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ABSTRACT 

Chege, Sally W. PhD, University of California, San Francisco. December, 2010. 

Role of M-channels in seizure generation: A study in zebrafish. Major Professor: 

Scott Baraban. 

 
Epilepsy is a neurological disorder that is characterized by recurrent 

seizures that result from an overall increase in neuronal excitability. A subset of 

epilepsies are caused by gene mutations majority of which result in ion channel 

dysfunction, alteration of neurotransmitter receptors or cause brain deformities. 

For this thesis, we examined a particular subset of potassium channels (M-

channels) in which mutations of the corresponding KCNQ genes results in a 

seizure disorder known as benign familial neonatal convulsions (BFNC). 

M-channels produce an inhibitory potassium current that allows firing of 

single action potentials but opposes sustained depolarization and repetitive firing 

of action potentials. Suppression of this channel thus results in continuous firing 

of action potentials and may cause general network hyperexcitation. We sought 

to study the role of these M-channels in seizure generation using zebrafish larvae 

as the model organism. First we determined which of the M-channel genes 

KCNQ2, KCNQ3 and KCNQ5 were expressed in Zebrafish. We were able to 

confirm the expression of KCNQ3 and KCNQ5 but not KCNQ2 due to sequence 

assembly errors. We then determined the developmental expression and 
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localization of both KCNQ3 and KCNQ5 in the zebrafish larvae. At the channel 

level, we examined the effect of pharmacological alteration of M-channel function 

in vivo. We were able to show in that blocking M-channels using linopirdine was 

sufficient to cause seizure-like electrical bursting in the brain, as well as 

stereotyped seizure behaviors. These seizure phenotypes could be blocked and 

also reversed by application of the M-channel enhancer Retigabine.  

 We then knocked down the expression of KCNQ3 using targeted 

morpholinos, and were able to confirm that knock-down of KCNQ3 in zebrafish 

larvae was sufficient to produce an electrical seizure phenotype in the brain.  

Overall, we confirmed the specific hypothesis that suppression of M-channel 

activity in vivo alters neuronal function in a manner that leads to hyperexcitability 

and seizures. Since the zebrafish expressed specific M-channel genes and 

disruption of either gene function or channel function (pharmacologically) 

consistently produced a seizure phenotype, we were able to show that the 

zebrafish is a viable model system in which to study M-channels and BFNC. 
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CHAPTER 1. INTRODUCTION 

1.1. Background  

1.1.1. Genetics of Epilepsy 

 

 Epilepsy is a neurological disorder of recurrent seizures that affects 

approximately 1% of the population (Rakhade, Yao et al. 2005). It is marked by 

neural hyper-excitation and abnormal network synchronization (Noebels 2003). 

Phenotypically, epilepsy presents as sudden brief periods of altered 

consciousness, involuntary movements or convulsions (Hortopan, Dinday et al. 

2010) Although epilepsy can result from a wide range of brain insults, over 70 

gene mutations have been identified that lead to epilepsy (Noebels 2003). Most 

of these mutations result in ion channel dysfunction, alteration of 

neurotransmitter receptors or cause brain deformities that increase a person’s 

susceptibility to seizures (Hortopan, Dinday et al. 2010).  

Studying mechanisms of epileptogenesis however is quite complex. 

Irrespective of the initiating insult, a physical brain injury or a gene mutation, it 

remains difficult to answer the central questions that perplex the field of epilepsy: 

what initiates an individual seizure, why it remains focal or spreads and why it 

stops (Noebels 2003). 
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Epileptiform seizures are defined as episodic uncontrolled excessive 

synchronous discharge of groups of central neurons (Engel, Pedley et al. 1997). 

These may result from an increase in excitation, decreased inhibition or a 

combination of both. Electrographic seizure events monitored through 

extracellular field recordings have three characteristic features (i) Large ictal 

bursts, which are normally followed by (ii) a quiet period referred to as the post-

ictal depression. There are also (iii) smaller interictal bursts in between the ictal 

bursts (Engel, Pedley et al. 1997) (Figure  1-1). 

 Ictus refers to any type of major seizure and ictal bursts are usually of 

larger amplitude and longer duration then interictal bursts. Interictal discharges 

are defined as brief electrical abnormalities occurring between seizures (Prince, 

Connors et al. 1983). Although it may be assumed that ictal bursts are a natural 

transition from interictal bursts, several studies have indicated that the two events 

may result from entirely different mechanisms (Dzhala and Staley 2003). The 

process though which ictal bursts are generated is referred to as ictogenesis, a 

process which at present is still incompletely understood. It has been postulated 

that certain ion channels and molecules involved in neuronal excitability such as 

GABA (Dzhala and Staley 2003; Isaev, Isaeva et al. 2005), mGluR1(Sayin and 

Rutecki 2003), and M-channels (Qiu, Johnson et al. 2007) may be involved in 

this process. 

 Studying the genetic basis of epilepsy is critical for our understanding of 

the disease and offers the potential of developing future genetic based therapies. 
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In particular, single gene mutations are associated with some inherited forms of 

epilepsy. Although these are rare, they still offer a good foundation from which 

we can examine more complex forms of epilepsy (Guerrini, Casari et al. 2003). 

Given their ability to impact neuronal excitability, it is not surprising that many of 

these single gene mutations affect membrane-bound ion channels (Hortopan, 

Dinday et al. 2010). A mutation in the voltage-gated sodium channel gene 

(SCN1B) increases susceptibility to febrile seizures and generalized epilepsy 

with febrile seizures plus (GEFS+) (Wallace, Wang et al. 1998). Calcuim and 

GABA receptor mutations have also been identified in humans (Noebels, Qiao et 

al. 1990). Of relevance to this dissertation, an epilepsy syndrome known as 

benign familial neonatal convulsions (BFNC) results from mutations in a voltage-

gated potassium channel. BFNC is rare among epilepsy syndromes since it 

displays a Mendelian form of inheritance and is inherited in an autosomal 

dominant pattern (Rogawski 2000). 

1.1.2. BFNC  

 

  BFNC is a generalized epilepsy that is characterized by seizures that start 

in the first week of life and remit by ~ 6months of age (Cooper and Jan 2003). 

Although most BFNC patients develop normally into adulthood, ~16% develop 

subsequent epilepsies indicating an elevated risk compared to the general 

population where only 1-2% are affected (Singh, Westenskow et al. 

2003)(Okada, Zhu et al. 2003).  



