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ZUSAMMENFASSUNG 

The Role of KCNQ-Channels in the Pathophysiology of Multiple Sclerosis 

Delank, Anna-Katharina 

Multiple Sklerose (MS) ist eine demyelinisierende Autoimmunerkrankung des zentralen 

Nervensystems. Durch den autoreaktiven Angriff auf Myelinscheiden kommt es zu 

Neurodegeneration mit Veränderungen der neuronalen Erregbarkeit und Reizweiterleitung. 

Ziel dieser Dissertation ist es, den Einfluss von KCNQ-Kanälen auf diese 

pathophysiologischen Veränderungen zu untersuchen. KCNQ-Kanäle sind 

spannungsabhängige Kalium Kanäle, die das Membranpotential hyperpolarizieren und somit 

die neuronale Aktivität regulieren. Das Antikonvulsivum Retigabine nutzt diesen Mechanismus 

und setzt durch Öffnen der KCNQ-Kanäle die neuronale Erregbarkeit herab. Es konnte gezeigt 

werden, dass eine prophylaktische Retigabine Therapie eine Verbesserung des Outcomes 

einer experimentellen autoimmunen Enzephalitis (EAE), einem MS-Tiermodell, erzielte. Da 

das Antikonvulsivum die Proliferation und Cytokinproduktion von murinen Splenozyten nicht 

beeinflusste, vermuten wir keinen Einfluss von KCNQ-Kanälen auf die zugrundeliegende 

Immunreaktion von EAE/MS. Mit Hilfe des Cuprizone-Modells untersuchten wir den Einfluss 

der Kanäle auf Neurodegeneration und konnten zeigen, dass mit Retigabine behandelte 

Mäuse weniger Auffälligkeiten in Verhaltensexperimenten zeigten. Dies weist auf ein besseres 

Lern- und Erinnerungsvermögen der Tiere hin, welches durch die neurodegenerativen 

Vorgänge stark beeinflusst sein kann. Daher ergeben sich Hinweise auf eine neuroprotektive 

Eigenschaft von Retigabine und konsekutiv auf einen Einfluss von KCNQ-Kanälen in der 

Pathophysiologie von MS. 

Die tierexperimentellen Arbeiten sind am 04.08.16, 08.05.17 und 26.02.19 durch das 

Landesamt für Natur, Umwelt und Verbraucherschutz genehmigt worden (84-

02.04.2015.A585, 84-02.04.2016.A307, 81-02.04.2018.A266). 
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1. Introduction 

1.1 Multiple Sclerosis 

Multiple Sclerosis (MS) is an inflammatory and demyelinating disorder of the central 

nervous system (CNS). It is widely considered as autoimmune disease with an 

inflammatory and neurodegenerative component, resulting in neuronal damage with 

axonal transection and demyelination (1–4). It is the most common cause of 

neurological disabilities in young patients in Europe and North America, with an 

average age at onset of 20 - 40 years (5).  Different genetic and environmental risk 

factors are discussed as potential hallmarks, but the main cause of the disease is still 

to be unraveled (6). The  symptoms of MS are diverse and the clinical development is 

depending on sex, age and genetics, as the intrinsic buffering systems for inflammatory 

stressors alter with these factors (7). Most frequent symptoms are visual disturbance, 

paresthesia, ataxia, bladder dysfunction, fatigue and cognitive deficits (3). In general, 

MS can involve all neurological systems like motor, sensory, visual and autonomic 

ones (6). The categorization of MS is depending on the clinical course. The first 

episode of neurological deficit is called clinically isolated syndrome (CIS) (6). Not all 

CISs progress into a manifested MS (4). Therefore, the diagnosis of MS needs a 

combination of confirmed CIS and magnet resonance imaging (MRI) showing lesions 

in the CNS disseminated in time and space, which is known as McDonald criteria (8). 

A common disease course is relapsing remitting MS (RRMS) with is defined by  

complete or partial recovery after a clinical episode (3,4). These episodes are clinical 

exacerbations with neurological symptoms related to myelin loss, that persist for at 

least 24 h in the absence of fever or inflammatory sings (9).  

The treatment of MS is varying depending on the patient, severity of the disease, the 

disease course, preferences of the physician and costs (10). Exacerbations are 

normally treated with high-dose corticosteroids applied intravenously (11). 

Glucocorticoids do not affect the course of the disease but reduce the symptoms (10). 

Besides that kind of approach, disease modifying therapy (DMT)  is used to influence 

the outcome of MS and moderate its progression (10). DMTs are directed against the 

inflammatory response, that is observed in the infiltration of immune cells in MS lesions 

(10). The first established DMTs were interferons and glatiramer acetate (12) and 

recently monoclonal antibodies as Alemtuzumab (anti-CD52-antibody), Natalizumab 
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(anti-α4-integrin-antibody) and Ocrelizumab (anti-CD20-antibody) are used (10). 

Despite therapeutic options, MS remains a progressing disease very heterogeneous 

in clinical course and severity. No curative treatment is availably so far and therefore, 

investigations focusing on the pathophysiology of this disease and possible therapeutic 

strategies are needed.  

  

1.2 Pathophysiology of MS 

MS is widely considered as autoimmune disease with an inflammatory and 

neurodegenerative component. The underlining pathophysiological mechanism is 

subject of ongoing investigations. The most accepted theory is, that T-cells react on 

myelin antigens, which are presented on antigen presenting cells like macrophages, 

microglia, astrocytes and cerebral endothelia cells (3). This leads to an immune 

reaction against the myelin-oligodendrocyte complex resulting in inflammatory and 

neurodegenerative lesions in the white and grey matter regions of the CNS (13,14). 

Since the underlying factors for the development of MS are still not fully understood, it 

remains unclear if neurodegeneration requires or causes the inflammatory process.  

There are different theories for the development of autoimmunity in MS (4). Because 

many microbial proteins share homologies in the structure with the human myelin 

sheath it is thought, that they trigger an autoreactive reaction with myelin destruction 

as a consequence of a process called molecular mimicry (15). This theory supports 

the inflammatory onset of the disease. Since there is evidence that initial MS lesions 

can be independent from inflammation, another hypothesis suggests that  damage 

occurs firstly to the CNS and then it is followed by an autoimmune reaction (inside-out 

hypothesis) (4,16,17). This theory hypothesizes, that macrophages and microglia, 

which are responsible to clean neurodegenerative lesion, are lacking the capacity to 

remove all myelin debris and the remaining fragments function as antigens in an 

autoimmune way, triggering further immune reactions (18,19). In general, different 

steps are needed for the manifestation of MS (20): priming of T-cells against self-

antigens of the CNS  and migration of those pro-inflammatory cells in the CNS with 

passing the blood brain barrier (BBB) (20). Therefore, the BBB, which usually 

separates neuronal structures from the vascular space marking the brain as immune 

privileged organ, needs to be damaged, e.g. by activated T-cells and their 
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proinflammatory cytokines (21). The entering CD8+ T-cells, which are mainly 

responsible for the immune reaction in MS (22), cause an extensive damage to myelin 

sheath and axons (23,24) by reacting on self-antigens of the CNS like myelin 

oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP), proteolipid protein 

(PLP) and lipids (4). Secondary to the lymphatic immune reaction, factors as oxidative 

stress, mitochondria dysfunction and subsequent ion channel dysfunction are 

supporting the inflammatory reaction (7). Brain resident immune cells get involved (7), 

leading to an overall immune reaction with oligodendrocyte death and degeneration of 

myelin and axons (20).  

Demyelination, loss of oligodendrocytes, astrogliosis, destruction of thin caliber axons, 

axonal transection and impaired remyelination are hallmarks of the neurodegenerative 

process in MS (1,25). Demyelination is induced by leucocytes and produced cytokines, 

but inflammation is not essential for demyelination (26). Within the demyelination 

process, the metabolic supplementation of the neuronal membrane becomes 

insufficient resulting in  myelin degeneration occurring without the presence of 

macrophages (14). Without myelin, the action potential (AP) conduction switches from 

saltatory to a continuous one which requires more energy supply (4). For continuous 

AP conduction more Na+ channels along the axon are needed, which results in  greater 

Na+ influx (4,27). To reestablish the membrane potential by Na+/K+ ATPase more 

adenosine trisphosphate (ATP) and therefore more mitochondria are needed, with 

consequent higher H2O2 production (4,27). H2O2 can react to highly reactive radicals 

like OH•, which cause further damage to the cells (4). With insufficient energy 

supplementation, Na+ ions start to accumulate intracellularly, which results in reverse 

activation of the Na+/Ca2+ exchanger. The increasing intracellular Ca2+ can result in 

Ca2+ dependent cell death (28) and in increasing levels of excitotoxic amino acids like 

glutamate (29). In physiologic conditions, the increased glutamate transmission can be 

useful to restore the function of remaining neurons, which have lost their synaptic 

inputs, but in MS the glutamate transmission is exaggerated and triggers excitotoxic 

dendritic spine loss and neuron-to-neuron dysconnectivity which can result in neuronal 

death (30).  

Chronic lesions in the brain show remyelination (31) because of increased numbers of 

promyelinating oligodendrocytes (11). This process is most active during acute 

inflammation, but also occurs during the progressive phase of MS (6) and it is stronger 
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in the cortex compared to white matter regions (31). The underlying process, namely, 

how remyelination is initiated, is the subject of ongoing investigations. Moreover, since 

the original status, the one before demyelination, might not be reestablished, it is an 

aim of ongoing research to assess how remyelination works and how this process can 

be pharmacologically supported. Therefore, different animal models are used to learn 

more about the pathophysiology and therapeutic options of MS.  

1.3 Animal Models in MS Research 

There are different limitations in human studies of MS research. The access to human 

tissue is limited, as biopsies are rarely performed and tissue deriving from autopsies 

is normally coming from a chronic stage of the disease (32,33). It is not possible to 

study the pathophysiology in patients (32), as not all stages of the disease can be 

addressed. Furthermore, the different pathophysiological mechanisms cannot be 

observed separately in human studies, as the disease is mainly diagnosed in a 

symptomatic stage (33). Therefore, animal models are essential in MS research. 

Animal experiments allow insides into pathophysiological mechanisms as well as 

therapeutic options due to standardization, reproducibility and easily modifications of 

the experimental setup (32–34). The most common used animal model for MS is the 

experimental autoimmune/allergic encephalitis (EAE), but there are also viral induced 

models of encephalitis like Theiler’s immune encephalomyelitis virus, and chronic 

demyelinating models like the cuprizone model of de- and remyelination, and focal 

demyelination induced by lyso-phosphatidylcholin (32). For our studies we took 

advantage of the EAE model, as it is a well-established and best explored animal 

model in MS research, and the cuprizone model of de- and remyelination, to focus on 

neurodegeneration independent from inflammation.  
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1.3.1 Experimental Autoimmune Encephalitis 

The EAE model is the most common used animal model for MS. It was established by 

River et al. in 1933 (35). EAE can be induced in primates and rodents by exposing the 

animals to CNS specific antigens, peptides derived from these antigens or CNS tissue 

homogenates (4). An active EAE immunizes animals with peptides from the CNS and 

the immune reaction is “boosted” using an adjuvant like Freud’s adjuvant with or 

without pertussis toxin, to promote the immune reaction. The peptides are functioning 

as CNS specific antigens with MOG, MBP, PLP and lipids as most commonly used 

ones (36). A MOG35-55 induced experimental outline in C57BL/6 mice causes an 

monophasic EAE with onset of symptoms about day 9-14 after immunization, a 

maximum score (dmax) at day 18-20 and slow symptom recovery (remission phase) 

(36). The ascending paralysis, starting with the tail tip, is accompanied by reduced 

body weight, food intake and social exploration (37). In EAE, lesions are usually found 

in the spinal cord, where neuronal loss is already observed at early stages (2). These 

lesions are induced by inflammation (38) thereby making it a useful model to study the 

impact of inflammation on neurodegeneration. Besides demyelination due to 

inflammation, synaptic plasticity and axonal remodeling play an important role in the 

development and remission of clinical symptoms in EAE (38). Those structural 

alterations can also be found in the brain, mainly, cortex, hippocampus, cerebellum, 

striatum and cortex (39). Synaptic plasticity leads to cortical hyperexcitability in the 

remission phase of EAE, which causes further neurodegeneration (40) indicating, that 

inflammation is not the only source of neuronal damage in EAE. 

The EAE model contributes heavily to our understanding of inflammation in MS (41). 

The overall immune response in EAE is comparable to the inflammatory components 

of MS (25,42), but important differences need to be mentioned: While the immune 

response in MS patients is driven by major histocompatibility complex (MHC)  I and 

CD8+ T-cells, EAE shows a MHC II and CD4+-driven immune reaction (41,43), with 

hints, that a MOG35-55 induced EAE in C57BL/6 mice also triggers a CD8+ immune 

response (44,45). Because the neuronal damage is a consequence of EAE induction, 

no primary neurodegeneration independent from inflammation is observed in EAE 

(41,43). Furthermore, EAE is an induced model using genetically homogeneous 

strains of mice, while MS occurs in a heterogeneous group of patients, exposed to 

similar environmental and genetic factors, but characterized by different times of onset, 
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course and severity of the disease (43). The immune system of mice used for animal 

experiments is not exposed to other pathogens and environmental factors like the 

human immune system (43) and therefore, EAE can only represent some aspect of 

the pathophysiology of MS.  

Nevertheless, it is a useful model to study therapeutic approaches for MS treatment. 

Recently, the number of therapies tested on EAE in the preclinical phase has increased 

(46). The EAE model is also used to investigate the mechanisms behind establishes 

MS therapies (41). Unfortunately not all treatments that were promising in EAE 

experiments, exerted the same effects in MS studies (41,46). Reasons for this outcome 

might be the different genetics, pathogenetics or kinetics like different biorhythms and 

differences of immune reactivity of mice compared to humans (41). Furthermore, in 

MS the BBB is insufficiently disrupted compared to the BBB of EAE animals making it 

harder for the tested compounds to reach their target (41). Because of the differences 

between EAE and MS, some authors consider EAE a misleading animal model for MS 

(47), but reflecting all results and advantages that we learned from EAE, it is still a valid 

animal model for MS (41,43).  

 

1.3.2 Cuprizone Model of De- and Remyelination 

The cuprizone model is an established animal model to study de- and remyelination 

independent from inflammation in rodents (48,49). Cuprizone is a copper chelator 

affecting mitochondria metabolism leading to increased production of oxidative agents 

resulting in oligodendrocyte death (34). Cuprizone is administered orally with the diet 

(0.2% mixed with the pellet chow). Acute demyelination is induced by administration 

for 5 weeks. By prolonging the diet for 12 weeks, chronic demyelination can be 

assessed (48). Demyelination occurs in white and grey matter (50) with a regional 

specificity varying along rostrocaudal and mediolateral gradients (51). After 3 weeks 

of cuprizone diet the corpus callosum (CC) shows significant demyelination (52), 

reaching full demyelination after 5 weeks of cuprizone diet (50).  Demyelination of the 

cortex is delayed compared to the CC and it takes 6 weeks of cuprizone diet until 

achieving full demyelination (50).  Remyelination starts directly after the demyelination 

process is completed, irrespective of  diet continuation, but, as further cuprizone 

administration harms newly formed myelin sheaths it is recommended to stop the diet   
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(48,53). The first changes on messenger ribonucleic acid (mRNA) level and protein 

expression indicating remyelination can be observed within the first week after 

stopping cuprizone administration (34,48), defining the early phase of remyelination 

(54,55). The remyelination process is strengthened within the next 2-4 weeks (55) 

resulting in a  full remyelination phase, 25 days after changing of the food (54).  

The cuprizone model is  well-established to study the process of de- and remyelination, 

which  correlates well histologically with the neurodegenerative process observed in 

MS (41). It is easily reproducible, as it is independent from individual skills of the 

researcher, e.g. surgical skills (34). Furthermore, extensive investigations using the 

cuprizone model, revealed kinetics of de- and remyelination, with distinction in early 

and full remyelination, making it a useful model to study neurodegeneration 

(34,49,54,56). As the demyelinating process is independent from inflammation, the 

cuprizone model cannot reflect all aspects of MS (34). However, this can be used to 

focus on investigating the neurodegenerative aspects of the disease independent from 

inflammation. 

