivum Phenobarbital. Bumetanid ist allerdings nicht 

uneingeschränkt geeignet für die Behandlung von Erkrankungen des Zentralnervensystems, 

und die Resulate der Kombinationstherapie von präklinischen und klinischen Studien waren 

widersprüchlich. Eine alternative Substanz, die besser in das Gehirn gelangt und/oder 

potenter NKCC1 inhibiert, und Bumetanid in der Kombination ersetzt, könnte zu einer 

verbesserten antikonvulsiven Wirksamkeit der Behandlung führen. 

Die Potenz zugelassener Schleifendiuretika und des Benzylaminderivates von Bumetanid, 

Bumepamin,  beide NKCC1-Splice-Varianten des Menschen, hNKCC1A und hNKCC1B, zu 

hemmen, wurde in vitro charakterisiert. In einem Xenopus laevis-Expressionssytem wurde 

ihr jeweiliger inhibitorischer Effekt auf den NKCC1-vermittelten Transport erfasst. Des 

Weiteren wurden NKCC1-Effekte von Bumepamin ex vivo elektrophysiologisch untersucht. 

Die pharmakokinetischen Eigenschaften von Bumepamin wurden in vitro mittels 

Gewebsbindungsstudien und in vivo mittels Populationskinetiken untersucht. Die 

antikonvulsive Wirksamkeit von Bumetanid oder Bumepamin allein, oder in Kombination mit 

Phenobarbital, wurde in zwei Nagermodellen für pharmakoresistente Epilepsie erfasst, dem 
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Kindling-Modell in der Ratte und dem Pilocarpin-induziertem post-Status epilepticus-Modell 

in der Maus.  

Azosemid war der potenteste NKCC1-Inhibitor in den Transportversuchen. Darauf folgten in 

absteigender Potenz Bumetanid, Piretanid, Furosemid und Torasemid, während Ticrynafen 

und Ethacrynsäure weitaus weniger potente Inhibitoren waren. Die nähere 

Charakterisierung von Azosemid und Torasemid wird kenntlich machen, ob diese geeignet 

sind Bumetanid in einer Kombinationstherapie zu ersetzen. Aufgrund der fehlenden 

Carboxylgruppe dieser Substanzen, in der zum Teil Bumetanids ungünstige 

pharmakokinetische Eigenschaften begründet liegen, sind beide spannende Kandidaten für 

diesen Ersatz. Bumepamin war währenddessen in keinem der in vitro-Versuche ein potenter 

NKCC1-Inhibitor. Gleichzeitig ließen sich höhere Hirnkonzentrationen erzielen, als mit 

Bumetanid, und es wurde nicht zu dessen Muttersubstanz umgesetzt. Bemerkenswert ist, 

dass Bumepamin in beiden Epilepsiemodellen zu einer stärkeren Potenzierung des 

antikonvulsiven Effekts von Phenobarbital führte, als Bumetanid.   Bumepamin ist ein sehr 

spannender Prototyp in der Suche nach einer Substanz, die Bumetanid in der 

experimentellen Therapie ersetzen kann. Zusammenfassend sind Azosemid, Torasemid und 

Bumepamin interessante Substanzen, die in der Zukunft zu einer verbesserten 

Therapiesituation für Patienten mit Anfällen beitragen könnten. 
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