 

 

4 

In 1989 Mark Leppert and colleagues mapped the first gene for BFNC to 

chromosome 20 (Rogawski 2000) and a second locus was subsequently 

identified on chromosome 8. A decade later, two homologous voltage-activated 

K+ channels designated KCNQ2 (chromosome 20q) and KCNQ3 (chromosome 

8q) were identified as the disease genes in BFNC (Rogawski 2000; Singh, 

Westenskow et al. 2003). Since then, numerous mutations have been 

characterized in these genes with the majority being found in KCNQ2 (Figure 1).  

Heterologous expression of KCNQ channels in xenopus ooctyes has 

shown that BFNC mutations cause reductions in the size of K+ currents by 20-

95%. This suggests that epilepsy may result from even modest reductions 

(~20%) in the amount of KCNQ channel activity (Cooper 2001). None of the 

BFNC mutations alter the ionic selectivity or gating properties of the channels 

and none of the mutant subunits interfere with the activity of wild-type subunits 

(Rogawski 2000). This suggests that the dominant inheritance of BFNC results 

from haplo-insufficiency and not from pathological gain-of-function or a dominant-

negative effect (Rogawski 2000). In our model described later in chapter 5, we 

will attempt to mimic this haplo-insufficiency, and the resulting seizure phenotype 

by transiently knocking down the KCNQ3 gene in-vivo using targeted anti-sense 

technology to reduce gene function. 

 

1.1.3. KCNQ and M-Channels 
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 BFNC-related KCNQ2 and KCNQ3 are part of a larger K+ Channel family 

consisting of 5 members (KCNQ1-5) (Jentsch 2000). The discovery of this K+ 

channel family has generated considerable excitement because mutations in 3 of 

the 5 members of this family have been implicated in human diseases including 

epilepsy (KCNQ2/3), Long QT syndrome (KCNQ1) and deafness (KCNQ4) 

(Robbins 2001).  

 KCNQ genes encode voltage-gated K+ channel subunits with 6 

transmembrane domains and a single pore loop (Jentsch 2000). Like other 

voltage gated K+ channels, 4 KCNQ subunits are thought to combine to form a 

functional channel (Figure 2). All 5 KCNQ proteins can form homomeric channels 

in vitro, but the formation of heteromers is restricted to certain combinations. 

KCNQ1 is unable to form heteromers with KCNQ2-5, but KCNQ3 can associate 

with KCNQ2, 4 and 5 (Jentsch 2000). This co-assembly of KCNQ3 with KCNQ2, 

4 and 5 is physiologically relevant because it significantly augments the currents 

in these channels (Hadley, Passmore et al. 2003). For this and other reasons, 

much of the genetic manipulation perfomed as part of this dissertation is focused 

on the KCNQ3 gene. 

 KCNQ proteins also vary in their localization. KCNQ1 has widespread 

expression outside the nervous system although it is mainly expressed in the 

heart muscle (Maljevic, Wuttke et al. 2008). KCNQ2 and KCNQ3 are expressed 

mainly in nervous tissue, KCNQ4 in the auditory system and KCNQ5 in the 

nervous system and skeletal muscle (Robbins 2001). As related to BFNC, it has 

been shown that KCNQ2 and KCNQ3 have extensively overlapping brain 
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expression. However, in situ hybridization shows that they are not always 

expressed in the same ratio and immunocytochemistry indicates that some 

neurons stain for only one or the other subunit (Jentsch 2000). Functionally, 

although KCNQ2 and KCNQ3 can form homomeric K+ channels when expressed 

alone, co-expression of both subunits in xenopus ooctyes generates currents that 

are more than 10 times larger than the homomers alone (Guerrini, Casari et al. 

2003). Indeed, BFNC mutations in either KCNQ2 or KCNQ3 genes are 

phenotypically similar as would be expected if the subunits functioned together 

(Rogawski 2000). Based on their expression and functional properties, KCNQ2 

and KCNQ3 heteromers have been implicated as the molecular correlates of the 

well characterized neuronal M-channel (Cooper and Jan 2003).  

 The current associated with M-channels (M-current) was first described in 

sympathetic neurons as a non-inactivating K+ current that was slowly activated 

by depolarization and inhibited by muscarinic acetylcholine receptor agonists 

(hence the name M-current) (Brown and Adams 1980). Figure 1-4 shows the 

pathway of muscarinic inhibition of M-channels (Delmas and Brown 2005). M-

Channels open and close ~100 times slower than the channels that underlie fast-

propagating action potentials (Cooper and Jan 2003). Consequently, since M-

channels allow firing of single action potentials but oppose sustained 

depolarization and repetitive firing of action potentials, the M-channels function 

as a restraint on excessive neuronal activity. However, based on their ability to 

be modulated by the release of neurotransmitters such as acetylcholine, M-

channels may also function more specifically and locally to mediate transient 
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increases in excitability in a brain region (Cooper and Jan 2003). A dysfunction in 

this channel may thus alter neuronal networks and result in hyperexcitation, 

which may be the case in BFNC.  

1.1.4. Previous M-channel Research 

 

 Study of M-channel function has been made easier by the availability of 

compounds that selectively modulate M-channels. Linopirdine and XE991 have 

been shown to block M-current whereas flurpitine and retigabine were seen to 

enhance M-current (Yue and Yaari 2004). 

Drugs that block the M-current were tested as potential cognition 

enhancers and were found to increase cognitive performance of laboratory 

animals in several learning and memory paradigms (Miceli, Soldovieri et al. 

2008). Linopirdine was tested in clinical trials for Alzheimer’s disease. At low 

doses it was not found to be therapeutically potent, whereas higher doses 

induced cholinergic hyperstimulation side effects such as tremors (Miceli, 

Soldovieri et al. 2008). More recent analogs have been used in in vitro studies 

but have yet to be clinically tested in humans (Miceli, Soldovieri et al. 2008). 

 Drugs that augment M-current have been shown to have therapeutic 

potential in the treatment of epilepsy and neuropathic pain (Fritch, McNaughton-

Smith et al. 2010). For instance retigabine has been shown to induce the 

enhancement of M-current thus hyperpolarizing the neuronal resting potential, 

leading to an inhibition of spontaneous or synaptic neuronal activity (Miceli, 
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Soldovieri et al. 2008). Retigabine has been shown to excuslively activate the 

neuronally expressed KCNQ2-5 isoforms though with different potencies but 

does not modulate KCNQ1 activity (Wickenden, Yu et al. 2000; Tatulian, Delmas 

et al. 2001; Lange, Geissendorfer et al. 2009). Figure  1-5 shows the structure of 

retigabine and its binding site on KCNQ2 subunit (Miceli, Soldovieri et al. 2008). 