 

1.3.3 Behavior Experiments in Animal Models of MS 

A prominent symptom of MS in patients, besides sensomotoric impairment, is cognitive 

impairment (57–60). In order to represent a broader spectrum of pathophysiological 

changed in MS, behavior experiments can be used to assess cognitive impairment in 

animal models (61,62). A broad variety of experimental protocols is used in behavior 

research of rodents with different tests to evaluate motor function, learning abilities, 

memory impairment and emotionality and exploration (62,63). As there is no perfect 

behavior test fitting for all behavior related questions the choice of the experimental 

outline should consider different aspects e.g. if the animal is physiologically capable to 

solve the test and which motivation is the main driving force (e.g. fear, hunger, 

curiosity) (63). In addition, behavior tests are strongly depending on animal-

experimenter interaction and the experience of the experimenter as well as 

automatized study protocols and blinded experimental setups should be taken into 

consideration to minimize bias (63). 

 It is important to assess motor- prior to cognitive impairment in order to ensure that 

the tested animals are capable of handling the experimental setup of the cognition 
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tests (62,64). Traditionally, motor coordination is tested using the rotarod test, which 

measures the ability of the tested animal to balance on a rotating rod (64,65). Other 

experimental set-ups e.g. the beam walking test, where the tested animal has to 

traverse elevated narrow beams in order to reach a safe platform, or footprint-analysis 

using paint to visualize the walking pattern, can also be utilized to investigate motor 

function (62,65). The open field test (OF) gives information about the locomotion 

activity as well as about anxiety of the animals (62). In this experimental set-up the 

tested animal is placed in an arena, which is divided in an open central part and the 

periphery next to the walls and the distance  traveled by the mouse is tracked (62). An 

anxious animal avoids staying in the open center (62). Assessing anxiety levels in 

detail can be achieved by performing approach-avoid behavior tests (66). Mice prefer 

staying in dark, covered area as this reduces the risk of predation (66), which is in 

conflict with their natural curiosity and compulsion of exploration (62). This conflict is 

used in different experimental setups e.g. the light-dark box, where a box is divided 

into a dark side with black walls and a light side with bright walls and the time the 

animals spend in the corresponding sides is measured (66). A similar concept is used 

by the elevated plus maze (EPM) test, where a cross-shaped maze with two open arms 

and two closed arms with walls is used. By counting the entries into- and the time spent 

within the corresponding arms, anxiety-like behavior can be detected (62).    

There are different experimental setups to investigate memory dysfunction and 

impaired learning abilities in rodents (62). The novel object recognition test (NOR) 

assesses short- and long-term memory impairment, by taking advantage of the 

preference of mice to explore the novelty (67,68). When mice are exposed to a novel 

and a familiar object at the same time, they recognize the familiar one and spend more 

time exploring the novel object (67). For further insights into learning and memory 

impairment, a Pavlovian fear conditioning can be used (69). This experimental setup 

presents an emotionally neutral conditioned stimulus together with an adverse 

unconditioned stimulus (70). After successful conditioning, the conditioned stimulus 

can evoke a fear related response (70). Pavlovian conditioning experiments and 

related modifications contribute to our understanding of fear learning and provide the 

basis for investigations focusing on memory-related brain units and underlying neuro-

chemical reactions (71). Therefore, this test is a useful tool to study learning and 

memory consolidation in rodents (71). 
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1.3.3.1 Behavioral Correlates of EAE Mice  

Already in the preclinical phase, when no motor deficits are detectable, EAE mice 

present an anxiety-like behavior and reduced social interactions (72) as well as lower 

attention rate and activity scores (73). They also suffer from memory impairment and 

memory extinction which occurs faster in EAE than in healthy mice (72). Olechowski 

et al. could demonstrate that the cognitive impairment is due to EAE induction as the 

mice present no impairment in experiments performed before immunization (73). It is 

thought, that the cognition impairment derives from decreased hippocampal grey 

matter volume and disturbed hippocampal integrity in EAE leading to hippocampus 

related learning problems (74). The behavioral changes can alter, within the time 

course of an EAE experiment, food intake and social interaction, which are reduced 

during the preclinical and acute phase, but improved during the recovery phase (37). 

The behavioral impairments do not depend on the motor impairment, as there are 

differences during the preclinical and recovery phase, whereas the motor functions are 

similar during these two phases (37). Therefore, other influencing factors like immune 

system activation with increased cytokine production may play a role in the underlying 

mechanisms (37). Taken together, EAE induces several behavioral changes which are 

varying during the preclinical, acute and recovery phase of the disease depending on 

underlying inflammatory and neurodegenerative processes (37,72,74).   

 

1.3.3.2 Behavioral Correlates of Cuprizone Mice 

Behavior experiments are a useful tool to assess the clinical manifestation of de- and 

remyelination in the cuprizone model. The demyelination process of cuprizone mice 

leads to impaired motor abilities and poorer coordination skills (75–78). The impaired 

bilateral senso-motoric behavior cannot be reversed by remyelination (79). There are 

debatable reports on the influence of cuprizone on behavior changes. Previous 

investigations described a decreased anxiety in cuprizone-fed mice (76), but recently, 

an increase in anxiety-like behavior and reduction of explorative activity was reported 

(77). Cuprizone affects cognitive learning abilities of mice (49,54,76). By using a 

Pavlovian fear conditioning, Cerina et al. could demonstrate that mice at full 

demyelination cannot discriminate between tones with frequencies of 2.5 kHz and 10 

kHz (49,54). This impairment does not improve by withdrawal of the cuprizone diet with 
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consequent remyelination (49,54) indicating that the ongoing remyelination process 

does not reestablish original conditions.  

 

1.4 Neuronal KCNQ-Channels 

1.4.1 Excitability Changes of Neurons Observable in MS and its Animal 

Models 

MS is affecting the cortical excitability in patients (80,81). Patients with RRMS present 

a generalized increased cortical hyperexcitability independent of the localization of 

new plaques and of the site of clinical manifestation (80). Impairment of interneuronal 

excitability correlates with the clinical manifestation of the disease (81). Early 

neurodegenerative changes during MS are determined by excitotoxity involving 

changes in neuronal excitability (82). Synaptic transmission operated by glutamate or 

gamma aminobutyric acid (GABA) is disturbed by neuroinflammation and –

degeneration and results in excitotoxic neuronal damage and compensatory neuronal 

plasticity (82,83). Investigations using the EAE model demonstrated that a functional 

maladaptation of neurons result in cortical hyperexcitability indicating the start of 

neurodegeneration (40). By studying the neurodegenerative process in the cuprizone 

mouse model, a similar hyperexcitability could be observed in early remyelinated 

neurons (54,84) by our group. On the contrary demyelination and prolonged 

myelination for 25 days shifts the resting membrane potential (RMP) of neurons into 

hyperpolarization with decreased excitability (54,84). Therefore, the ongoing 

remyelination process observed in the cuprizone mouse model fails to restore normal 

neuronal functions (52,54). These excitability changes influence neuronal connections, 

like the thalamo-cortical connections (56,85). The sensory responsiveness of the 

thalamus is impaired after cuprizone induced demyelination and again, this impairment 

persists during remyelination (56).  

Neuronal hyperexcitability is also observed in other neurodegenerative disease and 

their mouse models, e.g. Alzheimer’s disease (86). Therefore, the underlying process 

and the consequences of neuronal hyperexcitability due to neurodegeneration are 

subject of ongoing research.     
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1.4.2 The Role of Ion Channels in the Pathophysiology of MS 

Neuronal activity including excitability, AP generation and conduction and restoration 

of the RMP is depending on a number of ion channels expressed in the cell (87). 

Therefore, ion channels play an important role in neurological disorders and are key 

players in the pathophysiology of MS (88). Recent research demonstrates that different 

ion channels expressed either on neurons or immune cells are involved in 

pathophysiological changes during neuroinflammation and -degeneration (88,89). In 

addition, ion channels represent good targets for a cell-type and context-specific 

pharmacological therapy as they show an ubiquitous expression pattern and are 

mandatory for a number of different cell functions (89). 

The involvement of Na+-channels in the pathophysiology of MS is already established: 

Na+-channels are upregulated during demyelination to restore nerve conductance 

(90,91).  Especially Nav1.6-channels, which are usually expressed at nodes of Ranvier, 

alter their location along the axon to formally myelinated parts, resulting in continuous 

AP conduction (27,92,93). The upregulated expression of Na+-channels leads to 

increasing intraneuronal Na+ concentrations which require higher activity of the Na+/K+ 

ATPase to restore the membrane potential (27,94,95). Due to mitochondrial 

dysfunction, the required energy supplementation is missing and therefore, the 

Na+/Ca2+ exchanger starts working thereby increasing the intraneuronal Ca2+ 

concentrations resulting in neuronal cell death (27,94–96). Because of this mechanism, 

pharmacological blocking of Na+-channels was thought to be a promising therapeutic 

strategy in MS treatment (95), but trials with lamotrigine (Na+-channel blocker) showed 

no amelioration of symptoms (89,97).  

K+-channels are key players in regulating neuronal excitability by initiating the 

repolarization after AP generation and by restoring the RMP. Demyelination of neurons 

leads to exposure and up/downregulation of different K+-channels (89,98). Abnormal 

K+ currents are associated with slow AP conduction, conduction failure and changes 

in repetitive discharge of neurons (89). Therefore the pharmacological modulation of 

K+-channels might help improving AP generation in demyelinated neurons (99). The 

neurodegenerative process observed in the cuprizone mouse model was 

accompanied by a transient hyperexcitability of the neurons during the early 

remyelination phase (49,54) and also the EAE model shows an hyperexcitability of 

cortical neurons during the remission phase (40). Consequently, neuroinflammation 
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and -degeneration influence neuronal excitability by changed ion channel expression, 

which results in a maladaptive condition (7). KCNQ-channels are voltage gated K+-

channels that are colocalized with Nav1.6-channels at the distal part of the axon initial 

segment (AIS) and nodes of Ranvier (100–102). By creating outward K+ currents they 

prevent subthreshold Na+-currents (100) and hyperpolarize the membrane potential, 

preventing repetitive AP firing and controlling the excitability of neurons (103). Because 

of their colocalization with Nav1.6-channels, Hamada and Kole assessed, that 

KCNQ3-channels redistribute to demyelinated interneurons in contrast to Nav1.6-

channels in the cuprizone model (93). Because of this altered expression pattern and 

their role in regulating neuronal excitability, we decided to target KCNQ-channels to 

understand their role in the pathophysiology of MS.  

 

1.4.3 KCNQ-channels   

KCNQ-channels (also known as Kv7-channels) are voltage gated K+-channels which 

open by depolarization of the cell (104). There are five different subunits (KCNQ1-5) 

and four subunits form one K+-channel with six transmembrane domains as homeric- 

or heteromeric channels in certain combinations (105). KCNQ1 is the only subunit that 

is expressed outside the CNS/PNS (104,105). This subunit is expressed on cardiac 

cells and on the inner ear cells (104,105). In the intestine KCNQ1 is involved in chloride 

secretion (105). The subunits from KCNQ2 to 5 are expressed in the PNS/CNS (106). 

KCNQ2 and KCNQ3 are forming heteromeric channels, which are expressed in the 

cortex and on cerebral deep grey matter as hippocampal and thalamic neurons (107–

111). The subunit KCNQ4 is expressed on sensory hair cells of the inner ear and in 

the auditory pathway (105). Similar to KCNQ2/3, the subtype KCNQ5 is expressed in 

the brain in cortex and hippocampal neurons, where it can form heteromeric channels 

with KCNQ3 (105,112). The expression pattern and function of KCNQ-channels 

underline their role in controlling excitability of neurons. Mutations of KCNQ genes are 

associated with various excitability-related diseases. Mutations affecting KCNQ2 

cause numerous neurological disorders of varying severity like various epileptic 

phenotypes e.g. benign familiar infant seizures and neonatal epileptic encephalopathy 

(113–119). The subtypes KCNQ2, 3 and 5 are matter of particular interest concerning 

hyperexcitability, as they generate a non-inactivating low threshold potassium current 

(IM current) which regulates neuronal excitability (104,105,120). This current was first 
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described by Brown and Adams in a sympathetic neuron of a frog  (121). The 

underlying KCNQ-channels of the IM current are closed at a membrane potential more 

negative than -60 mV with a maximum conductance between -10 and +20 mV (121). 

They are inhibited by a variety of hormones and transmitters acting on G protein-

coupled receptors like the muscarinic acetylcholine receptor, which is responsible for 

the original name IM current/M-current (106,121).  Inhibition of IM leads to enhanced 

neuronal excitability (104,105). Pharmacologically, this inhibition can  be induced 

by 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone (XE991), a highly selective 

neuronal KCNQ-channel blocker (120,122). By blocking IM with 10µM XE991 the firing 

pattern of neurons in brain slices changes from phasic to tonic (120) and by applying 

the drug to the AIS spontaneous firing occurs (100). XE991 is a structural variation of 

linopiridin (123), a IM channel inhibitor with cognitive enhancing effects (124), which 

did not pass phase 3 trials for Alzheimer treatment (125). XE991 is considered an 

irreversible KCNQ-channel inhibitor (126). The inhibition kinetics are depending on the 

activation state of KCNQ-channels, which is most likely based on conformation 

changes of the subtypes, that form the channel (126).  

Retigabine, known also as ezogabine, is a KCNQ-channel opener which shifts the 

activation of KCNQ2/3 to more negative potentials and therefore increases the rate of 

activation (127). Retigabine was synthetized from the former used central analgesic 

flupirtin, which showed anti-epileptic features in several test trials (127,128). By 

prolonging the opening time of KCNQ-channels, retigabine stabilizes the RMP and 

reduces neuronal excitability, a suitable effect when used in epilepsy treatment (127). 

Retigabine shows highest affinity on KCNQ3, compared to KCNQ2 (129–131), has 

only a small effect on KCNQ4 and no effect on KCNQ1 (122). Application of retigabine 

to the neocortex in human brain slices leads to suppression of spontaneous sharp 

waves (132). In the murine thalamus, retigabine triggers burst-firing and reduces the 

number of tonic APs (111). It also reduces the excitability of peripheral neurons (133). 

Effects on chronic pain mechanisms are described by means of increased firing 

threshold and reduced responsiveness of nociceptive neurons (134). In 2011 

retigabine was approved for treatment of partial onset seizures with or without 

secondary generalization in adults with epilepsy (127). In general, retigabine provided 

a well-tolerated treatment with somnolence, dizziness, headache and fatigue as most 

common side-effects (127,135), but also a bluish pigmentation of ocular tissue, finger- 
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and toenails, as well as of the skin around lips and eyes could be observed (136,137). 

Because of its structural relation with the drug flupirtin, it was associated with acute 

drug induced liver failure (136) and the European medicine agency decided the 

withdrawal of flupirtin and retigabine from the market (138). Nevertheless, retigabine 

is a well-established compound for KCNQ-channel modulation in in vivo and in vitro 

experiments. 

1.5 Aim of this Thesis 

The pathophysiology of MS involves neurodegenerative and inflammatory aspects. 

Both can influence neuronal activity in forms of changes in neuronal excitability, AP 

conduction and interneuronal connections (82,83). Ion channels play an important role 

in regulating those neuronal function (87). Experiments using EAE and cuprizone 

treatment demonstrated hyperexcitability and together with the altered expression of 

KCNQ3 in demyelinated neurons (93), we hypothesize an involvement of KCNQ-

channels in the pathophysiology of MS. Therefore, the project presented in this thesis 

used the pharmacological treatment of KCNQ-channels with retigabine or XE991 in 

vitro and in vivo. The project can be divided into three parts. The first part focused on 

the involvement of KCNQ-channels in EAE experiments by using a prophylactical 

treatment with retigabine. We can show, that retigabine ameliorated the progression 

of EAE in mice. To elucidate the underlying mechanism, the second part of this thesis 

dealt with the expression and function of KCNQ-channels in immune-related cell types. 

There is no effect of retigabine and XE991 administration on murine splenocytes, 

making an immune regulatory aspect of KCNQ-channels questionable.   So thirdly, the 

role of KCNQ-channels in neurodegeneration was assessed by using the cuprizone 

model of de- and remyelination and a therapeutic treatment with retigabine and XE991 

with performing behavior experiments as read-out. Here an improvement of retigabine-

treated mice is observed, indicating neuroprotective functions of KCNQ-channels.   

 

2. Materials 

2.1 Instruments 

A list of all instruments used in this work is provided in table 1. 
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2.2 Expendable Material and Reagents  

A list of expendable material and reagents used in this work is provided in table 2. 