 Recently, Pena et al illustrated that epileptiform activity can be induced by 

pharmacological reduction of M-current using an in-vitro hippocampal slice 

preparation (Pena and Alavez-Perez 2006). The effects of these pharmacological 

agents in a whole animal system are yet to be fully demonstrated. In this project 

we propose to demonstrate that blocking of M-channels in-vivo will result in 

neuronal hyperexcitability and possibly seizures and that these can be alleviated 

by administration of retigabine. 

 KCNQ2 and KCNQ3 antibodies show widespread localization of the 

subunits in the adult mouse brain (Geiger, Weber et al. 2006), although 

immunoreactivity is concentrated at key sites for control of rhythmic neuronal 

activity and synchronization . Recently, Pan and colleagues have shown KCNQ2 

(and in some cases KCNQ3) was localized at nodes of Ranvier and axon initial 

segments in spinal cord and brain. This suggests a role for these M-channels in 

action potential initiation and propagation (Pan, Kao et al. 2006). 

Immunoreactivity for KCNQ2, but not KCNQ3, is also prominent in some terminal 

fields, suggesting a pre-synaptic role for a distinct subgroup of M-channels in the 

regulation of neurotransmitter release (Cooper, Aldape et al. 2000). 
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 Great effort has been channeled towards understanding how mutations in 

KCNQ2 and KCNQ3 result in seizures in BFNC. Analysis of the channel 

mutations in heterologous systems has provided essential biophysical data that 

may or may not be representative of in-vivo channel function.  Several attempts 

have also been made to develop an animal model of BFNC. Watanabe and 

colleagues generated KCNQ2 knock-out mice of which homozygotes died within 

a day after birth (Watanabe, Nagata et al. 2000). Heterozygotes showed normal 

behavior and morphology, without spontaneous seizures, but exhibited increased 

sensitivity to the convulsant pentylenetetrazole. More recently, a mouse 

conditionally expressing the KCNQ2 G279S mutation was generated (Peters, Hu 

et al. 2005). The male (but not the female) mice exhibited spontaneous seizures. 

However, the acute mutant KCNQ2 over-expression had a dominant-negative 

effect and was found to significantly alter the expression of wild-type KNCQ2 and 

KCNQ3 (Peters, Hu et al. 2005). Because of these pervasive alterations in M-

channel subunit expression levels, these results could be detached from majority 

of BFNC-related pathology (Otto, Yang et al. 2006). The SZT1 mouse has a 

spontaneous KCNQ2 C-terminal deletion, but did not exhibit seizures (Otto, Yang 

et al. 2006).  

At the beginning of this thesis project, no KCNQ3 models had been 

developed. However, Singh and colleagues recently generated knock-in mice 

with the same A306T KCNQ2 mutation and the G311V KCNQ3 mutation found in 

some human BFNC patients (Singh, Otto et al. 2008). Heterozygous mice for 

either mutation have reduced seizure thresholds, whereas the homozygous adult 
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knock-in mice displayed spontaneous seizures that continued through adulthood 

(Singh, Otto et al. 2008).   

Although it has been established that KCNQ2 and KCNQ3 channels 

mediate the M-current, work by Schroeder and colleagues demonstrated 

overlapping spatial localization of KCNQ5, with KCNQ2, and KCNQ3 (Schroeder, 

Hechenberger et al. 2000). Additionally, KCNQ5 has been shown to form 

heteromers with KCNQ3 in-vitro and was shown to mediate currents that share 

voltage dependencies and inhibitor sensitivities with M-currents (Schroeder, 

Hechenberger et al. 2000). This suggests that KCNQ5 may play a physiological 

role as part of the M-channels although no mutations in BFNC have been 

associated with the KCNQ5 gene. The function of KCNQ5 in the brain is largely 

unknown although recently, it was shown that mice with a dominant negative 

mutation in KCNQ5 were viable and with normal brain morphology (Tzingounis, 

Heidenreich et al. 2010). KCNQ5 mutation however did result in medium and 

slow afterhyperpolarization currents in the CA3 region of the hippocampus that 

were significantly reduced (Tzingounis, Heidenreich et al. 2010). 

1.2. Why Zebrafish? Zebrafish as a model system for neurogenetic disorders 

 

Owing to several unique attributes, the zebrafish is rapidly becoming a 

popular model organism for the study of diseases (Parinov, Kondrichin et al. 

2004). Zebrafish have been used as a model for many human diseases such as 

cardiovascular diseases, cancer, hemophilia, osteoporosis, kidney and liver 
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disease and more recently disorders of the central nervous system (CNS) 

(Kabashi, Brustein et al. 2010). Zebrafish are vertebrates with common organs 

and tissues with conserved organization (Kabashi, Brustein et al. 2010). In fact 

the zebrafish genome shows only ~420 million years (Myr) of divergence from 

the human lineage compared to the ~600 Myr of ecdysozoans such as 

Drosophila and C. elegans (Newman, Verdile et al. 2010). Additionally, zebrafish 

offer several advantages as a result of their biology. Zebrafish produce large 

clutches of externally fertilized and transparent eggs. They have rapid embryonic 

development with features such as neurogenesis starting ~10hrs post-fertilization 

(hpf), synaptogenesis and first behaviors within ~18hpf and hatching around 

52hpf (Kabashi, Brustein et al. 2010). Their small size and a short generation 

time, make maintenance and husbandry simple (Parinov, Kondrichin et al. 2004; 

Baraban 2006). 

In addition to their biology, perhaps one of the most attractive features of 

zebrafish is their genetic tractability. Their gene expression can be manipulated 

easily and effectively to allow for observations in living embryos with relevance to 

human pathology (Kabashi, Brustein et al. 2010). Over 80% of the zebrafish 

genome has been sequenced and has been found to share 50-80% homology 

with most human sequences (Kabashi, Brustein et al. 2010). Homologs for most 

human genes can be identified and manipulated by gain- and loss-of-function 

approaches (Kabashi, Brustein et al. 2010). The genetic approaches used in 

zebrafish include (i) anti-sense gene knock-down, (ii) expression of mutations in 

zebrafish homologs of human genes or (iii) expression of human genes 
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containing disease related mutations in zebrafish. So far, zebrafish have been 

used to study numerous CNS disorders including Parkinson’s disease, 

Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), ataxia and fronto-

temporal dementia (Kabashi, Brustein et al. 2010; Newman, Verdile et al. 2010).  