 

2.3 Media and Buffers 

If not mentioned otherwise, the pH was adjusted to 7.3 by titration with either NaOH or 

HCl 1 M each.  

 

Ammonium-Chlorid-Potassium buffer (ACK-Buffer) 

o 150 mM NH4CL 

o 10 mM KHCO3 

o 0.1 mM EDTA 

 

Annexin binding buffer: 

o 50 mM HEPES 

o 700 mM NaCl 

o 12.5 mM CaCl2 

o pH adjusted to 7.4 

 

Washing medium for splenocyte culture 

o DMEM 

o 1 % FCS 

o 1 % Glutamine 

o 1 % P/S 

 

Splenocyte complete medium 

o DMEM 

o 10 mM Hepes 
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o 25 µg/ml Gentamicin 

o 50 µM Mercaptoethanol 

o 5 % FSC 

o 2 mM Glutamine 

o 1 % NEAA 

Magnetic-activated cell sorting (MACS) buffer  

o PBS 

o 0.5 % BSA 

o 2 mM EDTA 

Fluorescence-activated cell sorting (FACS) buffer  

o PBS 

o 0.1 % BSA 

o 0.1 % NaN3 10 % 

o 2.5 mM EDTA 

Erythrocyte lysis buffer 

o ddH2O 

o 150 mM NH4CL 

o 10 mM KHCO3 

o 0.1 mM ETDA 

 

2.4 Antibodies and Primer 

Antibodies and primer used in this work are listed in table 3. 

 

2.5 Software 

A list of software used in this work can be found in table 4. 
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3. Methods 

3.1 Animals and Experimental Design 

All the work performed on animals, in vitro and ex vivo, was done according to the 

2010/63/EU law of the European Parliament and of the Council of 04 August 2016, 08 

May 2017 and 26 February 2019 and has been approved by local authorities 

(Landesamt für Natur, Umwelt und Verbraucherschutz, Nordrhein-Westfahlen; 

approval IDs: 84-02.04.2015.A585, 84-02.04.2016.A307, 81-02.04.2018.A266) All 

efforts were made to minimize the number of needed animals, and to avoid stress and 

suffering for the animals using the ARRIVE guidelines (139). Female C57BL/6J mice 

were used for all experiments. Mice were group-caged in a 12-h dark/light cycle with 

food and water available ad libitum.  

 

3.1.1 Experimental Autoimmune Encephalitis (EAE) 

Female C57BL/6J mice (8-12 weeks of age at the beginning of the experiment, 10 per 

group) were anesthetized with isoflurane and injected with  the epitope 35-55 of Myelin 

Oligodendrocyte Glycoprotein (MOG35-55) mixed with M. Tuberculosis and Freund´s 

adjuvant in both flanks of the animal (200 µl MOG35-55 per mouse) in order to evoke an 

immune response. Moreover, 100 ng Pertussis toxin per mouse were injected 

intraperitoneally on the same day. At day two after the immunization, 200µl of Pertussis 

toxin were injected intraperitoneally in order to render the blood brain barrier leaky and 

allow the activated immune cells to enter the CNS (140). The treatment using 

retigabine and the vehicle started the same day of the immunization and continued for 

25 days. Animals of the treated group received a daily injection of 200µl of retigabine 

(1 mg/kg BW) and animals of the vehicle group were injected with 200µl of dimethyl 

sulfoxide (DMSO, 1:400 solution diluted in PBS). A daily monitoring of bodyweight 

(BW) and disease score according to table 5 was performed. Animals which lost more 

than 20% of their initial BW or reached a score 7 persisting for three days, were taken 

out from the experiment and eliminated by cervical dislocation.  
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Score: Clinical symptoms: 

1 Paralysis of the tip of the tail 

2 Complete paralysis of the tail 

3 Light ataxia and altered walking 

4 Ataxia, problems of moving the hind limbs 

5 Light paralysis of hind limbs 

6 Complete paralysis of one leg 

7 Complete paralysis of both legs 

8 Paralysis of one arm 

9 Tetraparesis and dyspnoe 

10 death 

Table 5: Disease score of EAE mice according to the clinical symptoms of the animals. 

 

3.1.2 Cuprizone Diet 

To introduce general experimental toxic demyelination, C57BL/6J female mice (8-12 

weeks of age at the beginning of the experiment, 5-10 per group) were fed a diet 

containing 0.2 % cuprizone (bis-cyclohexanone oxaldihydrazone, Sigma-Aldrich Inc., 

Hamburg, Germany) mixed with standard rodent chow (48). This diet was maintained 

for 5 weeks. By stopping the diet and changing to normal rodent chow, we allowed 

spontaneous remyelination (48,54). In parallel to the beginning of this remyelination 

process, the animals received an additional daily treatment. Two groups of animals 

were injected with either 200 µl of retigabine (1 mg/kg BW), 100 µl of XE991 (0.75 

µg/µl) or DMSO (1:400 diluted in PBS) serving as vehicle control. The treatment 

continued for either 7 or 25 days after reintroduction of normal food.  
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As control, mice matched for sex and age which were fed normal rodent chow were 

used. And in addition, all experiments were performed on mice which underwent the 

cuprizone diet until full demyelination after 5 weeks. 

The following eight experimental groups were analyzed: 

• Control mice (n=5, control) 

• Cuprizone treated mice at full demyelination (n=5, cuprizone) 

• Mice remyelinated for 7 days treated with Retigabine (n=10, remy 7 days + Ret) 

• Mice remyelinated for 7 days treated with XE991 (n=10, remy 7 days + XE) 

• Mice remyelinated for 7 days treated with vehicle (n=10, remy 7 days + veh) 

• Mice remyelinated for 25 days treated with Retigabine (n=10, remy 25 days + 

Ret) 

• Mice remyelinated for 25 days treated with XE991 (n=10, remy 25 days + XE) 

• Mice remyelinated for 25 days treated with vehicle (n=10, remy 25 days + veh) 

 

3.2 Behavior Experiments 

We performed different behavior experiments to characterize the phenotype of the 

mice in different experimental animal models. EAE mice with mild symptoms and an 

average score of 4 performed a NOR test assessing memory impairment. The different 

groups of cuprizone-fed mice performed EMP and OF tests to assess locomotor 

activity and anxiety like behavior and NOR test as well as Auditory Pavlovian 

Conditioning to evaluate memory impairment and learning disabilities. The 

experiments were performed at the end of the treatment phase of the corresponding 

group as specified in the text.  

 

3.2.1 Elevated Plus Maze (EPM) 

To measure the anxiety level of the animals, EPM test (tracking software: EthoVision 

XT, Noldus IT, The Netherlands) was performed. The maze consists of a device 

shaped like a cross (25x25 cm, 30 cm above the ground) with two open arms and two 

arms covered with walls (closed arms). The movement of each animal was tracked for 

5 minutes. The time spend in the open and the closed arms was analyzed as well as 

the entries into the corresponding arm.  
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3.2.2 Open Field Test (OF) 

After an interval of 5 hours the same animals that were tested in the EPM underwent 

an OF test (tracking software from Noldus Ethovision, The Netherlands). Here, the 

locomotor activity and the anxiety level of the animals were measured by tracking the 

animal’s exploration of the test setting. The animal was placed in an arena (35x40x40 

cm) for 5 minutes. Distance, speed, time spent in center and in the periphery were 

measured and the number of rearings and groomings were recorded. Rearing 

describes an explorative behavior where the animal stands on the hind limbs looking 

up and represents curiosity while grooming is a behavior is which the mouse cleans its 

fur and represents a non-anxiety-like behavior.   

 

3.2.3 Novel Object Recognition (NOR) 

To assess cognitive abilities of the animals, a NOR test (tracking software from Noldus 

Ethovision, The Netherlands) was performed (68). The animals were placed in the 

arena where the OF experiment was carried out, ensuring that the animals were 

familiar with the experimental setup. In the first trial, the adaptation phase, two identical 

objects were placed in one half of the arena. This trial lasts 10 minutes and the time 

the animal spent exploring the objects was measured to ensure that the animal is 

familiar with the objects. Therefore, the total adaptation time was calculated as sum of: 

Time exploring object 1 + Time exploring object 2.  

In the following test trials (30 minutes, 60 minutes and 24 h after the adaptation trial) 

one object was changed at every trial while the other one was left in place. Each animal 

had 5 minutes to explore both objects and it was measured if the animal spent more 

time with the familiar or the new object. Therefore, the NOR index was calculated as: 

Time spent exploring new object / (Time spent exploring new object + Time spent 

exploring old object). An index of 0.5 shows, that the animal spent the same time with 

both objects. An index of > 0.5 demonstrates, that the animal spent more time exploring 

the novel object and if the index is < 0.5, it spent more time with the familiar object 

(68,141).  
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3.2.4 Auditory Pavlovian Conditioning 

After undergoing cuprizone diet and 7 or 25 days of remyelination with or without 

treatment after cuprizone withdrawn, the mice underwent a modified fear conditioning-

protocol to test their ability to discriminate auditory stimuli (49,142,143). The test lasts 

for three consecutive days. During the first day, mice were adapted two times (with 6-

hours interval) to the fear conditioning apparatus (TSE System GmbH, Bad Homburg 

Germany) while being exposed to six neutral tones (unconditioned stimulus, 2,5 kHz, 

85 dB, 10 s duration). On the next day, they were exposed to the conditioned stimulus 

in three trials (10 kHz, 85 dB, 9 s duration). This stimulus was randomly coupled with 

a mild food shock (0.4 mA, 1 s duration). On the third day, animals were presented 

with both stimuli in the absence of foot shock and the percentage of immobility 

(freezing) of the animal after presenting the conditioned stimulus (10 kHz) was taken 

as read out  for fear conditioned behavior (49,142,143).   

 

3.3 In Vitro Experiments 

For the in vitro experiments, organs and cells from naïve C57BL/6J mice were used 

as described in the following. 

 

3.3.1 Isolation of Splenocytes 

Animals (8 – 12 weeks old female mice) were sacrificed and the spleens were collected 

in a falcon containing 10 ml of wash medium and stored on ice. Next, the tissue was 

mechanically homogenized using a 40 µm cell filter, which was washed with 10 ml of 

wash medium. The suspension was centrifuged (1500 rpm, 4 °C for 5 minutes). After 

discarding the supernatant, the pellet containing the isolated splenocytes was 

resuspended in 5 ml erythrocyte lysis buffer (ACK buffer) and incubated at room 

temperature for 1 minute to destroy leftover erythrocytes which can generate false-

positive signals when measuring immune cell reactivity. Afterwards, the reaction was 

stopped by adding 10 ml of wash medium. After another centrifugation (1500 rpm, 4 °C 

for 5 min), the supernatant was discarded, and the pellet was resuspended in 10 ml of 

splenocyte complete. Cells were transferred to another tube by washing through a 40 
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µm cell strainer to remove debris. The number of isolated cells was counted using a 

Casy Model TT cell counter (Innovatis AG, USA) and stored on ice until further use. 

 

3.3.2 Isolation of Lymphocytes 

To isolate lymphocytes from abdominal lymph nodes the same protocol described 

above for splenocyte isolation was used, without re-suspending in erythrocyte lysis 

buffer, as lymph nodes do not contain erythrocytes. 

 

3.3.3 Retigabine Titration 

The effect of retigabine and its vehicle DMSO on the viability of splenocytes was 

assessed by performing a cell viability assay. Different concentrations of the drug were 

added to isolated splenocytes and incubated for either 24 or 48 h. 

To mimic inflammatory conditions, two 96-U bottom well plates were coated with 

purified anti-CD3 antibody (2 mg/ml, 50 µl per well) and stored in the fridge overnight. 

Furthermore, anti-CD28 antibody (1 mg/ml) was added to isolated splenocytes, which 

were adjusted to a concentration of 5x105 cells /100 µl. For every animal, three 

technical repetitions were seeded for the following experimental conditions: stimulated, 

stimulated + retigabine, and stimulated + vehicle (DMSO). The stimulated condition is 

the positive control indicating the viability of splenocytes undergoing inflammation 

without interference of other variables. To investigate if retigabine influences this 

viability, different concentrations of this compound (1 µM, 5 µM, 10 µM, 30 µM, and 

500 µM) were added to the splenocytes. The concentration of 500 µM served as proof 

of principle to show that retigabine has an effect on splenocyte viability in toxic 

concentrations. The corresponding volume of DMSO used to dilute retigabine (6 µl, 30 

µl, 60 µl, or 100 µl) was added to stimulated splenocytes to assess if the vehicle alone 

influences splenocyte viability. The well plates were incubated at 37 °C in the dark for 

24 h and 48 h. After incubation, the level of stimulation and proliferation of the cells 

was checked under the microscope (Inverted Zeiss Axioexaminer, Germany). After 24 

or 48 h, the splenocytes of each well were resuspended and transferred into FACS 

tubes and, after adding 100 µl of FACS-buffer, the tubes were centrifuged (1800 rpm, 

4 °C for 5 minutes). The supernatant was removed, and the cells were resuspended 

in the staining solution containing the marker dye for necrosis FVD, the viability dye 
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eFlourTM 780 and apoptotic cells marker dye annexin V (144). According to 

manufactures instructions, annexin V binds on phosphatidylserin, which is a 

component of the inner leaflet of the cell membrane. When a cell undergoes apoptosis, 

phosphatidylserine is exchanged to the outer leaflet of the cell membrane as a marker 

for phagocytosis. This is used by annexin V to mark apoptotic cells. The annexin V 

antibody was diluted in annexin binding buffer, which facilitates the binding of the 

antibody to phophatidylserin, in a ratio of 1:50. The splenocytes were resuspended in 

FACS buffer, incubated with the annexin V staining for 20 minutes at 4 °C. The FVD 

antibody was diluted in annexin binding buffer in a ratio of 1:10.000 and incubated with 

the cells for 20 minutes at 4 °C. The reactions were stopped by adding 1 ml of FACS 

buffer to the tubes which were then centrifuged (1800 rpm, 4 °C for 5 minutes) and the 

supernatant was discarded. Cells were resuspended in 300 µl of FACS buffer and the 

staining was analyzed by flow cytometry (Gallios™ Beckmann Coulter GmbH, 

Germany). Quantification of the results was performed by counting the percentage of 

unstained cells, namely, the cells which were not positive for the apoptosis and/or 

necrosis markers.  

 

3.3.4 Proliferation Assay 

To examine the effect of retigabine, the vehicle DMSO as well as of XE991 on 

splenocyte viability an eFlour 670 assay was performed. eFlour 670 is a fluorescent 

dye, that binds on intracellular proteins that contain primary amines. During mitosis, 

the dye distributes equally to the mother- and daughter cell, so that with every cell 

division the fluorescent intensity is halved. The fluorescence decrease can be 

measured via FACS (145). A 96 well plate with U bottom was coated with anti-CD3 

antibody (1 mg/ml) the day before the experiment. Splenocytes were isolated as 

described above (10x106 cells per condition). Afterwards, they were centrifuged (1500 

rpm, 4 °C for 5 minutes) and the supernatant was removed. The splenocytes were 

resuspended in PBS and the eFlour670 staining solution (1 µl eFlour670 in 500 µl PBS) 

was added. The tubes were incubated at 37 °C for 10 minutes in the dark. The reaction 

was stopped by adding splenocyte complete medium and the solution rested on ice for 

5 minutes. The splenocytes were counted using the Casy Model TT cell counter and 

8x105 cells were separated for every condition. After centrifugation (1500 rpm, 4 °C for 

5 minutes), the supernatant was discarded. The splenocytes were resuspended in a 
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solution of splenocyte complete medium together with anti-CD28 antibody and either 

1 mM of retigabine or XE991 or DMSO in a ratio of 1:400. Stimulated splenocytes 

without treatment served as stimulation control. The splenocytes were seeded in 

triplicates using 200 µl per well. The plate was incubated at 37 °C for 4 days. After 

incubation, the level of stimulation/proliferation of the splenocytes was assessed by 

using a bright light microscope (Inverted Zeiss Axioexaminer, Germany). Properly 

stimulated splenocytes showed proliferation and formed cluster. The wells were 

resuspended and transferred into FACS tubes. Afterwards, 100 µl of FACS buffer were 

added and the tubes were centrifuged (1400 rpm, 4 °C for 5 minutes). The supernatant 

was removed, and the pellet resuspended in 300 µl of FACS buffer. The samples were 

analyzed using FACS (Gallios™ Beckmann Coulter GmbH, Germany).  

 

3.3.5 Cytokine Quantification 

The effect of retigabine and XE991 on the cytokine production of splenocytes was 

assessed by flowcytometric analysis using a LegendPlex Mouse Inflammation Panel 

multiplex assay kit (BioLegend, USA). In order to produce supernatant containing 

cytokines, freshly isolated splenocytes (7.5x106 cells per condition) were incubated on 

a 24-well plate coated with anti-CD3 antibody (1 mg/ml). After centrifuging the cells 

(1400 rpm at 4 °C for 5 minutes), the supernatant was discarded, and the pellets were 

resuspended in splenocyte complete medium containing either only anti-CD28 

antibody or the antibody in a combination with retigabine (30 µM) or the vehicle DMSO 

(1:400 in PBS). The splenocytes were seeded and incubated at 7 °C for 2 days. After 

incubation the level of stimulation/proliferation was visually tested using the 

microscope (Inverted Zeiss Axioexaminer, Germany) and the splenocytes were 

resuspended and transferred into 1.5 ml Eppendorf tubes. The tubes were centrifuged 

(600 rpm, 4 °C for 6 minutes) and the supernatant containing the cytokines was 

transferred into new Eppendorf tubes. The supernatant was stored at -20 °C until 

performing the LegendPlex assay to detect the following cytokines: IL-2, IL-6, IL-10, 

IL-17 and TNF α.  

The beads used to mark the cytokines listed in table 6 were sonicated and vortexed 

for 30 seconds prior to use. They were diluted by using an assay buffer to a 1x 

concentration. According to manufactures instruction the washing buffer was diluted 

using distillated water. The standard curve was prepared with the final concentrations 
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(in pg/ml) of 10.000 / 2.500 / 625 / 156.3 / 39.1 / 9.8 / 2.4 and 0. To perform the assay, 

25 µl assay buffer were added to every well of a 96 V-bottom plate. The first two rows 

of the plate served for the standard curve by adding 25 µl standard buffer. The 

remaining wells were loaded with 25 µl of the cytokine supernatant. On top of every 

well 25µl mixed beads and 25 µl detection antibodies were added. The plate was 

protected from light with aluminum foil and mixed at 600 rpm by using a plate shaker 

for 2 h. Streptavidin-phycoerythrin (SA-PE) which detects biotinylated antibodies, was 

added to every well and the plate was covered and mixed for 30 minutes at 600 rpm. 

Afterwards, the plate was centrifuged (1g for 5 minutes) and the supernatant was 

removed by using a multichannel pipet. The washing buffer was added to every well 

and the plate was mixed on the plate shaker for 1 minute. After centrifugation, the 

supernatant was discarded, and the pellets were resuspended in washing buffer. The 

samples were directly transferred into FACS tubes and analyzed by FACS (Gallios™ 

Beckmann Coulter GmbH, Germany). The data was analyzed using the 

LEGENDplex™ data analysis software. 

 

3.3.6 mRNA Isolation and cDNA Synthesis 

For mRNA isolation the following organs were quickly removed from sacrificed 

C57BL/6J mice: brain, heart, lung, liver, spleen, spinal cord, muscle, thymus, kidney, 

lymph nodes and bladder. To lysate the cells and isolate the mRNA, 1 ml of Trizol was 

added to the tissue and the organs were mechanically homogenized using a mixer. 

The samples were incubated for 5 minutes at room temperature. To separate the 

mRNA from cell debris, 200 µl of Chloroform were added and the samples incubated 

at room temperature for 3 minutes. The tubes were centrifuged (1200 rpm, 4 °C for 15 

minutes) in order to separate two phases. The upper, aqueous phase, which contained 

the isolated mRNA, was separated by pipetting and 500 µl of isopropanol were added 

to precipitate the mRNA. The samples were incubated at room temperature for 10 

minutes. The tubes were centrifuged (7500 rpm, 4 °C for 5 minutes) and the 

supernatant was discarded. The pellet of mRNA was resuspended in 1 ml of ethanol. 

The samples were mixed and afterwards centrifuged at 7500 rpm, 4 °C for 5 minutes. 

The supernatant was removed, and the mRNA pellets dried at air. The pellets were 

dissolved in 30 µl of diethyl pyrocarbonate (DEPC) water (50 - 20 µl, depending on the 

size of the pellet) to inactivate RNase enzymes and incubated for 10 minutes at 57 °C. 
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The purity of the mRNA samples was measured using a NanoDropTM 

spectrophotometer (Peqlab Erlangen, Germany) with a high purity considered at 

values between 1.0 – 2.0. For further investigations, 500 ng of the isolated mRNA per 

sample were used for cDNA synthesis by performing a polymerase chain reaction 

(PCR) using a reverse transcriptase, deoxyribonucleic acid trisphosphates (dNTPs) 

and random hexamers.  

 

cDNA for expression analysis in neurons, microglia and astrocytes were kindly 

provided by the working group of Tobias Ruck from the Clinic of Neurology and Institute 

of Translational Neurology from Münster University. cDNA from oligodendrocyte 

progenitor cells (OPC) and oligodendrocytes differentiated for 24 and 48 h, were kindly 

provided by the working group of Tanja Kuhlmann from the Neuropathophysiology 

Department from Münster University.   

 

3.3.7 PCR KCNQ 

To investigate the expression pattern of KCNQ channels, conventional PCR using the 

cDNA created from different organs was performed. For every sample, the template 

was mixed with distillated water, 10xbuffer, dNTPs (10 mM), primer forward and 

reverse and the Taq polymerase. The PCR was performed for brain, heart, lung, liver, 

spleen, spinal cord, muscle, thymus, kidney, lymph nodes and bladder. Brain cDNA 

served as positive control for KCNQ2-5 and heart for KCNQ1. Water was used as 

negative control. The following cycling program was used:  

• 94 °C 3 min  

• 35 repetitions of: 

o 94 °C 30 s 

o 58 °C 1 min  

o 72 °C 1 min  

• 72 °C 7 min  

• 4 °C until further usage 
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 As internal control, 18sRNA was chosen as a protein that is expressed in all used 

tissues. The following cycling program was used:  

• 94 °C 3 min 

• 35 repetitions of:  

o 94 °C 20 s 

o 60 °C 20 s 

o 72 °C 20 s 

• 72 °C 2 min 

• 4 °C until further usage  

3.3.8 Gel Electrophoresis 

To visualize the expression pattern of the different KCNQ subtypes we performed gel 

electrophoresis and separated the products of the KCNQ-PCR. Therefore, a 2 % 

Agarose gel was prepared by dissolving 2 g of Agarose powder in 100 ml of water and 

adding 5 µl of RedSafeTM to visualize the DNA. The gel was arranged with 15 chambers 

organized in a row. The first chamber contained 10 µl of a 50 base pair gene ladder, 

to measure the length of the KCNQ-DNA fragments. 20 µl of the KCNQ-DNA derived 

from the KCNQ-PCR, which was performed on cDNA from different tissues, were filled 

in the remaining chambers. The gel was set in an electrophoresis chamber (BIO-RAD, 

USA) with 110 V for 40 minutes. Afterwards, the different expression bands were 

visualized under fluorescent light and photographed (CCD camera from Biozym 

Scientific GmbH, GER).      

 

3.3.9 Real-Time PCR (RT-PCR) 

For the quantitative analysis of KCNQ expression, a real-time PCR (RT-PCR) was 

performed. Therefore, cDNA derived from different tissues (see chapter 3. Methods, 

Abstract: mRNA Isolation and cDNA Synthesis) was mixed with primers needed for 

DNA replication and a probe. This probe has a fluorescent reporter dye labeled at the 

5´end and a non-fluorescent quencher dye at the 3´end. While both dyes are labeled 

to the probe, the fluorescent signal transmission is suppressed. During the elongation 

process of PCR, the polymerase separates the quencher dye from the reporter dye 

and the released reporter dye transmits a fluorescent signal (146). The time until the 

fluorescent signal is detectable is defined as ΔCT and corresponds with the 
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quantitative expression of KCNQ-channels in the tested tissue. A lower ΔCT value 

describes a high expression. To perform the RT-PCR, 2 µl of every sample containing 

KCNQ-cDNA derived from different organs (brain, heart, spleen, thymus, lymph node) 

were put into a 96 well V bottom plate. A master mix containing maxima probe/ ROX 

buffer 2x, RNase free water, 18 sRNA TaqMan primer and 1 µl of target primer was 

added (a list of all used KCNQ-TaqMan primers is provided under table 7). The RT-

PCR was performed using the Real-Time PCR system Step One Plus (Applied 

Biosystem, Thermo Fisher Scientific, USA) with the following repetitions: The cycler 

was set to 50 °C for 1 minute, heated up to 95 °C for 10 minutes, and then cooled 

down to 60 °C for 1 minute. This protocol was repeated for a total time of 75 minutes.    

 

3.4 Statistics 

All results are presented as mean ± standard error of the mean (SEM). Statistical 

analysis was performed using GraphPad PRISM5 (Graphpadsoftware Inc., USA). 

Analysis of the variance between two or more groups was performed using one-way 

ANOVA or two-way ANOVA for multiple comparison, followed by Tuckey’s, Dunn’s or 

Bonferroni’s post hoc test.  

Behavior tests were performed and analyzed using EthoVision XT (Noldus, The 

Netherlands).  

GraphPad and Adobe Illustrator (Adobe Inc., USA) were used for preparing graphs, 

data presentation and figure preparation.  
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4. Results 

This project aims to investigate the role of KCNQ-channels in the pathophysiology of 

MS by using the animal model EAE for investigating neuroinflammation and 

neurodegeneration, and the cuprizone model for investigating effects of de- and 

remyelination. Therefore, a pharmacological treatment with the channel opener 

retigabine and its blocker XE991 was performed prophylactically and therapeutically in 

in vivo and in vitro.  

 

4.1 The Effect of KCNQ-Channels on Experimental Autoimmune 

Encephalitis 

To investigate if KCNQ-channels play a role in the pathophysiology of MS, we took 

advantage of the EAE mouse model. The mice were immunized, using the protocol 

described above (see chapter 3. Material, abstract 3.3.1 Experimental Autoimmune 

Encephalitis, compare scheme Fig. 1A). Ten mice were subjected to a prophylactic 

treatment with daily injections of retigabine (1mg/kg BW, blue curve, Fig. 1B), a KCNQ-

channel opener, while the control group received a daily treatment using the vehicle 

DMSO (n = 10, orange curve, Fig. 1B). The time course of the disease was followed 

over 25 days and we observed that the variable “time” affected both groups (Two-Way 

ANOVA, time: F(24,432) = 62.38, p < 0.0001, Fig. 1B), as both groups developed first 

symptoms at day 14, confirming the reliability of the experimental method. Until day 17 

both groups presented a similar score development with first significant difference 

observed at day 18 (Two-Way ANOVA, treatment: F(1,18) = 7.84, p = 0.01, Sidak’s 

multiple comparisons test: day 18: p = 0.0009, Fig. 1B). Mice of the control group 

steadily increased their scores until day 21, when they reached a plateau. From day 

19 to day 24, retigabine-treated mice also showed increasing scores but with a 

significantly lower severity (Sidak’s multiple comparisons test: p < 0.0001). On the last 

day of observation (day 25), the difference between the scores of vehicle- and 

retigabine treated animals was still significant (p = 0.0005, Fig. 1B).   

By comparing the cumulative scores, a significant difference between the control 

vehicle-treated (veh, orange bar, n = 10, 6.02 ± 0.26, orange bars, Fig. 1C) and the 

retigabine treated group (Ret, blue bar, n = 10, 3.54 ± 0.6, Unpaired t-test: t = 3.81, df 

= 18, p = 0.001, Fig 1C) is observed. Based on these results, retigabine appears to 
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ameliorate the disease score of EAE animals, suggesting that opening KCNQ-

channels might beneficially modify the EAE course. 

 

 

 

 

 

 

 

 

 

 

Figure 1: The effect of the KCNQ-channel opener retigabine on the outcome of EAE. A Schematic representation 
of the experimental outline. After immunization using Pertussis toxin and MOG35-55 the mice received an additional 

prophylactic treatment of retigabine or DMSO as vehicle. The expected disease course of an EAE without 
prophylactical treatment is indicated by the black graph showing the onset of symptoms at day 10-12 and a maximal 

score between day 18 and 20. B Dot-line graph showing the course of the scores for retigabine treated mice (blue 
line) compared to vehicle treated mice (orange line). C Bar graph showing the average cumulative score of EAE 
mice treated with retigabine (Ret, blue bar) and the vehicle (veh, orange bar).    

 

4.2 Novel Object Recognition of EAE Mice treated with Retigabine 

Induction of EAE does not only provoke an ascending paralysis starting at the 

hindlimbs, but also affects the cognition abilities of the mice (72–74). To explore a 

potential cognition impairment in our immunized mice and test if retigabine has an 

effect on short- and long-term memory abilities, we performed a NOR test as described 

above (see chapter 3. Methods, abstract 3.2.3 Novel Object Recognition, compare 

scheme in Fig. 2A). Exemplary spatial heat-maps indicating the regions of the arena 

where the animal spent most of the time are shown in Fig. 2B for the vehicle treated 

mice and in Fig. 2C for retigabine treated mice (red marking the area, where the animal 

spent most of the time).  
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Vehicle treated mice (veh, orange bars, n = 8, 66.63 ± 11.61 s) show a tendency to 

spend more time exploring the figures during the adaptation phase compared to 

retigabine treated mice (Ret, blue bars, n = 7, 56.57 ± 13.52 s), but this difference is 

not significant (Unpaired t-test: t = 0.57, df = 13, p = 0.58, Fig. 2D).  

Testing the short-term memory 30 minutes (NOR index veh: 0.44 ± 0.06, vs. NOR 

index Ret: 0.7 ± 0.05, Bonferroni’s multiple comparisons test: p = 0.19) and 60 minutes 

after the adaptation phase (NOR index veh: 0.44 ± 0.08, NOR index Ret: 0.66 ± 0.1, 

Bonferroni’s multiple comparisons test: p = 0.3, Fig. 2E) did not show differences 

between the experimental groups. Repeating the NOR 24 h after the adaptation phase 

to test for long-term memory impairment showed that mice treated with retigabine 

performed significantly better than mice treated with the vehicle (NOR index veh: 0.28 

± 0.13, NOR index Ret: 0.66 ± 0.11, p = 0.01, Fig 2E). However, the general influence 

of the variable “time” is not a significant factor (Two-Way ANOVA, time: F(2,26) = 0.56, 

p = 0.58), while the treatment influences the outcome of the NOR significantly (Two-

Way ANOVA, treatment: F(1,13) = 16.4, p = 0.001, Fig. 2D).  

Taken together our results suggest an effect of retigabine on the long-term memory 

impairment of EAE mice. 
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Figure 2: Effect of prophylactic treatment with retigabine on NOR test performed with EAE mice during the 
preclinical phase. A Schematic representation of the experimental setting. B, C Heatmaps showing the area where 
the mice spent most of the time during the experimental trial. The black dot on the left side of the arena symbolizes 

the novel object while the right object stayed the same. D Bar graph showing the average time mice spent exploring 
the objects during the adaptation trial. E Bar graph showing the NOR indexes for the different trial intervals of mice 
treated with retigabine (Ret, blue graphs) compared to vehicle treatment (veh, orange graphs).  

  

4.3 Expression Pattern of KCNQ-Channels in Different Organs 

The effect of retigabine on the EAE experiments proposes a possible role of KCNQ-

channels in the pathophysiology of MS. To understand the underlying influence of 

KCNQ-channels on the disease, we performed conventional and RT-PCR to 

investigate the expression pattern of KCNQ-channel subtypes (KCNQ1-5) in different 

organs. We could corroborate findings from the literature by showing that KCNQ1 was 
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expressed in the heart (Fig. 3A) (104,105). This was confirmed by RT-PCR (Fig. 3B), 

where the ΔCT value of KCNQ1 in the heart was lower compared to the other tissues, 

but this difference failed in reaching significance threshold (heart: 15 ± 2.35, n = 5, vs. 

brain: 20.4 ± 2.08, n = 5, Kruskal-Wallis test: p = 0.07, Dunn’s multiple comparisons 

test: heart vs. brain: p = 0.83; Fig. 3B). The conventional PCR of KCNQ2 showed that 

this subtype is mostly expressed in neuronal tissue like brain and spinal cord (Fig. 3A). 