 

1.3. Current Project 

 

 Since there are still broad gaps in understanding how these single channel 

mutations sculpt the excitability of individual circuits and entire networks to cause 

seizures (Noebels 2003), further studies are needed to elucidate the role of M-

channel genes in neural excitability. It remains to be understood why BFNC is 

restricted to the first weeks or months of life, what the individual roles of KCNQ2 

and KCNQ3 are in vivo, and how loss of gene function affects neuronal and 

network function. 

 To address this paucity in knowledge, I used zebrafish to examine m-

channel function in vivo. Since the zebrafish has become a well accepted model 

of development and CNS disorders, it offers a great opportunity for the study of 

pediatric epilepsies such as BFNC (Baraban 2006).  

 Previous work in our laboratory had shown that it is possible to induce 

seizures in zebrafish larvae, that exhibit behavioral, electrographic, and 

molecular changes that would be expected from a rodent seizure model 

(Baraban, Taylor et al. 2005). More specifically, exposure to the convulsant 



 

 

13 

pentylenetetrazole (PTZ) induced a stereotyped and concentration-dependent 

sequence of behavioral changes culminating in convulsions (Figure  1-4) 

(Baraban, Taylor et al. 2005). Field recordings from the optic tectum revealed 

ictal and interictal-like electrographic discharges after application of PTZ that 

could be suppressed by commonly used antiepileptic drugs. Finally, up-

regulation of c-fos expression was also observed in CNS structures of zebrafish 

exposed to PTZ (Baraban, Taylor et al. 2005). 

 Gene-targeting agents called morpholinos present an efficient strategy to 

disrupt gene function (Ekker 2000). Morpholinos (MO) are designed as non-ionic 

nucleic acid analogs that primarily act by blocking translation (Pickart, Sivasubbu 

et al. 2004). Previous use of MOs in zebrafish demonstrated that they are 

sequence specific and very effective at knocking-down genes. They can be 

injected very early in development into one-to-eight cell stage zebrafish embryos 

and elicit effects beyond 5 days (Pickart, Sivasubbu et al. 2004).  

 This thesis project utilized the knowledge and techniques developed by 

our lab, as well as the morpholino technique to analyze M-channel function in 

zebrafish. We sought to determine which of these genes KCNQ2, KCNQ3 and 

KCNQ5 were expressed in Zebrafish. We were able to confirm the expression of 

KCNQ3 and KCNQ5 but not KCNQ2 due to sequence assembly errors. We then 

determined the developmental expression and localization of both KCNQ3 and 

KCNQ5 in the zebrafish larvae. At the channel level, we examined the effect of 

pharmacological alteration of M-channel function in vivo. we were able to show in 

a live, behaving animal, that blocking M-channels using linopirdine was sufficient 
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to cause seizure-like electrical bursting in the brain, as well as stereotyped 

seizure behaviors. We determined that these seizure phenotypes could be 

blocked and also reversed by application of the M-channel enhancer Retigabine.  

 We then sought to knock-down the expression of KCNQ3 using targeted 

morpholinos, with the hypothesis that this will lead to seizure generation. We 

were able to confirm that knock-down of KCNQ3 in zebrafish larvae was 

sufficient to produce an electrical seizure phenotype in the brain.  Overall, we 

confirmed the specific hypothesis that suppression of M-channel activity in vivo 

alters neuronal function in a manner that leads to hyperexcitability and seizures. 

Since the zebrafish expressed specific M-channel genes and disruption of either 

gene function or channel function pharmacologically consistently produced a 

seizure phenotype, we were able to show that the zebrafish is a viable model 

system in which to study M-channels and BFNC. 
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1.4. Figures 

 

Figure  1-1: Electrophysiology of a seizure 

 

 

Electrophysiology of a seizure. Ictal bursts are usually of larger amplitude and 

longer duration then interictal bursts. Interictal discharges are brief electrical 

abnormalities occurring between seizures. 
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Figure  1-2: Locations of KCNQ2 and KCNQ3 gene mutations. 

 

 

Location of 29 mutations in the KCNQ2 gene and 3 mutations in the KCNQ3 

gene. The predicted structure for KCNQ2 and KCNQ3 is six transmembrane 

domains interrupted by a pore region and intracellular N- and C-termini. 

Mutations are missense, splice site, insertions, deletions and nonsense for 

KCNQ2, and missense only for KCNQ3. (Singh, Westenskow et al. 2003). 
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Figure  1-3: The structure of KCNQ Channels 

 

 

 

The structure of KCNQ Channels. A, Membrane folding pattern of KCNQ2 and 

KCNQ3 subunits. B, Cutaway of the tetrameric channel, with 1 subunit removed 

to reveal the central ion pathway through the membrane. (Cooper and Jan 2003). 
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Figure  1-4: M-channel signalling 

 

Kv7.2–Kv7.5 (KCNQ2–5) channels bind phosphatidylinositol-4,5-bisphosphate 
(PtdIns(4,5)P2), calmodulin (CaM) and A-kinase anchoring protein (AKAP). 
PtdIns(4,5)P2 is required for KCNQ channel opening and AKAP facilitates 
phosphorylation of KCNQ serines by protein kinase C (PKC). M1 muscarinic and 
bradykinin (BK) receptors (B2R) couple to Gq/11 G-proteins and activate 
phospholipase-Cβ (PLCβ). This leads to hydrolysis of PtdIns(4,5)P2 to produce 
inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and diacylglycerol (DAG). The local 
increase in Ins(1,4,5)P3 produces a vigorous release of Ca2+ that is sufficient to 
bind to Kv7-attached calmodulin and close Kv7 channels. ACh, acetylcholine. 
(Delmas and Brown 2005) 
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Figure  1-5: Retigabine binding site on KCNQ2 

 

 

Schematic representation of a single Kv7.2 subunit. The W at position 236 in the 
S5 domain is the main binding site for retigabine (whose chemical structure is 
shown next to the binding site). From (Miceli, Soldovieri et al. 2008)
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Figure  1-6: Stages of seizure behavior in zebrafish 

 

 

Behavioral seizure stages a) frame grabber image of a 7dpf zebrafish larvae in 
one well of a 96-well Falcon plate. b) Sample locomotion plots for individual fish 
in normal larvae medium (baseline), during stage I (increased swimming activity), 
stage II (circling) and stage III (clonus-like convulsions). Bold lines indicate 
movement; Fine lines indicate rapid convulsive seizure activity. Plots were 
obtained from 2 min recording epochs. (from (Baraban 2006). 
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CHAPTER 2. METHODS AND EXPERIMENTAL DESIGN 

2.1. Animal Care and Maintenance 

 

Zebrafish of the TL strain were maintained according to standard 

procedures (Westerfield 1995), and following guidelines approved by the 

University of California, San Francisco Institutional Animal Care and Use 

Committee.  Zebrafish embryos and larvae were maintained in egg water (0.03% 

Instant Ocean) unless otherwise stated.  