Compared to the expression in immune-related tissue RT-PCR showed a significant 

difference in the ΔCT value of the brain (14.01 ± 1.03, n = 5, Kruskal-Wallis test: p = 

0.02, Dunn’s multiple comparisons test: brain vs. spleen: p = 0.03, brain vs. thymus: p 

= 0.04). The expression pattern of KCNQ3 showed that this subtype is expressed in 

neuronal tissue in accordance to the literature (104,106). In addition, there are also 

indications that the channel, or its splice variants, might be expressed in immune tissue 

like spleen, thymus and lymph nodes (Fig. 3A). RT-PCR comparing the ΔCT value of 

brain (14.37 ± 1.2, n = 5), spleen (20.61 ± 1.43, n = 3), thymus (18.83 ± 0.68, n = 4) 

and lymph nodes (18.15 ± 1.57, n = 4) showed no significance, while the KCNQ3 

expression in brain was significantly higher compared to heart (22.77 ± 1.31, n = 5) 

and muscle (23.53 ± 0.88, n = 5, Kruskal-Wallis test: p = 0.003, Dunn’s multiple 

comparisons test: brain vs. heart: p = 0.01, brain vs. muscle: p = 0.005, Fig. 3D). This 

strengthens the results from the conventional PCR. The subtype KCNQ4 is neither 

expressed in brain nor in immune tissue, while it seems to be expressed in the spinal 

cord. This subtype gave only clear positive results for muscle and bladder (Fig. 3A). 

Therefore, the expression pattern of KCNQ4 shows differences comparing all organs 

(Kruskal-Wallis test: p = 0.05, Dunn’s multiple comparisons test: n.s.). The subtype 

KCNQ5 showed a clear expression pattern in brain and spinal cord in the conventional 

PCR corroborating the literature (106). No signal for immune related organs was 

observed (Fig. 3A). RT-PCR analysis showed a significant difference for ΔCT values 

of KCNQ5 in the brain (14.87 ± 1.04, n = 5) compared to heart (21.28 ± 1.48, Kruskal-

Wallis test: p = 0.1, Dunn’s multiple comparisons test: brain vs. heart: p = 0.05; Fig. 

3F). 

Taken together, these findings demonstrate, that the subtypes KCNQ2, 3 and 5 are 

expressed in neuronal tissue. In this respect, these subtypes get in focus for the 

possible impact of a pharmacological KCNQ-channel treatment and its influence on 

the pathophysiology of MS. 
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Figure 3: Expression pattern of the KCNQ-channel subtypes KCNQ1-5. A Conventional PCR showing the 
expression pattern of KCNQ1-5 in different organs. B-F Bar graphs showing the ΔCT value of different organs after 
performing RT-PCR for the different subtypes of KCNQ channels. 

 

4.4 Retigabine Titration 

Based on conventional and RT-PCR experiments, KCNQ3 seems to be expressed in 

immune related tissue. Thus, we decided to perform further immune assays assessing 

the impact of retigabine, as a KCNQ-channel opener, on immune cells (splenocytes). 

First, we examined the influence of retigabine on the viability of splenocytes. The 

influence of different concentrations of retigabine was assessed by performing FACS 

using annexin V to stain apoptotic splenocytes and FVD, which marks necrotic 

splenocytes (see Material and Methods for details on the assays).  
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After 24 h of incubation the only significant difference between the viability of 

stimulated splenocytes treated with retigabine and splenocytes treated with the vehicle 

was observed at a concentration of 500 µM, as expected (Two-Way ANOVA, 

treatment: F(1,30) = 16.03, p = 0.0004, concentration: F(4,30) = 26.14, p < 0.0001, n = 4, 

Fig. 4A). A similar result was observed after 48 h (Two-Way ANOVA, treatment: F(1,30) 
= 112.9, p < 0.0001, concentration: F(4,30) = 158.9, p < 0.0001, n = 4, Fig. 4A). Moreover, 

at this time point, splenocytes incubated with 1 µM retigabine showed a significantly 

higher viability compared to splenocytes incubated with 10 µM retigabine (Bonferroni’s 

multiple comparisons test: Ret 1 µM vs. Ret 10 µM: p = 0.004) and to splenocytes 

incubated with 30 µM retigabine (Ret 1 µM vs. Ret 30 µM: p < 0.0001). Another 

significant difference in viability was observed between splenocytes incubated with 5 

µM retigabine and 30 µM retigabine (p = 0.0008). This demonstrates that increasing 

concentrations of retigabine partially affected the viability of splenocytes.   

Based on the results of this titration assay, we decided to use 30 µM retigabine for 

further immune assays, as it is a commonly used concentration for other in vitro assays 

(111) and 1 µM retigabine in order to exclude any effect of high but not toxic 

concentrations of the drug. 



 36 

 

Figure 4: Effect of different retigabine concentrations on the viability of stimulated splenocytes. A Dot graph 
comparing the viable cells (as percentage of unstained cells from a viability staining using annexin V and FVD) of 
stimulated splenocytes treated with different concentrations of retigabine (red dots) and the vehicle DMSO (black 

dots) at two different time points. B Exemplary FACS scatter plots showing viability of splenocytes treated with 30 
µM retigabine after 24 h and 48 h. The x axis shows the FVD staining and the y axis the annexin V staining. 
Unstained cells are presented in the section D--. 

 

4.5 The Effect of Retigabine Administration on Splenocyte Proliferation 

Based on the viability staining described above (see chapter 4. Results, abstract 4.4 

Retigabine Titration) we concluded, that retigabine may interact with stimulated 

splenocytes. Taken together with the expression of KNCQ-channels in immune related 

organs (see chapter 4. Results, abstract 4.3 Expression Pattern of KCNQ-Channels in 

Different Organs, Fig. 3) and the ability of the KCNQ-channel opener retigabine to 

ameliorate EAE disease course, we wanted to investigate if retigabine influences the 

proliferation of stimulated splenocytes. Therefore, we performed an eFlour670 staining, 

where a higher proliferation is characterized by lower fluorescence signals as shown 

in Fig. 5A (see chapter 3. Methods, abstract 3.3.4 Proliferation Assay). Based on the 
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results obtained from the titration experiments (described in chapter 4. Results, 

abstract 4.4 Retigabine Titration), we performed the assay using two concentrations of 

retigabine, namely, 1 µM (Ret 1 µM, silver bars, n = 4) and 30 µM (Ret 30 µM, light 

gray bars, n = 8). Stimulated cells without additional treatment (stim, black bars, n = 

12) and splenocytes treated with DMSO as vehicle (veh, dark gray bars, n = 12) were 

used as control. There is no significant difference between the proliferation intensity of 

stimulated splenocytes (71.72 ± 1.08 %), splenocytes treated with the vehicle (71.56 

± 1.01 %) and with 1 µM of retigabine (75.16 ± 1.12 %, Kruskal-Wallis test: p = 0.001, 

Dunn’s multiple comparisons test: stim vs. Ret 1 µM, p = 0.92, veh vs. Ret 1 µM p = 

0.64; Fig. 5B). This indicates that at a low concentration retigabine does not influence 

the immune system. In comparison, splenocytes treated with 30 µM retigabine 

underwent a lower percentage of proliferation (Ret 30 µM: 63.51 ± 1.67; stim vs. Ret 

30 µM: p = 0.02, veh vs. Ret 30 µM: p = 0.04, Ret 1 µM vs. Ret 30 µM: p = 0.002; Fig. 

5B), indicating that retigabine might reduce splenocyte proliferation. 

 

Figure 5: Effect of retigabine on the proliferation of stimulated splenocytes. A Exemplary FACS plots showing 
proliferation cycles of stimulated splenocytes with or without an additional treatment. The red area represents all 
detected splenocytes, the purple area shows all splenocytes that underwent mitosis as sign of splenocyte 

proliferation. B Bar graph showing the percentage of proliferating cells from stimulated splenocytes with or without 
additional treatment. 

 

4.6 The Effect of Retigabine on Cytokine Production   

To investigate if the lower percentage of proliferation observed at a concentration of 

30 µM retigabine influences the immune cells response by altering the cytokine 
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production, we performed a flowcytometric quantification of  IL-2, IL-6, IL-10, IL-17 and 

TNFa in stimulated splenocytes (stim, black bars, n = 5, Fig. 6), in the presence of 30 

µM retigabine (Ret, light grey bars, n = 5, Fig. 6) and of the vehicle (veh, dark grey 

bars, n = 5, Fig. 6). The different concentrations (in pg/ml) of the cytokines for the 3 

conditions as well as the p value of the Kruskal-Wallis Test are presented in table 8. 

No significant difference in the cytokine production was observed, which indicates that 

retigabine treatment does not alter the cytokine production of stimulated splenocytes. 

 Stimulated Vehicle  Retigabine Kruskal-Wallis Test 

IL-2 13076 ± 538 12518 ± 439 13239 ± 498 p = 0.65 

IL-6 398 ± 78 447 ± 95 502 ± 87 p = 0.6  

IL-10 264 ± 38 323 ± 32 385 ± 47 p = 0.99 

IL-17 377 ± 62 662 ± 123 422 ± 108 p = 0.11 

TNFα 744 ± 170 869 ± 253 1004 ± 231 p = 0.56 

Table 8: Concentrations (in pg/ml) of the different cytokines produced by stimulated splenocytes, vehicle and 
retigabine treated stimulated splenocytes with the p value of the corresponding Kruskal-Wallis Test. No significant 

differences were observed.   
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Figure 6: Effect of retigabine treatment on the cytokine production by stimulated splenocytes. A-F Bar graphs 
presenting the concentration (in pg/nl) of different cytokines produced by stimulated splenocytes with or without an 

additional treatment with retigabine/vehicle.    

 

4.7 The Effect of XE991 Administration on Splenocyte Proliferation   

Retigabine showed a slight effect on splenocyte proliferation with no effect on the 

resulting cytokine production. Therefore, we concluded that the drug has no significant 

influence on immune system modulation. To corroborate these findings and exclude 

an involvement of KCNQ-channels in the immune system, we repeated an eFlour 670 

proliferation assay blocking KCNQ-channels, which seemed to be expressed in 

immune related organs (see chapter 4. Results, abstract 4.3 Expression Pattern of 

KCNQ-Channels in Different Organs, Fig. 3), by using the specific KCNQ-channel 

blocker XE991. In the eFlour670 assay a higher proliferation is characterized by lower 
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fluorescence signals as shown in Fig. 7A. We used the following concentrations of 

XE991: 10 µM (XE 10 µM, dark gray bars, n = 8) and 1µM (XE 1 µM, light gray bars, 

n = 4). Splenocytes treated with 1 µM of XE991 (74.24 ± 0.59 %) showed a similar 

average proliferation percentage to the stimulated splenocytes (indicated by the red 

horizontal line, the corresponding bar graph can be seen in Fig. 5A, 71.72 ± 1.08 %, n 

= 12, Kruskal-Wallis test: p = 0.0007, Dunn’s multiple comparisons test: stim vs. XE 1 

µM: p > 0.9999, Fig. 7B). Splenocytes which were exposed to 10 µM XE991 (63.32 ± 

1.22 %) proliferated significantly less compared to stimulated splenocytes and those 

treated with 1 µM XE991 (Dunn’s multiple comparisons test: stim vs. Ret 10 µM: p = 

0.002, Ret 1 µM vs. Ret 10 µM: p = 0.005, Fig. 7B). These results indicate a possible 

influence of KCNQ-channel blocking on splenocyte proliferation.  

 

Figure 7: Effect of XE991 on the proliferation of stimulated splenocytes. A Exemplary FACS plots showing the 
proliferation cycles of stimulated splenocytes treated with different concentrations of XE991. The red area 

represents all detected splenocytes, the purple area shows all splenocytes that underwent mitosis as sign of 

splenocyte proliferation. B Bar graph showing the percentage of proliferating cells treated with different 
concentrations of XE991. The proliferation rate of stimulated splenocytes without an additional treatment is 

indicated by the horizontal red line. 

 

4.8 Expression Pattern of KCNQ-Channels in CNS Resident Cells 

MS is a multifactorial disease with two main components: the immune system 

activation and neurodegeneration characterized by demyelination and axonal damage. 

The immune assays described in the chapters above were focusing on understanding 

the inflammatory component of the disease, but to consider both sides, further 

investigations focusing on the involvement of the neuronal system is needed. 

Therefore, the expression pattern of the different KCNQ-channel subtypes was 

analyzed by performing conventional PCR with 18s RNA as expression control in 

neurons, oligodendrocyte progenitor cells (OPC), oligodendrocytes differentiated for 

24 h (oligo 24h) and 48 h (oligo 48h), microglia and astrocytes. KCNQ1 was not 
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expressed in any of the tested cell types, which corroborates our previous findings (see 

chapter 4. Results, abstract 4.3 Expression Pattern of KCNQ-Channels in Different 

Organs, Fig. 3A), where KCNQ1 is not expressed in the brain, as well as the literature 

(Fig. 8A) (104,105). The KCNQ2 subtype was expressed in neurons, as well as in OPC 

and weaker bands were observed for oligodendrocytes differentiated for 24h and 48h. 

No signal for an expression of this subtype was detected in microglia and astrocytes 

(Fig. 8A). The KCNQ3 subtype was expressed in all tested cell types, with a strong 

signal for neurons, OPC, oligodendrocytes differentiated for 24h and 48h and 

astrocytes and a weaker signal for the expression in microglia (Fig. 8A). The KCNQ4 

subtype was expressed in neurons and astrocytes, but with a lower intensity of the 

signals compared to the other subtypes which fits the results from paragraph 4.3, 

where this subtype was not expressed in the brain (Fig. 8A and see chapter 4. Results, 

abstract 4.3 Expression Pattern of KCNQ-Channels in Different Organs, Fig. 3A). The 

KCNQ5 subtype is expressed in neurons, OPCs, oligodendrocytes differentiated for 

24h and 48h and astrocytes. The signal for an expression of this subtype in microglia 

was weaker compared to the other cell types (Fig. 8A). 

 

Figure 8: A Expression pattern of the KCNQ-channel subtypes in different cell types of the CNS.  

 

4.9 Open Field Test of Cuprizone Mice treated with Retigabine  

Based on the expression of KCNQ2, 3 and 5 in neurons and oligodendrocytes, further 

experiments focusing on the role of KCNQ-channels in neurodegeneration were 

performed. To focus on the neurodegenerative part of MS we took advantage of the 

cuprizone model of de- and remyelination, which allows analysis of neurodegenerative 
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processes without involvement of the activated adaptive immune system (compare 

chapter 1. Introduction, abstract 1.3.2. Cuprizone Model of De- and Remyelination, Fig. 

9A). The cuprizone diet is known to alter the behavior of mice, as mice at 3-4 weeks 

after cuprizone induction show a less anxiety-like and more exploratory behavior (76). 

After 5 weeks of cuprizone diet, an impaired motor coordination was observed in the 

literature (76).Therefore, we performed several behavior experiments to assess these 

changes in our experimental animals and investigate if a treatment with retigabine 

influences the behavioral changes of cuprizone mice. During the OF test, which 

assesses locomotor deficits and anxiety-like behavior, no alterations between the 

different groups of mice, with or without treatment were observed analyzing the 

distance traveled by the mice (Kruskal-Wallis test: p = 0.96, Fig. 9B). Moreover, the 

average speed that the mice of the different groups reached was similar (Kruskal-

Wallis test: p = 0.96, Fig. 9C) suggesting no locomotor impairment. No significant 

differences were found between the different groups considering the time the animals 

spent in the center (Kruskal-Wallis test: p = 0.71, Fig. 9D) and in the periphery (Kruskal-

Wallis test: p = 0.71, Fig. 9E) suggesting no anxiety-like behavior. By analyzing the 

number of grooming, namely self-cleaning behaviors, we observed that cuprizone 

treated mice at full demyelination (cuprizone, gray bar, n = 5, number of grooming: 5.2 

± 0.73) showed a significantly higher number compared to mice of the late 

remyelination phase, which received a treatment with the vehicle DMSO (remy 25 days 

+ veh, orange bars, n = 10, number of grooming: 1.4 ± 0.27, Kruskal-Wallis test: p = 

0.006 , Dunn’s multiple comparisons test: cuprizone vs. remy 25 days + veh: p = 0.001, 

Fig. 9F). There were differences concerning the number of vertical behaviors observed 

between the different groups, but they failed to reach significant threshold (Kruskal-

Wallis test: p = 0.04, Fig. 9G). Taken together our results did not show any obvious 

altered behavior of cuprizone mice, independent from the status of de- and 

remyelination.  
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Figure 9: OF of cuprizone mice treated with retigabine. A Schematic representation of the experimental outline. 
The horizontal black arrow represents the timeline. The syringe marks the starting of retigabine/vehicle treatment 

coherent to changing from cuprizone diet to normal rodent chow after 5 weeks. The different time points of in vitro 
and in vivo experiments are marked by vertical black arrows. B Bar graph showing the distance, that the different 
groups of cuprizone mice traveled during the OF. C Bar graph showing the speed of the different groups during the 
OF. D Bar graph showing the time the different groups spent in the center during the OF. E Bar graph showing the 
time the different groups spent in the periphery during the OF. F Bar graph showing the numbers of grooming of 
the different groups in the OF. G Bar graph showing the number of rearing of the different groups during the OF. H, 
I Exemplary graphs representing the distance that a mouse of the corresponding group traveled during the OF. 
Naïve mice received no additional treatment and only underwent the cuprizone diet, while the groups remy 7 / remy 
25 days +veh and + Ret received the corresponding treatment with retigabine/DMSO. 

 

4.10 Elevated Plus Maze of Cuprizone Mice treated with Retigabine 

Another test to assess anxiety-like behavior in mice is the EPM. Naïve C57BL/6J mice, 

which received no treatment at all, spent similar times in the open and closed arms of 

the EPM maze (control, black bars, n = 10, time open arms: 77.59 ± 15.96 s, time 

closed arms: 103.68 ± 10.64 s, Tukey’s multiple comparisons test: p = 0.99, Fig. 10A). 

Cuprizone treated mice at full demyelination also show no significant difference 

(cuprizone, grey bars, n = 5, time open arms: 83.5 ± 9.06 s, time closed arms: 118.1 ± 

13.28 s, p = 0.99, Fig. 10A). However, mice in the remyelination phase that received 

no additional treatment, spent most of the time in the closed arms, which indicates a 

higher anxiety level. This effect is stronger in mice remyelinated for 7 days, than for 25 

days (remy 7 days naïve: light green bars, n = 5, time open arms: 32.62 ± 8.77 s, time 

closed arms: 195.47 ± 22.08 s,  p < 0.0001, remy 25 days naïve: dark green bars, n = 

5, time open arms: 53.54 ± 14.51 s, time closed arms: 187.14 ± 33.99 s, p = 0.0009, 

Fig. 10A). Mice at the early remyelination phase (7 days) treated with the vehicle spent 

more time in the closed arms (remy 7 days + veh: yellow bars, n = 9, time open arms: 

65.06 ± 6.8 s, time closed arms: 151.2 ± 8.33 s, p = 0.0091, Fig. 10B). Mice which 

received a retigabine treatment during the early remyelination phase, showed a 

tendency to stay in the closed arms, but compared to the time they spent in the open 

arms this was not significant (remy 7 days + Ret: light blue bars, n = 10, time open 

arms: 74.8 ± 11.27 s, time closed arms: 134.14 ± 22.27 s, p = 0.22, Fig. 10B). After full 

remyelination both treated groups preferred staying in the closed arms, but this effect 

was stronger on animals receiving the vehicle treatment (remy 25 days + veh: orange 

bars, n = 10, time open arms: 44.40 ± 7.51 s, time closed arms: 153.72 ± 20.71 s, p < 
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0.0001, remy 25 days + Ret: dark blue bars, n = 10, time open arms: 48.9 ± 11.03 s, 

time closed arms: 131.64 ± 19.25 s, p = 0.008, Fig. 10B). Taken together, mice tested 

during the early remyelination phase explored the arena with a tendency to stay in the 

closed arms (exemplary tracks shown in Fig. 10C), while mice at the late remyelination 

phase preferred to stay in the closed arms (exemplary tracks shown in Fig. 10D). This 

indicates, that there is no general effect of the treatment in this experiment, 

remyelinated animals with or without treatment present a higher anxiety level 

compared to demyelinated and naïve C57BL/6J mice.  

To support these results, we analyzed the number of entries into the open and close 

arms (Fig. 11). By comparing them, there was no significant effect of the conditions 

(open and closed arms; Two-Way ANOVA, condition: F(1,112) = 2.34, p = 0.13). However, 

the treatment had an effect on the outcome of the experiment (Two-Way ANOVA, 

treatment: F(7,112) = 2.62, p = 0.02). Naïve C57BL/6J mice show similar number of 

entries into the open and closed arms of the EPM arena (entries open arms: 14.1 ± 

1.71, entries closed arms: 12.3 ± 1.8, Tukey’s multiple comparisons test: p > 0.99, Fig. 

11A). Demyelinated animals as well as animals in the early remyelination phase and 

fully remyelinated without treatment, showed no significant difference between the 

number of entries into the open arms or closed arms of the EPM arena (Fig. 11A). 

Treatment with retigabine or the vehicle during the remyelination phase lead to similar 

numbers of entries into the open and closed arms (Fig. 11B).  

These results demonstrated, that the mice explored the maze similarly to what we 

observed in the OF test (see chapter 4. Results Abstract 4.9 Open Field Test of 

Cuprizone Mice treated with Retigabine). A general difference between naïve 

C57BL/6J mice, cuprizone treated mice at full demyelination and mice of the 

remyelination phase could be observed, but there was no difference in the anxiety-like 

behavior of the different remyelination groups with or without treatment. 
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Figure 10: EPM test of cuprizone mice treated with retigabine. A, B Bar graph showing the time the different groups 
of cuprizone mice spent in the open and closed arms. C, D Exemplary pictures from the tracking system showing 
the activity of cuprizone mice remyelinated for 7 and 25 days, which received different treatments. The blue line 
indicates position of the nose of the mice, the red line the middle of the back and the purple line the beginning of 

the tail.  
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Figure 11: A, B Number of entries of the different treatment groups of cuprizone mice in the open and closed arms 
of the EPM.  

 

4.11 Open Field Test of Cuprizone Mice treated with XE991  

Demyelination, induced by feeding the mice cuprizone for 5 weeks, can cause anxiety-

like behavior and cognition impairment in mice. A treatment with the KCNQ-channel 

opener retigabine did not affect the behavior of mice with cuprizone induced de- and 

remyelination, as they performed similar to control mice during behavior experiments 

(see chapter 4. Results, abstract 4.9 Open Field Test of Cuprizone Mice treated with 

Retigabine and 4.10 Elevated Plus Maze of Cuprizone Mice treated with Retigabine). 

To confirm these data, we repeated the behavior experiments on mice treated with the 

KCNQ-channel blocker XE991, which should ideally also not affect the behavior. 

During OF, which assesses locomotor deficits and anxiety-like behavior, no difference 

between the groups was observed analyzing the distance that the animals traveled 

within the arena in 5 minutes (Kruskal-Wallis test: p = 0.55, Dunn’s multiple 

comparison: ns, Fig.12A). Moreover, the average speed of the mice of the different 

groups was similar between groups (Kruskal-Wallis test: p = 0.55, Dunn’s multiple 
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comparison: ns, Fig. 12B). Mice treated with XE991 for 7 days spent more time in the 

center (remy 7 days + XE: rosa bars, n = 10, time in center: 146.3 ± 6.57 s) compared 

to mice treated with XE991 for 25 days (remy 25 days +XE, red bars, n = 10, time in 

center: 100.9 ± 11.83 s, Kruskal-Wallis test: p = 0.04, Dunn’s multiple comparisons 

test: remy 7 days + XE vs. remy 25 days + XE, p = 0.04, Fig. 12C), while both groups 

were not significantly different compared to the control mice. Coherent to this, mice 

treated with XE991 for 25 days spent more time in the periphery (199.1 ± 11.83 s) 

compared to the group treated with XE991 for 7 days (153.8 ± 6.57 s, Kruskal-Wallis 

test: p = 0.04, Dunn’s multiple comparisons test: remy 7 days + XE vs. remy 25 days 

+ XE: p = 0.04, Fig. 12D), but there was no significant difference for both groups 

compared with the control mice. By comparing the number of groomings, cuprizone 

mice at full demyelination showed a higher number (5.2 ± 0.73) than the other groups 

with statistical significance reached when compared to mice of the early remyelination 

phase treated with XE991 (2.1 ± 0.35, Kruskal-Wallis test: p = 0.06, Dunn’s multiple 

comparisons test: cuprizone vs. remy 7 days + XE: p = 0.05, Fig. 12E). No significant 

difference between the groups was observed comparing number of vertical behaviors 

(Kruskal-Wallis test: p = 0.05, Dunn’s multiple comparison: ns, Fig. 12F). 

Taken together, these results indicate that the locomotor activity and anxiety-like 

behavior of the mice is not affected by cuprizone and/or treatment with XE991. 
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Figure 12: Open field test of cuprizone mice treated with XE991. A Bar graph showing the distance, that the different 
groups of cuprizone mice traveled during the OF. B Bar graph showing the speed of the different groups during the 
OF. C Bar graph showing the time the different groups spent in the center during the OF. D Bar graph showing the 
time the different groups spent in the periphery during the OF. E Bar graph showing the numbers of grooming of 
the different groups in the OF. F Bar graph showing the number of rearing of the different groups during the OF. G, 
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H Exemplary graphs representing the distance that a mouse of the corresponding group traveled during the OF. 
Naïve mice received no additional treatment and only underwent the cuprizone diet, while the groups remy 7 / remy 

25 days +XE and received the corresponding treatment with XE991.   

 

4.12 Elevated Plus Maze of Cuprizone Mice treated with XE991  

Another test to assess the behavior of mice is the EPM, which measures the anxiety 

level. Treatment with the KCNQ-channel opener retigabine did not affect the behavior 

of mice undergoing cuprizone induced de- and remyelination. To confirm these findings, 

we repeated the behavior experiments on mice treated with the KCNQ-channel blocker 

XE991. 

Naïve C57BL/6J mice, which received no treatment at all, spent similar times in the 

open and closed arms of the EPM maze (control, black bars, n = 10, time open arms: 

77.59 ± 15.96 s, time closed arms: 103.68 ± 10.64 s, Tukey’s multiple comparisons 

test: p = 0.98, Fig. 14A). Cuprizone treated mice at full demyelination also showed no 

significant difference (cuprizone, grey bars, n = 5, time open arms: 83.5 ± 9.06 s, time 

closed arms: 118.1 ± 13.28 s, p = 0.99, Fig. 13A). However, mice in the remyelination 

phase that received no additional treatment, spent most of the time in the closed arms, 

suggesting a higher anxiety level. This effect is stronger in mice remyelinated for 7 

days than for 25 days (remy 7 days naïve: light green bars, n = 5, time open arms: 

32.62 ± 8.77 s, time closed arms: 195.46 ± 22.08 s,  p < 0.0001, remy 25 days naïve: 

dark green bars, n = 5, time open arms: 53.54 ± 14.51 s, time closed arms: 187.14 ± 

33.99 s, p = 0.001, Fig. 13A). By adding an additional treatment with XE991 starting 

with the beginning of the remyelination phase, the tendency of the mice to stay in the 

closed arms was not altered (remy 7 days + XE, rose bars, n = 10, time open arms: 

54.07 ± 4.23 s, time closed arms: 165.78 ± 15.92 s, Tukey’s multiple comparisons test: 

p = 0.0002, remy 25 days + XE, red bars, n = 10, time open arms: 40.56 ± 11.04 s, 

time closed arms: 189.76 ± 25.96 s, Tukey’s multiple comparisons test: p < 0.0001, 

Fig. 13B). Taken together, mice tested during the early remyelination phase explored 

the arena with a tendency to stay in the closed arms (exemplary tracks are 

demonstrated in Fig. 13C), while fully remyelinated mice preferred to stay in the closed 

arms (exemplary tracks shown in Fig. 13D). This indicates, that there is no general 

effect of the treatment in this experiment, remyelinated mice with or without treatment 

present a higher anxiety level compared to demyelinated and naïve C57BL/6J mice. 
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To support these results, we analyzed the number of entries of the animals in the open 

and closed arms (Fig. 14). There was no statistical significance by comparing the 

conditions of exploration (open or closed arms; Two-Way ANOVA, condition: F(1,76) = 

0.38, p = 0.54). However, the treatment affected the outcome of the experiment (Two-

Way ANOVA, treatment: F(5,76) = 2.69, p = 0.03).  Naïve C57BL/6J mice showed a 

similar number of entries both in the open and closed arms of the EPM arena (entries 

open arms: 14.1 ± 1.71, entries closed arms: 12.3 ± 1.8, Tukey’s multiple comparisons 

test: p = 0.99, Fig. 14A). Demyelinated animals as well as animals in the early 

remyelination phase and fully remyelinated without treatment showed no significant 

difference between the number of entries into the open and closed arms of the EPM 

arena (Fig. 14A). Mice treated with XE991 during the remyelination phase showed 

similar numbers of entries into the open and closed arms (Tukey’s multiple 

comparisons test: remy 7 days + XE, p > 0.9999, remy 25 days + XE, p > 0.9999, Fig. 

14B). These results demonstrated, that the mice showed an explorative behavior. A 

general anxiety-like behavior difference could be observed between naïve C57BL/6J 

mice, cuprizone treated mice at full demyelination and mice of the remyelination phase, 

as cuprizone treated mice spent more time in the closed arms, but there was no 

difference in the anxiety-like behavior of the different remyelination groups with or 

without treatment. 
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Figure 13: EPM test in cuprizone mice treated with XE991. A, B bar graph showing the time the different groups 
of cuprizone mice spent in the open and closed arms. C, D Exemplary pictures from the tracking system showing 
the activity of cuprizone mice remyelinated for 7 and 25 days, which received different treatments. The blue line 
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indicates the position of the nose of the mice, the red line the middle of the back and the purple line the beginning 

of the tail.  

 

Figure 14: A, B Number of entries of the different treatment groups of cuprizone mice in the open and closed arms 
of the EPM.  

 

4.13 The Effect of a Pharmacological Treatment of KCNQ-Channel on the 

Novel Object Recognition Test performed with Cuprizone Mice  

The cuprizone model of de- and remyelination is known to alter the behavior of mice 

(76). Since retigabine improved the long-term memory impairment of EAE mice (see 

chapter 4. Results, abstract 4.2 Novel Object Recognition of EAE Mice treated with 

Retigabine), we wanted to investigate if this can be translated to cuprizone treated 

mice. Therefore, we repeated the novel object recognition test as described above 

(see chapter 3. Methods, abstract 3.2.3 Novel Object Recognition, Fig. 15A) with 

cuprizone mice which were treated with either retigabine or XE991 during the 

remyelination period of 7 days (early remyelination, remy 7 days + veh: yellow bars, n 

= 10, remy 7 days + Ret: light blue bars, n = 8, remy 7 days + XE, rose bar, n = 10, 

Fig. 15B+C). The mice of the different groups spent a similar time exploring the figures 
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during the adaptation phase (Kruskal-Wallis test: p = 0.63, Fig. 15B), and while testing 

the short-term memory 30 minutes after the adaptation phase, no group of the early 

remyelination phase was able to distinguish between the novel and old object (NOR 

index remy 7 days + veh: 0.48 ± 0.06, NOR index remy 7 days + Ret: 0.5 ± 0.07, NOR 

index remy 7 days + XE: 0.5 ± 0.06, Tukey’s multiple comparisons test: p > 0.97, Fig. 

15C). There was no significant difference between the groups when performing the 

NOR test 60 minutes after the adaptation phase (NOR index remy 7 days + veh: 0.52 

± 0.09, NOR index remy 7 days + Ret: 0.36 ± 0.06, NOR index remy 7 days + XE: 0.5 

± 0.05, p > 0.29, Fig. 15C). Performing the NOR 24 h after the adaptation phase 

revealed that mice treated with retigabine (NOR index remy 7 days+ Ret: 0.39 ± 0.1) 

showed a tendency to spend more time with the old object than mice of the early 

remyelination phase treated with the vehicle or XE991 (NOR index remy 7 days + veh: 

0.62 ± 0.08, NOR index remy 7 days + XE: 0.54 ± 0.08) but this difference was not 

statistically significant (Tukey’s multiple comparisons test: remy 7 days + veh vs. remy 

7 days + Ret: p = 0.09, remy 7 days + Ret vs. remy 7 days + XE: p = 0.33, Fig. 15C).  