2.2. Electrophysiology 

 

To obtain stable physiological recordings, zebrafish larvae at 3-7 dpf were 

immobilized in 1.2% low-melting temperature agarose in zebrafish egg water.  

Larvae were embedded so that the dorsal aspect of the brain was accessible for 

electrode placement.  Embedded larvae were bathed in egg water and visualized 

using a Leica stereo-microscope.  Under direct visual guidance, a glass 

microelectrode (~1.2 m tip diameter, 2-7 MΩ) was placed in the optic tectum, 

the largest midbrain structure in the zebrafish. Electrodes were filled with 2 M 

NaCl and electrical activity was recorded using an Axopatch 1D amplifier (Axon 

Instruments).  Voltage records were low-pass filtered at 1-2 kHz (-3 dB, 8-pole 
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Bessel), high-pass filtered at 0.1-0.2 Hz, digitized at 5-10 kHz using a Digidata 

1300 A/D interface, and stored on a PC computer running pClamp software 

(Axon Instruments).  

Electrophysiological recordings were analyzed post hoc using Clampfit 

software (Axon Instruments). Spontaneous gap-free recordings, 5-10 minutes in 

duration, were analyzed for all fish. A threshold for detection of spontaneous 

events was set at 3x noise (peak-to-peak amplitude) and 100 msec (duration); all 

events exceeding these thresholds were analyzed.   

2.3. Behavioral Monitoring 

 

For locomotion tracking, single zebrafish larvae were placed individually in 96-

well Falcon culture dishes (BD Biosciences, Franklin Lakes, NJ, U.S.A.). Each 

well contained 100 µl embryo medium. Swimming behavior was monitored at 3-

7dpf for 2min epochs for all pharmacological treatments by using a CCD camera 

(Hamamatsu C-2400, Hamamatsu City, Japan) and EthoVision 3.0 locomotion 

tracking software (Noldus Information, Inc., Leesburg, VA, U.S.A.). Recordings 

were analyzed post hoc for distance moved (in centimetres) by each zebrafish 

larvae during the 2min recording epoch. Previous studies established a seizure 

scoring system whereby zebrafish larvae freely swimming in 15 mM PTZ 

progress through three stages of seizure behavior (i) Stage I - increased swim 

activity, (ii) Stage 2 - whirlpool-like circling, and (iii) stage 3 - clonus-like whole-

body convulsions followed by a brief loss of posture (Figure  1-4) (Baraban 2006). 
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2.4. RT-PCR 

 

To obtain zebrafish KCNQ2,  KCNQ3 and KCNQ5  sequences, sequences 

of the corresponding human KCNQ2, KCNQ3 and KCNQ5 (accession numbers 

NM_172107, O43525 and AAI17360 respectively) were used to BLAST the 

zebrafish genome (http://www.ncbi.nlm.nih.gov/blast). Sequences corresponding 

to zebrafish KCNQ2 (XM_694873), KCNQ3 (XM_692257) and KCNQ5 

(XM_679763) were obtained. For RT-PCR, 10-15 7dpf larvae were pooled then 

total RNA was isolated from the whole larvae using TRIzol (Invitrogen, Carlsbad, 

CA, USA. cDNA was synthesized using an oligo dT primer and SuperScript III 

reverse transcriptase (Invitrogen). Zebrafish KCNQ3 cDNA was PCR amplified 

with forward primer: 5′-GAGCTGATCACAGCGTGGTA and reverse primer: 5′-

GAGTCGACAGACGAACACGA designed to amplify a PCR product of 547bp. 

Zebrafish KCNQ5 cDNA was PCR amplified with the following sets of primers: 1) 

F1 5’-GTGTTGCAGAAAGGCTCCTC and R1 5’-TCTCTTGGTCCAGCCTGACT 

for a 947bp product and 2.) F2 5’-ATTTGAAGGCGTTGCATACC and R2 5’-

CTTTTTGGCCACATGGAACT for a 419bp product. Sets of primers pairs, 

forward and reverse, were specifically designed using Primer 3 web software 

(http://frodo.wi.mit.edu/primer3/) for each investigated gene (primer sequences 

are available in Table  2-1). Investigation of primer cross-specificity was done 

using BLAST. cDNA was PCR amplified, each reaction cycle (32 loops) 

consisted of incubations at 94°C (30 sec), 60°C (30 sec), and 72°C (60 sec), with 

Taq DNA Polymerase (Taq PCR Core kit, Qiagen). PCR products were 
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separated by agarose (1.5%) gel electrophoresis. PCR products were cloned into 

pCR®II-TOPO® plasmid vector (TOPO TA Cloning System, Invitrogen). DNA 

sequencing was done by the Genetics Core Facility at UCSF (San Francisco, 

CA). 

Phylogenetic relationships were identified by clustal W sequence 

alignment (Lasergene software, DNASTAR, Madison, WI) of all of zebrafish 

KCNQ genes with corresponding gene sequences from GeneBank for human 

and mouse/rat KCNQ genes.  

2.5. Whole-mount in situ hybridization (WISH)  

 

For anti-sense and sense RNA probes, the plasmids corresponding to 

each gene were linearized with appropriate restriction enzymes (HindIII, NotI for 

both KCNQ2 and KCNQ3, New England Biolabs, UK) (Figure  2-3). 

The linearized DNA template (1 µg) was purified (QIAquick®, Qiagen) and 

incubated for 3 hour at 37°C in a solution containing 10X transcription buffer, 

dithiothreitol (DTT; 100mM), 10X Dig NTP Mix (Roche), RNAse inhibitor (20U/µl), 

and RNA polymerase (20U/µl) T7 or SP6. The DNA template was digested with 

DNase (10U/µl) for 15 minutes at 37°C. After incubation, 30 µl of RNAse-free 

water and 30 µl of LiCl were added for purification and left overnight at -20°C. 