To test the cognition abilities during the full remyelination phase, the mice received an 

additional treatment with either the vehicle, retigabine or XE991 for 25 days starting 

with the change to normal rodent chow after the cuprizone diet (late remyelination 

phase, remy 25 days + veh: orange bars, n = 10, remy 25 days + Ret: dark blue bars, 

n = 9, remy 25 days + XE, red bars, n = 10, Fig. 15D+E). Mice treated with the vehicle 

(83.78 ± 11.16 s) spent significantly more time exploring the figures during the 

adaptation time in comparison to mice treated with retigabine (35.03 ± 6.57 s, Kruskal-

Wallis test: p = 0.003, Dunn’s multiple comparisons test: remy 25 days+ veh vs. remy 

25 days + Ret: p = 0.002, Fig. 15D). While testing the short-term memory 30 minutes 

after the adaptation phase, mice treated with the vehicle showed more interest in the 

old object (NOR index remy 25 days + veh: 0.38 ± 0.07), while mice treated with 

retigabine spent similar time exploring both objects (NOR index remy 25 days + Ret: 

0.47 ± 0.07) and mice treated with XE991 showed more interest in the novel object 

(NOR index remy 25 days + XE: 0.5 ± 0.06), but this tendency was not statistically 

significant (Tukey’s multiple comparisons test: remy 25 days + veh vs. remy 25 days 

+ Ret: p = 0.72, remy 25 days + veh vs. remy 25 days + XE: p = 0.19, remy 25 days + 

Ret vs. remy 25 days + XE: p = 0.61, Fig. 15E). There was no significant difference 

between the groups performing the NOR test 60 minutes after the adaptation phase 
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(NOR index remy 25 days + veh: 0.6 ± 0.09, NOR index remy 25 days + Ret: 0.61 ± 

0.09, remy 25 days + XE: 0.46 ± 0.08, Fig. 15E), with a tendency of retigabine treated 

mice to spent more time exploring the novel object (Tukey’s multiple comparisons test: 

remy 25 days + veh vs. remy 25 days + Ret: p = 0.99, remy 25 days + veh vs. remy 25 

days + XE: p = 0.51, remy 25 days + Ret vs. remy 25 days + XE: p = 0.46, Fig. 15E). 

Considering the long-term memory impairment, by performing the NOR 24h after the 

adaptation phase, mice treated with the vehicle showed a tendency to spend more 

time with the old object than mice treated with retigabine or XE991 (NOR index remy 

25 days + veh: 0.34 ± 0.09, NOR index remy 25 days + Ret: 0.58 ± 0.12, NOR index 

remy 25 days + XE: 0.56 ± 0.1), but this difference was not significant (Tukey’s multiple 

comparisons test: remy 25 days + veh vs. remy 25 days + Ret: p = 0.16, remy 25 days 

+ veh vs. remy 25 days + XE: p = 0.18, remy 25 days + Ret vs. remy 25 days + XE: p 

= 0.99, Fig. 15E).  

Taken together, the pharmacological treatment of KCNQ-channels showed no effect 

on the short- and long-term memory of cuprizone mice during the early or full 

remyelination phase (Two-Way ANOVA, time: F(2,102) = 0.14, p = 0.87, treatment: F(5,51) 
= 1.3, p = 0.28).       
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Figure 15: Effect of a pharmacological modulation of KCNQ-channels on the NOR experiments of cuprizone mice. 
A schematic representation of the experimental setting. B Bar graph showing the average time the mice of the early 
remyelination phase spent exploring the objects during the adaptation trial. C Bar graph showing the NOR indexes 
for the different time points of mice from the early remyelination phase. An index of 0.5 indicates, that the mouse 

spent the same time exploring the novel and old object, an index < 0.5 says that the mouse spent more time with 

the old object and an index > 0.5 says that the mouse spent more time with the novel object. D Bar graph showing 

the average time the mice of the late remyelination phase spent exploring the objects during the adaptation trial. D 
Bar graph showing the NOR indexes for the different time points of mice from the early remyelination phase. 

 

4.14 Different Learning Abilities of Cuprizone Mice under the Influence of 

Retigabine or XE991 Treatment tested in an Auditory Pavlovian 

Conditioning Paradigm 

It is known that a cuprizone diet induces changes the learning behavior of mice (49,76). 

Since previously described behavior tests showed no effect of the cuprizone diet or of 

additional treatment on the learning abilities of mice, we wanted to investigate a more 

complex learning mechanism involving different brain circuits (71). Therefore, we 
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performed an auditory Pavlovian conditioning on cuprizone mice treated with 

retigabine or XE991 (see chapter 3. Methods, abstract 3.2.4 Auditory Pavlovian 

Conditioning, Fig. 16A). 

In this experiment both factors, frequency of the tones as well as the different 

treatments of the groups influenced the results significantly (Two-Way ANOVA, 

frequency: F(1,120) = 57.56, p < 0.0001, treatment: F(9,120) = 5.05, p < 0.0001). Naïve 

C57BL/6J mice were able to distinguish between the conditioned and the 

unconditioned sound, the percentage of freezing was more than 5 folds higher at a 

frequency of 10 kHz compared with the percentage of freezing at the unconditioned 

tone of 2.5 kHz (control, black bars, n = 5, 2.5 kHz = 11.78 ± 1.3 %, 10 kHz = 62.46 ± 

1.71 %, Tukey’s multiple comparisons test: p < 0.0001, Fig. 16B). After undergoing 5 

weeks of cuprizone and reaching full demyelination, the animals lost their ability to 

discriminate between the two frequencies (cuprizone, grey bars, n = 5, 2.5 kHz = 57.65 

± 2.09 %, 10 kHz = 66.45 ± 2.32 %, Tukey’s multiple comparisons test: p > 0.9999 

Fig.16B). After a remyelination period of 7 days, without an additional treatment, the 

mice did not regain the ability to distinguish between the conditioned and 

unconditioned frequency, which resulted in similar percentage of freezing at 2.5 kHz 

and 10 kHz (remy 7 days naïve, light green bars, n = 5, 2.5 kHz = 47.19 ± 4.16 %, 10 

kHz = 43.22 ± 3.55 %, Tukey’s multiple comparisons test: p > 0.9999, Fig.16B). 

Moreover, after a full remyelination period of 25 days without an additional treatment 

the mice showed a similar freezing percentage at both frequencies (remy 25 days 

naïve, dark green bars, n = 5, 2.5 kHz = 38.73 ± 6.44 %, 10 kHz = 32.58 ± 7 %, Tukey’s 

multiple comparisons test: p > 0.9999, Fig. 16B). This effect could be altered by 

introducing a pharmacological modulation starting with the remyelination phase. After 

a remyelination period of 7 days, with an additional retigabine treatment, the mice 

showed a significant higher percentage of freezing after being exposed to the 

conditioned sound compared with the unconditioned frequency (remy 7 days + Ret, 

light blue bars, n = 6, 2.5 kHz = 34.82 ± 6.52 %, 10 kHz = 66 ± 3.09 %, Tukey’s multiple 

comparisons test: p = 0.03, Fig. 16C). A treatment during this period with the 

corresponding vehicle DMSO did not show this effect, the percentage of freezing was 

similar for both frequencies with no significant difference (remy 7 days + veh, yellow 

bars, n = 5, 2.5 kHz = 46.87 ± 6.92 %, 10 kHz = 55.81 ± 6.17 %, Tukey’s multiple 

comparisons test: p > 0.9999, Fig. 16C). A treatment with XE991 (remy 7 days + XE, 
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rose bars, n = 10) during the early remyelination period indeed strengthened the 

learning abilities of the animals, so that there was a bigger difference between the 

percentage of freezing at 2.5 kHz (27.21 ± 7.08 %) and at 10 kHz (58.55 ± 4.5 %, 

Tukey’s multiple comparisons test: p < 0.0001 Fig. 16C). 

Treatment with retigabine for a period of 25 days after cuprizone withdrawal from the 

diet strengthened the ability of the mice to discriminate between the two frequencies, 

resulting in a significantly higher percentage of freezing for the 10 kHz sound compared 

to the 2.5 kHz sound (remy 25 days + Ret, blue bars, n = 10, 2.5 kHz = 17.18 ± 3.12 %, 

10 kHz = 59.1 ± 2.52 %, Tukey’s multiple comparisons test: p < 0.0001, Fig 16D). A 

treatment with the corresponding vehicle DMSO over the same period of time did not 

change the outcome of the test (remy 25 days + veh, orange bars, n = 10, 2.5 kHz = 

49.03 ± 3.8 %, 10 kHz = 57.76 ± 3.66 %, Tukey’s multiple comparisons test: p = 0.99, 

Fig. 16D). The ameliorative effect of a treatment with XE991 observed after 7 days 

remyelination did not persist when animals were treated for 25 days (remy 25 days + 

XE, red bars, n = 10, 2.5 kHz = 42.11 ± 5 %, 10 kHz = 45.34 ± 4.58 %, Tukey’s multiple 

comparisons test: p > 0.99, Fig. 16D).  

Taken together, these results demonstrate that the learning abilities of cuprizone mice 

are impaired during both de- and remyelination phases. An additional treatment with 

retigabine ameliorated the cognition impairment in both phases of the remyelination, 

while XE991 ameliorated only the cognition impairment during the early remyelination 

phase and not during the full remyelination phase. 
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Figure 16: Effect of a pharmacological modulation of the KCNQ-channels on a Pavlovian conditioning paradigm of 
cuprizone mice. A Schematic representation of the experimental outline. B Bar graph showing the percentage of 
freezing of control mice (black graph), cuprizone mice at full demyelination (grey graph) and mice of the different 

remyelination phases without an additional treatment (green bars). C Bar graph showing the percentage of freezing 
of mice from the early remyelination phase with different additional treatments. D Bar graph showing the percentage 
of freezing of mice from the full remyelination phase with different additional treatments.  
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5. Discussion 

5.1 Summary of the results  

Our experiments indicate an involvement of KCNQ-channels in the pathophysiology of 

neurodegenerative diseases like MS. We could show that a prophylactic treatment with 

the KCNQ-channel opener retigabine ameliorated the outcome of EAE experiments. 

In more detail, EAE mice treated with retigabine showed the same onset of clinical 

symptoms as controls (untreated mice), but the progression of symptoms was less 

severe, and the mice showed improved learning abilities. Thus, retigabine might 

influence the clinical course and the cognitive impairment characterizing EAE mice. 

Moreover, in vitro immune assays showed no changes in the proliferation and cytokine 

production of stimulated splenocytes upon retigabine treatment. Hence, we concluded 

that the drug does not significantly influence the immune component and that an effect 

on neurodegeneration in EAE is a more likely one. To evaluate this neurodegenerative 

process, we took advantage of the cuprizone mouse model of de- and remyelination 

which is characterized by the absence of adaptive immunity. The ameliorative effect of 

retigabine was confirmed, as retigabine treatment improved the cognitive impairment 

which characterizes cuprizone-treated mice. Taken together with findings from the 

literature showing an altered expression pattern of KCNQ-channels and an increased 

neuronal excitability upon cuprizone diet (54,84,93), we concluded that KCNQ-

channels might play a role in the pathophysiology of MS and that a treatment with 

retigabine might have neuroprotective effects.  

 

5.2 Interpretation of the Main Findings 

5.2.1 Retigabine Treatment Ameliorates the Course of EAE 

We could demonstrate that a prophylactic treatment with retigabine improved the 

outcome of an EAE experiment. The drug ameliorated the progression of symptoms 

and decreased the cumulative score of EAE mice (compare chapter 4. Results, 

abstract 4.1 the Effect of KCNQ-channels on Experimental Autoimmune Encephalitis, 

Figure 1). In addition, retigabine treatment improved the cognitive abilities of EAE mice, 

which are known to suffer from memory impairment (73,147). The mechanisms 

underlying such amelioration can only be hypothesized by involving KCNQ-channels, 
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which are directly regulated by retigabine and that were previously indicated as players 

in the onset of hyperexcitability in other models of MS (93). This hyperexcitability was 

accompanied by altered ion-channel expression and it is known, that demyelination 

leads to modified KCNQ3 expression as this subtype redistributes into the 

demyelinated internodes in acute and chronically demyelinated neurons (93). 

Disruption of physiologic excitability levels is associated with impairment of proper 

neuronal and network functioning both in vitro and in vivo (40,54,56,80,81). Since 

retigabine exerts an hyperpolarizing effect on neurons controlling neuronal excitability 

(111,127,134), a prophylactic treatment with this drug might have neuroprotective 

effects. In EAE hyperexcitability is observed in neurons of the remission phase which 

is known to be characterized by neurodegeneration (40). After all, others K+-channels 

physiologically involved in maintaining the RMP, like TASK and TREK were already 

shown to play major roles in the disease onset and course (148,149). Therefore, 

animal experiments and human studies indicate an involvement of ion channels, 

respectively K+-channels, in MS, marking them possible targets for therapeutic 

strategies (88).  

 

5.2.2 KCNQ-channels are not Involved in Inflammation 

MS pathophysiology consists of neurodegeneration and inflammation like the 

respective animal model EAE (1,2). To investigate the underlying mechanisms of the 

ameliorative effect of retigabine in our EAE experiment, we performed different 

immune assays using stimulated splenocytes to represent the role of T lymphocytes. 

We did find KCNQ3 expression in the spleen (compare chapter 4. Results, abstract 

4.3 Expression Pattern of KCNQ-channels in different organs) but retigabine 

administration showed no significant effect in immune cell experiments (proliferation 

and cytokine production), and, therefore, the function of this subtype remains unclear. 

The observed decrease in proliferation of retigabine treated splenocytes (compare 

chapter 4. Results, abstract 4.5 The Effect of Retigabine Administration on Splenocyte 

Proliferation), could be induced by a decline in splenocyte viability (compare chapter 

4. Results, abstract 4.4 Retigabine Titration), and therefore, no clear antiproliferative 

effect of retigabine could be established. Furthermore, retigabine did not influence 

cytokine production of stimulated splenocytes (compare chapter 4. Results, abstract, 

Figure 6). Therefore, it is unlikely that the effect of retigabine observed in our EAE is 
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based on an involvement of KCNQ-channels in inflammation. For further confirmation 

of this thesis, ex vivo experiments comparing immune related tissue of EAE mice 

receiving a retigabine treatment are needed, as at this time point, we can only consider 

no effect of retigabine on isolated splenocytes. The overall immune reaction in MS/EAE 

involves reaction pathways that are not represented in our experiments and since there 

is little known in the literature, no clear statement about the role of KCNQ-channels in 

the immune system can be done.  

 

5.2.3 Retigabine Treatment Influences Neurodegenerative Processes in Cuprizone 

Animal Experiments 

Based on our findings from the immune assays and the literature, we concluded that 

KCNQ-channels play a more prominent role in neurodegeneration than 

neuroinflammation. Cuprizone mice treated with retigabine showed reduced learning 

impairment and better memory function than the corresponding vehicle control and 

therefore, we hypothesize a neuroprotective potential of retigabine. It was 

demonstrated, that changes in memory function are accompanied by altered 

neurotransmission and excitability of hippocampal neurons (150,151). Several studies 

using invertebrates could demonstrate an involvement of voltage gated K+-channels in 

learning and memory consolidation (150). As XE991 enhanced learning and memory 

mechanisms in healthy mice (152), an influencing role of KCNQ-channels on memory 

function in mammalians was reported. Demyelination as consequence of 

neurodegeneration leads to a reduced neuronal excitability while the early phase of 

remyelination induces hyperexcitability in neurons. This results in a generally reduced 

excitability at full remyelination with impaired signal transduction and therefore the 

remyelinating process does not recover normal neuronal function (54). Retigabine 

shifts the activation potential of KCNQ2/3 to a hyperpolarized membrane potential and 

therefore, more channels stay open at the RMP preventing hyperexcitability (106,127). 

We hypothesize a neuroprotective effect on retigabine based on regulating neuronal 

excitability with consequently less learning and memory impairment. This thesis is 

supported by reports of neuroprotective effects of retigabine in animal models of other 

neurodegenerative disease. Amyotrophic lateral sclerosis and ischemic stroke 

mechanisms working against excitotoxic effects and hyperexcitability could be shown 

(153,154). Based on these findings, retigabine might moderate the hyperexcitability 
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during the early remyelination which might improve the remyelination process in 

general. Another mode of action could also relate to evidence showing that retigabine 

administration reduces the cell loss by preventing the production of reactive oxygen 

species (ROS) (153). The generally reduced neuronal network activity caused by 

demyelination results in reduced excitotoxity (153), indicating an indirect effect of 

retigabine administration on ROS production. As astrocytes play an important role in 

ROS production (4,155) and KCNQ3 and 5 are expressed in astrocytes, a direct effect 

of retigabine on ROS production cannot be excluded and should be subject to further 

investigations.  