After centrifugation at 4°C, the pellet was rinsed with 70% ethanol (RNAse free), 

dried and stored in hybridization mix at -20°C until hybridization.  
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Embryos were raised in phentylthiourea (PTU) to impede the development 

of pigment and ensure that larvae were transparent. At 2-7dpf, larvae were fixed 

in 4% paraformaldehyde (PFA) and then stored in 100% methanol at -20°C. In 

situ RNA hybridization was performed, as described by (Hauptmann and Gerster 

1994); see Figure  2-4 for flowchart of the hybridization process. Once developed, 

the embryos were mounted in 70% glycerol for whole-mount imaging. All images 

were captured using a Zeiss Axioskop equipped with Nikon E995 digital camera. 

Images were imported into Adobe Photoshop and cropped then adjusted for 

level, brightness, contrast. 

2.6. Quantitative real-time PCR (qPCR).   

 

Gene expression levels KCNQ3 and KCNQ5 genes were examined using 

RNA pooled from 10 larvae. RNA was extracted and reverse-transcription 

reactions (RT-PCR) were performed in the same manner as for RT-PCR (above) 

using SuperScript™III First-Strand Synthesis System (Invitrogen). The cDNA 

templates were diluted 1:2 with DEPC (Diethyl pyrocarbonate) sterile water 

before qPCR applications to minimize the presence of potential inhibitors.  

The qPCR reactions were performed using SybrGreen fluorescent master 

mix on an ABI Prism® 7700 Sequence Detection System driven by ABI prism 

SDS v9.1 (Applied Biosystems). Primers were designed using Primer Express 

v3.0 (Applied Biosystems) and synthesized locally (Table M-2). Samples were 

run in duplicate and contained 1× SYBR green master mix, 10 µM of each primer 
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and RNAse free water for a final volume of 10 µl. For all genes, qPCR 

efficiencies, detection limits and dynamic ranges were assessed by mean of 4-

fold serial dilutions of pooled cDNA (5 standards in triplicate: 1/1; 1/4; 1/16; 1/64; 

1/256). Samples without RNA were run for each reaction as negative controls. 

Cycling parameters were as follows: 50°C × 2min, 95°C × 10min, then 45 cycles 

of the following 95°C × 15s, 60°C × 1min. For each sample, a dissociation step 

was performed at 95°C × 15s, 60°C × 20s, and 95°C × 15 s at the end of the 

amplification phase to verify that a single amplicon was produced. Quantification 

values (CT) were used as input data in the qCalculator v.1 software, an Excel-

based program programmed by Ralf Gilsbach. 

The quantification of mRNA transcripts, is easily affected by any variation 

in the amount of starting material between samples. A strategy frequently used to 

compensate for these errors is to simultaneously amplify a non-regulated 

endogenous gene that serves as an internal reference against which other RNA 

values can be normalized (Karge, Schaefer et al. 1998). The endogenous 

regulatory genes are involved in various processes in the cell, such as 

metabolism, cell structure, gene transcription, and homeostasis, and are 

therefore constitutivelv expressed. Recent research has demonstrated that the 

expression of endogenous genes may be altered due to differences in tissue 

types, sex or different experimental treatments (Olsvik, Softeland et al. 2008). It 

has been demonstrated that there is no reason to expect a single gene to be the 

most stably expressed EndG during development (Bustin 2000). Therefore, the 

validity of one or more reference gene choice in specific experimental conditions 
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must be determined before application for quantitative mRNA expression studies. 

The ideal endogenous control should be expressed at a constant level among 

different tissues of an organism, at all stages of development and should be 

unaffected by the experimental treatment (Olsvik, Softeland et al. 2008). 

In this study, 8 samples at various points of zebrafish development (day 1-

7 and adult) were used to verify expression stability of three different commonly 

used endogenous genes (Tang, Dodd et al. 2007; Lin, Spikings et al. 2009): 

small subunit ribosomal RNA (18S), protein elongation factor 1 alpha subunit 

(EF1α) and beta-actin (β-act). Bestkeeper Excel-based tool (Pfaffl, Tichopad et 

al. 2004) was used to rank all the EndGs. Bestkeeper assesses candidate genes 

by pair-wise correlations based on cycle threshold values (CT) which are then 

combined into an index and calculates the standard deviation (SD) of the CT 

values between the whole data set. Analyzed with BestKeeper software, EF1α 

gene was the most stable gene followed by 18S and β-act. Taking into account 

these outcomes, EF1α was used in our studies for data normalization. 

Relative quantification of the target gene with the chosen reference gene 

was made following Pfaffl method with the Relative Expression Software tool 

(REST©). This algorithm computes an expression ratio, based on real-time 

qPCR efficiency and the crossing point deviation of the unknown sample versus 

a control group: R = [(ETarget gene)
∆CT

Target gene
(mean control−mean unknown sample)] / 

[(EEndG)∆CT
EndG

(mean control − mean unknown sample)]. E is qPCR efficiency determined by 

standard curve using serial dilution of cDNA, ∆CT being the crossing point 

deviation of an unknown sample versus a control. 
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2.7. Morpholino Injections 

 

Morpholino anti-sense oligonucleotides (MOs) were synthesized by Gene 

Tools (Philomath, Oregon). The first KCNQ3 MO targeted the predicted 

translation start methionine of KCNQ3 and had 25 residues with the following 

sequence: 5’CGGCATTTCTGGACCTGATCCCCAT-3’. The second MO targeted 

the splice junction between exon 4 and intron 4 with the sequence: 

5’CACATCACATTCGGATACCTTGCTG-3’. To control for non-specific effects of  

oligonucleotide injection, A control MO by Gene Tools with the sequence  

5’CCTCTTACCTCAGTTACAATTTATA-3’ was used. This MO targets the 

reticulocytes from thallasemic humans having a splice-generating mutation at 

position 705 in beta-globin pre-mRNA and should have no target and no 

significant biological activity in zebrafish. Vehicle-injected embryos also served 

as controls for any non-specific effects of the vehicle solution itself. MOs were 

pressure-injected as a bolus ~ 1/6 of egg volume into one-to-four cell stage 

embryos at concentrations ranging between 8-32mM in 1X Danieau’s buffer 

(58mM NaCl, 0.7mM KCl, 0.4mM MgSO4, 0.6mM Ca(NO3)2 and 5mM Hepes pH 

7.6). Abnormal splicing for the KCNQ3 splice-blocking morpholino was confirmed 

by QPCR (see Table  2-1 for primer sequences). 
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2.8. Methods Figures 

Figure  2-1: Electrode placement for zebrafish larvae electrophysiology 

16 mµ

optic tectum

notochord

retina Record

 

Schematic showing the configuration used to obtain tectal field recordings from 

agar-embedded zebrafish larvae. Top: schematic showing optic tectum, other 

relevant brain structures as well as the position of the glass microelectrode. 

Bottom: frame-grabber image showing placement of an electrode in the zebrafish 

optic tectum from (Baraban, Taylor et al. 2005). 

 

 

 

 



 

 

30 

Figure  2-2: Analysis of electrical bursts 
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Figure  2-3: Plasmid vector used in cloning KCNQ3 and KCNQ5 

 

 

Plasmid vector used in cloning KCNQ3 and KCNQ5. Blue arrows indicate 
location of promoter used to amplify inserts of KCNQ3 and KCNQ5 and the 
restriction cut site location where KCNQ3 and KCNQ5 sequences were inserted. 
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Figure  2-4: Flow chart of whole-mount in situ hybridization in zebrafish larvae 
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Figure  2-5: Morpholino injection  

 

 

Morpholinos are chemically modified antisense oligonucleotides that have a six-

membered morpholine-ring backbone. This unique structure makes morpholino 

oligonucleotides stable in cells and allows them to retain the ability to bind 

mRNA. Morpholino oligonucleotides can be designed to bind either the AUG start 

codon or splice-junction sites that are present in an mRNA of interest, which 

allows one to knockdown the expression of all of the transcripts or of a specific 

splice form, respectively. Morpholinos are biologically active for up to 5 days 

post-injection (adapted from (Langenau and Zon 2005)) 
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Table  2-1: PCR primer sequences 



 

 

35 

CHAPTER 3. IDENTIFYING KCNQ GENES IN ZEBRAFISH 

3.1. Introduction 

There are few forms of epilepsy that have a genetic basis. BFNC is one of 

those rare exceptions and as such allows a unique opportunity to study how 

genetic variability can affect seizure susceptibility. The genes that are mutated in 

BFNC, namely KCNQ2 and KCNQ3 appear to be highly conserved in humans 

and rodents and recently, orthologues of KCNQ genes have been found in 

drosophila and c. elegans (Wei, Butler et al. 2005; Wen, Weiger et al. 2005). 

Given that the zebrafish is a vertebrate, it thus follows that KCNQ genes may 

have been conserved in this species as well and perhaps these orthologues 

would have greater similarity (than drosophila or c.elegans) to the human 

counterparts, allowing for the development of a genetically tractable model in 

zebrafish that was relevant to the human disease.  

For this study it was important to ensure that KCNQ genes were 

expressed in zebrafish, that they were expressed in the right regions to be 

relevant in a seizure disorder and during the appropriate time-course in 

development that would allow for the manipulation stipulated in further 

experiments. 
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3.2. Gene Data mining: phylogenetic and structural associations 

 

 Since KCNQ Genes and m-channels had not previously been described in 

zebrafish, we used a bioinformatics approach to identify zebrafish orthologues of 

the human KCNQ genes that code for m-channels, namely KCNQ2, 3 and 5 

(Jentsch 2000). We used the Human gene sequences, obtained from NCBI, to 

blast the Zebrafish genome for similar sequences and we able to identify several 

putative orthogues for KCNQ genes in zebrafish. Sequences were later 

comfirmed by RT-PCR.  

 We determined that Zebrafish KCNQ2 is located on Chromosome 8 

(spans 55076bp) with a coding sequence of 2544bp and a predicted protein 

sequence containing 847aa (human 872aa, mouse 870aa). Because we were 

unable to amplify the predicted sequence by RT-PCR the current version of the 

zebrafish genome assembly may contain errors in the zebrafish KCNQ2 

sequences that prohibited further analysis of this gene. Zebrafish KCNQ3 is 

located on chromosome 2 (spans 80974bp) with a coding sequence of 2388bp 

that translates into a predicted protein sequence containing 795aa (human 

872aa, mouse 873aa). Zebrafish KCNQ5 is located on chromosome 13 (spans 

242249bp) with a coding sequence of 3009bp that translates into a predicted 

protein sequence with 1002aa (human 932aa, mouse 933aa). We were able to 

confirm presence of zebrafish KCNQ3 and KCNQ5 by RT-PCR, as discussed 

later in this chapter. 
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 To verify the orthology of zebrafish KCNQ genes with those of mammals, 

we performed phylogenetic analysis of KCNQ cDNA sequences from zebrafish, 

human, mouse and drosophila by using Clustal W sequence alignment software 

(Lasergene) to determine sequence similarity and assign phylogenetic 

relationships based on the similarity or differences between the gene sequences.  

Based on this analysis it was determined that zebrafish KCNQ2, 3 and 5 

clustered with human and mouse KCNQ2, 3 and 5 respectively, and indicated a 

divergence from the drosophila KCNQ, thereby confirming the orthology of the 

zebrafish and mammalian genes (Figure  3-1a). 

To determine conservation across species at the Protein level, we used 

the Conserved Domain search (NCBI) to determine which domains were present 

in both zebrafish KCNQ3 and 5, as well as in their human protein counterparts. 

Comparison of predicted KCNQ3 and KCNQ5 proteins from zebrafish and 

human revealed significant conservation in the KCNQ channel and Ion transport 

protein homology domains and also in extensive areas flanking these regions 

suggesting additional functional motifs that have been conserved across 

evolution (Figure  3-1b). 

Finally, we sought to verify that the obtained sequences were actually 

expressed in zebrafish prior to further experimentation. A BLAST search of the  

NCBI GenBank EST database identified expressed sequence tags for both 

zebrafish KCNQ3 and KCNQ5 in whole animal tissue extracts suggesting that 

neither gene is likely to be a pseudogene and that they are expressed in 

zebrafish embryos and larvae at different stages in development (Table  3-1). 
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3.3. Developmental expression of KCNQ3 and KCNQ5 in zebrafish 

3.3.1. RT-PCR – qualitative gene expression 

 

To determine the developmental expression of KCNQ3 and KCNQ5 during 

the first 7 days post-fertilization (dpf), we performed RT-PCR using RNA extracts 

obtained from zebrafish at these points in development. The amplified products 

were then run on an agarose gel (Figure  3-2) and indicated that gene expression 

began between day 0 and day 1 for KCNQ3 and between day 1 and day 2 for 

KCNQ5, and that expression of both genes, appeared atleast qualitatively to 

increase in subsequent days. Also ran on the same gel were the RT-PCR 

amplicons of housekeeping genes Elongation Factor (EF) and 18S, whose 

expression qualitatively appeared stable during this developmental window 

(Figure  3-2). 