Taken together, KCNQ-channels and a pharmacological treatment with retigabine 

showed neuroprotective features in neurodegenerative disease highlighting the 

importance of K+ balance for physiological neuronal function.  

 

5.3 Limitations and Critique of Methodology  

All animal experiments where performed with female C57BL/6J mice and all 

experimental groups were matched for sex and age. Hereby, the number of 

confounding factors was minimized, but animal experiments remain dependent from a 

number of other heterogeneous factors as individuality between the mice. In addition, 

not all influencing factors were established and could therefore be counteracted. To 

overcome these limitations and strengthen the significance, we increased the number 

of animals undergoing the immunization and behavior experiments.     

To reduce the failure rate of our in vitro experiments, we increased the number of the 

repetitions of experiments always according to power calculation. Moreover, each 

experiment in vitro was performed with technical duplicates or triplicates. Nevertheless, 

mistakes in stimulation, culturing and handling of in vitro experiments can occur. To 

minimize stimulation differences, the cultured splenocytes were checked under the 

microscope (Inverted Zeiss Axioexaminer, Germany) prior to use.   

 

Moreover, we detected irregularities in the expression of different KCNQ-channel 

subtypes in different tissue. Therefore, we changed the manufacturer company of our 

primers and adapted the sequence. This thesis only presents the data obtained with 
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our latest primers (see table 3). Nevertheless, splice variants of different KCNQ-

channels (especially KCNQ2 and 3) were detected. Only little is known about the 

function of those splice variants and this limits the significance of the importance of the 

different subtypes for cell function.  

 

6. Conclusions and Perspectives: 

The work presented in this thesis suggests an involvement of KCNQ-channels in the 

pathophysiology of neurodegenerative diseases like MS. However, our results do not 

allow to understand if these channels play a role in the onset or in the maintenance of 

the disease. Given the findings indicating increased neuronal excitability and the 

effects of the EAE disease score, we would be oriented towards suggesting a role 

played by these channels in the neurodegenerative phase of the disease. Moreover, 

relating our findings with the literature, we hypothesize a neuroprotective role played 

by retigabine. In order to corroborate this conclusion EAE experiments should be 

repeated and animals should be observed for a longer period of time (in this study it 

was 25 days). In this way, the disease score course could be followed up long after 

dmax.  

Moreover, in order to make the study more translational and to better mimic the clinical 

condition of a MS patient, an EAE with a therapeutic retigabine treatment should be 

planned. In this way, treatment would start at the onset of symptoms. Furthermore, 

histological staining of brain and spinal cord from EAE mice treated either with vehicle 

or retigabine are needed to assess differences in number and location of lesions of the 

different treatment groups. As we hypothesize a neuroprotective effect of retigabine by 

counteracting hyperexcitability, electrophysiological measures using brain slices from 

the EAE and cuprizone mice treated with retigabine/XE991 are required.  

The role of KCNQ-channels in the immune component of MS remains unclear. First of 

all, our analysis of the KCNQ expression pattern could neither confirm nor exclude an 

KCNQ expression in splenocytes. To elucidate this, further PCR experiments on the 

different cell populations of splenocytes (e.g. B-cells, T-cells) are needed. If an 

expression can be confirmed, additional immune assays focusing on the role of KCNQ-

channels in these cell populations are required. The same applies to investigating the 
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role of KCNQ-channels in the innate immune system of the brain, as our PCR could 

demonstrate an expression of KCNQ3 in astrocytes.  

For further insights into the role of KCNQ-channels it is necessary to explore the 

different subtypes separately. Unfortunately, KCNQ2 knock out (KO) strains suffer 

from lethal seizures in the perinatal period, and therefore, it is not possible to use them 

in further experiments as full KOs (156,157).  Alternatively, a KCNQ3 KO strain based 

on C57BL/6J mice is available and EAE experiments with these KO mice are in 

progress.  

Taken together, the work provided in this thesis demonstrates an involvement of 

KCNQ-channels in neurodegenerative disease like MS, but further investigations 

clarifying the role in the pathophysiology are needed.  
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9. List of Abbreviations 

ACK Ammonium-Chlorid-Potassium 

AIS Axon initial segment 

AP Action potential 

ATP Adenosintrisphosphate 

AUT Austria 

BBB Blood brain barrier 

BSA Bovine serum albumin 

BW Bodyweight 

Ca2+ Calcium 

CC Corpus callosum 

cDNA Complementary DNA 

CHE Switzerland  

CIS Clinical isolated syndrome 

CNS Central nervous system 

ddH2O Distillated Water 

DMEM Dulbeccos modified eagle serum 

DMSO Dimethyl sulfoxide 

DMT Disease modifying therapy 

dmax Day of maximum score 

DNA Deoxyribonucleic acid 
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dNTPs Deoxyribonucleic acid trisphosphates 

EAE Experimental autoimmune encephalitis 

EDTA Ethylendiaminetetraacetic acid 

EPM Elevated plus maze 

FACS Fluresence activated cell sorting  

FCS Fetal calf serum 

Fig. Figure 

FVD Fixable viability dye 

GABA Gamma butyl acid 

GER Germany 

h Hour(s) 

HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) 

IL Interleukin 

K+ Potassium 

KO Knock out  

LN Lymph node  

LUX Luxemburg 

MACS Magnetic activated cell sorting  

MBP Myelin basic protein 

MHC Major Histocompatibility complex  
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min Minute(s) 

MOG Myelin oligodendrocyte glycoprotein 

MRI Magnet resonance imaging 

mRNA Messenger RNA 
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NLD The Netherlands 

NOR Novel object recognition 

ns Not significant 

OF Open field  

OPC Oligodendrocyte progenitor cells 

P/S Penicillin/Streptomycin 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction  

PLP Phospholipid protein 

PNS Peripheral nervous system 

Remy Remyelinated 

Ret Retigabine 

RNA Ribonucleic acid  

ROS Reactive oxygen species 

RRMS Relapsing remitting MS 
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Rpm Rounds per minute 

RT-PCR Real time polymerase chain reaction 

s Second(s) 

SA-PE Streptavidin-phycoerythrin 

SEM Standard error of the mean 

stim stimulated 

TNFα Tumor necrosis factor α 

USA United States of America 

Veh vehicle 

Vs. versus 
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12. Anhang 

Table 1: Instruments 

Instrument  Manufacturer 

Autoclaver VX-95 Systec GmbH, GER 

Axio Examiner Zeiss, GER 

Behavior Setup (Open Field + EPM) Ethovision, Noldus IT, NLD 

Casy Model TT cell counter OLS Omni Life Science, GER 

Centrifuge 5415R Eppendorf, GER 

Centrifuge 5810R Eppendorf, GER 

Centrifuge minister silverline VWR, GER 

Clean Bench, Hera Safe KS 12, 1/PE Ac Thermo Scientific, Thermo Fisher 

Scientific, MA, USA 

Distillery  

Electrophoresis chamber Bio-Rad Hercules, USA 

Fear Conditioning apparatus TSE System GmbH Bad Homburg, GER 

Gallios™ Flow Cytometer, 10 Colors/ 3 

Laser 

Beckmann Coulter, CA, GER 

Incubator T5042 E Heraeus, GER 

Microplate Reader, Infinite M200 Pro 

Multimode 

Tecan Life Science, CHE 

NanoDrop™ 1000, spectrophotometer Peq Lab Biotechnology, VWR, GER 

pH-meter, S20 – SevenEasyTM pH Mettler, Toledo, OH, USA 



 II 

Pipette Controler, accu-jet pro Brand GmbH & CoKG, GER 

Pipette Research plus 0.5-10 µl, 10-100 

µl, 20-200 µl, 100-1000 µl single channel  

Eppendorf, GER 

Pipette Research Plus, 30-300 µl, 12-

channel 

Eppendorf, GER 

Pump 11 Elite Havard Apparatus, MA, USA 

StepOnePlus™ RT-PCR system Applied Biosystem, Thermo Fisher 

Scientific, MA, USA 

Titramax 101 platform shaker Heidolph, GER 

Thermocycler, Biometra Tprofessional 

TRIO 

Analytik Jena, GER 

Vortex mixer 7-2020 neoLab Migge GmbH, GER 

Water bath Memmert, GER 

 

Table 2: Expandable Material and Reagents 

Expendable Material Manufacturer 

6/12/24 well plates, flat bottom with lid Corning costars, Corning, NJ, USA 

96 well plate, flat bottom with lid Cellstar Greiner bio-one, AUT 

96 well plate, flat bottom with lid, white Cellstar Greiner bio-one, AUT 

96 well plate, U-bottom with lid Cellstar Greiner bio-one, AUT 

Adhesive qPCR seal Sarstedt, GER 

Agarose powder Sigma-Aldrich St. Louis, USA 



 III 

Biosphere filter tip, 0.1-20 µl ,2-20 µl, 2-

100 µl, 2-200 µl, 100-1000 µl 

Sarstedt, GER 

CASYcups OLS Omni Life Science, GER 

Cell strainer, 40 µm mesh size Falcon, Corning, NJ, USA 

Discadit Luer slip syringe 2/5/10/20 ml BD Bioscience, NJ, USA 

Gloves, classic nitril, powder free Abena, Denmark 

Micro amp Fast-optical reaction plate 

with barcode 

Applied Biosystem, Thermo Fisher 

Scientific, MA, USA 

Multichannel Pipette Eppendorf Hamburg, GER 

PCR Tubes  

Pipette Tips Eppendorf Hamburg, GER 

Polyprophylene Conical Tube, 50 ml Falcon, Corninh, NJ, USA 

Protective Glove Braun Melsungen, GER 

Safe-Lock Tubes, 0.5/1.5/2.0 ml Eppendorf, GER 

Serological pipettes 5/10/25 ml, Stripette Corning Costar, Corning, NJ, USa 

Single-use hypodermic needles, 

Sterican 

Braun, GER 

Spin away filter ZYMO Research Irvine, USA 

  

Reagents Manufacturer 

5x Buffer (cDNA) Thermo Fisher Scientific, MA, USA 

Annexin V  Thermo Fisher Scientific, USA 
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Annexin Binding Buffer (5x) Thermo Fischer Scientific Waltham, USA 

Assay Buffer  BioLegend SAN Diego, USA 

Bis-Cyclohexanone Oxaldihydrazone Sigma-Aldrich Inc. Hamburg GER 

Bovine serum albumin Sigma-Aldrich, Merck, GER 

CASYton OLS O,ni Life Science, GER 

Cell proliferation dye eFlourTM 670 Thermo Fisher Scientific, USA 

Chloroform Sigma-Aldrich Schnelldorf, GER 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Gibco, Thermo Fisher Scientific, MA, 

USA 

DEPC-H20 Thermo Fischer Scientific Waltham, USA  

Detection Antibodies BioLegend SAN Diego, USA 

Dimethylsulfoxid (DMSO) Carl Roth Karlsruhe, GER  

Desoxyribonucleosidtriphosphate 

(dNTPs) 

Thermo Fischer Scientific Waltham, USA 

Ethanol Merck Darmstadt, GER 

Ethylenediaminetetra-acetic acid (EDTA) 

disodium salt dihydrate 

Sigma-Aldrich, Merck, GER 

Fixable viability dye eFlourTM 780 Thermo Fisher Scientific, USA 

GeneRuler 50 bp DNA ladder Thermo Fischer Scientific Waltham, USA 

HEPES Buffer Solution (1M) Gibco, Thermo Fisher Scientific, MA, 

USA 

Isopropanol Merck Darmstadt, GER 
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Maxima RT Thermo Fisher Scientific, MA, USA 

Penicillin/Streptomycin (P/S) Sigma-Aldrich, Merck, GER 

Phosphate-buffered Saline (PBS) Sigma-Aldrich Schnelldorf, GER 

qPCR MasterMix Thermo Fisher Scientific, MA, USA 

Random Hexamer Thermo Fischer Scientific Waltham, USA 

RedSafeTM Nuclear Acid Staining 

Solution 

iNtRON Bio, Burlington USA 

 

Retigabine Cayman Chemicals (item No. 21449) 

RiboLock RNase Inhibitor Thermo Fisher Scientific, MA, USA 

RNA Lysis Buffer ZYMO Research Irvine, USA 

RNA Prep Buffer ZYMO Research Irvine, USA 

RNAse Inhibitor Thermo Fischer Scientific Waltham, USA 

Sodium Azide (NaN3) Sigma-Aldrich, Merck, GER 

Streptavidin-phycoerythrin (SA-PE) BioLegend SAN Diego, USA 

Standard Cocktail BioLegend SAN Diego, USA 

Taqman® reverse Transcriptase Applied Biosystems Foster City, USA 

Taq-Polymerase Thermo Fischer Scientific Waltham, USA 

Trizol Invitrogen Carlsbad, USA 

Washing Buffer for LegendPlex BioLegend SAN Diego, USA 

Washing Buffer for RNA Isolation ZYMO Research Irvine, USA 

XE991 Tocris (Catalog number: 2000) 
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Table 3: Antibodies and Primer 

Antibody Clone/Isotype Manufacturer 

Anti-mouse CD 3 purified 145-2C11 eBiosc. Frankfurt, GER 

Anti-mouse CD 28 purified 37.51 Biolgened, CA, USA 

Primer Manufacturer 

KCNQ 1 forward: 5´-GCC ACC GGG ACC CTC TTC 

TG-3´ 

Eurofins Scientific, LUX 

KCNQ 1 reverse: 5´-GAT GCG GCC GGA CTC ATT 

CA-3´ 

Eurofins Scientific, LUX 

KCNQ 2 forward: 5´-CAA GTA CCC TCA GAC CTG 

GAA C-3´ 

Eurofins Scientific, LUX 

KCNQ 2 reverse: 5´-CAG CTC TTG GGC ACC TTG 

CT-3´ 

Eurofins Scientific, LUX 

KCNQ 3 forward: 5´-CCA AGG ATG AAC CAT ATG 

TAG CC-3´ 

Eurofins Scientific, LUX 

KCNQ 3 reverse: 5´-CAG AAG AGT CCA GAT GGG 

CAG GAC-3´ 

Eurofins Scientific, LUX 

KCNQ 4 forward: 5´-CAT CGG GTT CCT GGT GCT 

CAT CTT-3´ 

Eurofins Scientific, LUX 

KCNQ 4 reverse: 5´-TAG GCC CGG CTC GTG TCA 

GTG-3´ 

Eurofins Scientific, LUX 

KCNQ 5 forward 1: 5´-CAT TGT TCT CAT CHC TTC A-

3´ 

Eurofins Scientific, LUX 

KCNQ 5 forward 2: 5´-CCA TTG TCA TCG CTT CA-3´ Eurofins Scientific, LUX 
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KCNQ 5 reverse: 5´-TCC AAT GTA CCA GGC TGT 

GA-3´ 

Eurofins Scientific, LUX 

 

Table 4: Software 

Software Manufacturer 

Adobe Illustrator Adobe Inc. Mountain View, USA 

EthoVision XT Noldus, Wageningen, The Netherlands 

GraphPad PRISM Graphpadsoftware Inc. San Diego, USA 

Kaluza Analysis Software Beckman Coulter Life Science Brea, 

USA 

LegenPlex analysis software BioLegend SAN Diego, USA 

  

 

Table 6: cytokine detection beats  

Cytokine detection beat Manufacturer 

TNF a BioLegend SAN Diego, USA 

IFN y  BioLegend SAN Diego, USA 

IL-2 BioLegend SAN Diego, USA 

IL-6 BioLegend SAN Diego, USA 

IL-10 BioLegend SAN Diego, USA 

IL-17 BioLegend SAN Diego, USA 
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Table 7: TaqMan Primers 

KCNQ subtype Primer Manufacturer 

KCNQ1 Mm00434640_m1 Thermo Fisher Scientific USA 

KCNQ2 Mm00440080_m1 Thermo Fisher Scientific USA 

KCNQ3 Mm00548884_m1 Thermo Fisher Scientific USA 

KCNQ4 Mm01185500_m1 Thermo Fisher Scientific USA 

KCNQ5 Mm01226041_m1 Thermo Fisher Scientific USA 
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