3.3.2. QPCR – relative gene expression 

The RT-PCR gel suggested that there were differences in gene expression 

during development, therefore Quantitive PCR (qPCR) was also performed to 

determine the relative expression of KCNQ3 and KCNQ5 during development. 

As described in the Methods and Experimental design chapter, stably expressed 

endogenous genes have to be identified for normalization. Normalization to an 

endogenous control allows one to correct for differences that may result from 

presence of differing amounts of nucleic acid template input. Theoretically, any 
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gene shown to be expressed at the same level in all study samples can 

potentially be used as an endogenous control. The best choice of reference gene 

to be used as an endogenous control varies; it depends on the cells or tissues 

studied, treatment conditions and has to be validated in each experiment (Olsvik, 

Softeland et al. 2008). For this study we tested the suitability of EF and 18s as 

control genes. We performed qPCR experiments to amplify both EF and 18s 

from RNA extracts obtained from zebrafish at different days in development. The 

read out from these experiments was the Ct value (cycle threshold value, or 

number of cycles needed to get a floursecent signal). If you have the same 

amount of DNA to begin with, then the Ct value across samples should not vary 

greatly. We analyzed the Ct values for both EF and 18s using BestKeeper 

software to determine that EF showed the least variability and would thus be the 

best candidate for a normalizing endogenous control (Figure  3-3).  

It is important during real-time PCR to check the primers and determine that 

the same product is being amplified in each treatment condition and this is 

determined by analyzing the melting curve. The real-time machine not only 

monitors DNA synthesis during the PCR, it also determines the melting point of 

the product at the end of the amplification reactions. All PCR products for a 

particular primer pair should have the same melting temperature - unless there is 

contamination, mispriming, primer-dimer artifacts, or some other problem. An 

important means of quality control therefore is to check that all samples have a 

similar melting temperature. After real time PCR amplification, the machine can 

be programmed to do a melt curve, in which the temperature is raised by a 
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fraction of a degree and the change in fluorescence is measured. At the melting 

point, the two strands of DNA will separate and the fluorescence rapidly 

decreases. The software plots the rate of change of the relative fluorescence 

units (RFU) with time (T) (-d(RFU)/dT) on the Y-axis versus the temperature on 

the X-axis, and this will peak at the melting temperature (Tm). A melting curve 

was developed for all the genes in this study including KCNQ3, KCNQ5, and EF. 

Figure  3-4 shows that for each gene, all the samples amplified had the same 

melting point and thus, can be concluded to be free of contamination or 

mispriming errors. 

Expression of both KCNQ3 and KCNQ5 genes begins during the first 24hrs 

post-fertilization; maternal expression of both genes was absent as confirmed by 

RT-PCR on zebrafish eggs at 2 hrs post fertilization (data not shown). Based on 

Ct values as shown in Figure  3-5A, the expression of the normalizing gene EF, 

as well as that of KCNQ3 and KCNQ5 was fairly stable during early development 

and also compared to the adult. When normalized to EF, KCNQ3 expression was 

seen to increase gradually during the first days of development peaking at day 5, 

and then decreasing slightly and remaining stable at that level through day 7 and 

at the adult stage (Figure  3-5B). KCNQ5 expression similarly increased during 

the first days of development peaking at day 5, relative expression was lower on 

days 6 and 7, but was back to day 5 levels in the adult zebrafish (Figure  3-5C).  

3.4. Localization of KCNQ expression in zebrafish larvae  
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We examined the expression of both KCNQ3 and KCNQ5 by whole-mount 

in situ hybridization at 3 and 7 days post fertilization (dpf). Expression of both 

genes was diffuse but localized mainly to regions of the head and anterior 

nervous system (Figure  3-6 A, C, F, H) including the preoptic region, optic 

tectum, tegmentum and telencephalon. Our findings are consistent with the 

ubiquitous expression of mammalian KCNQ homologues described in the mouse 

brain (Cooper, Harrington et al. 2001). There was also some expression of both 

KCNQ3 and KCNQ5 mRNA in the anterior gut region at both 3 and 7dpf (Figure 

 3-6). We also performed in situ hybridization with sense probes as a control 

(Figure 3-6 E, J) for KCNQ3 and KCNQ5 respectively. Some staining was 

observed with the sense probe, though it wasn’t as intense as that observed with 

the anti-sense probes for both genes. Blast search of the reverse complement 

sequence for the sense probe revealed specific alignments on chromosome 2 for 

KCNQ3 and on chromosome 13 for KCNQ5 indicating that anti-sense mRNA 

may be expressed for both genes. 
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3.5. Figures 

Figure  3-1: KCNQ genes in zebrafish 

 

Identification of KCNQ genes in zebrafish. (A) Schematic showing phylogenetic 
comparison of KCNQ sequences (NCBI database) from drosophila, human, mouse and 
zebrafish based on clustal w sequence alignment. Highlighted: zebrafish KCNQ2, 
KCNQ3, KCNQ5 are most closely related to their respective M-channel associated 
mammalian counterparts. (B) Protein schematic showing domains of human and 
zebrafish KCNQ channels, total protein length is listed in amino acids. 
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Figure  3-2: RT-PCR of KCNQ3 and KCNQ5 in zebrafish 

 

Early developmental expression of KCNQ3 and KCNQ5. RT-PCR gel showing 
expression of KCNQ3 and KCNQ5 during the first 7days of development, as well 
as the expression of control endogenously expressed genes, Elongation factor 1 
(EF1) and 18s which display stable expression between day1 – day7 of zebrafish 
development. 
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Figure  3-3: Bestkeeper selection of QPCR normalization gene 

 

BestKeeper analysis of Ct values of 3 housekeeping genes, EF, b-actin and 18-s. 
EF (p= 0.002) and 18-s (p=0.001) show significant correlation, whereas b-actin 
(0.283) doesn’t correlate as between genes. However, 18-s shows higher 
variability across samples (st. dev=1.6), therefore EF is the most suitable 
housekeeping gene among the 3 candidates. 
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Figure  3-4: QPCR Melting curves for KCNQ3, KCNQ5 and EF 

 

Melting Curves for Elongation Factor (EF), KCNQ3 and KCNQ5, indicating a 

single peak in fluorescence at a given melting temperature for each respective 

gene. 
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Figure  3-5: KCNQ3 and KCNQ5 developmental expression 

 

QPCR expression of EF, KCNQ3 and KCNQ5 during development. Embryos and larvae were collected at day 1-7 
and pooled (~10 fish/pool, 3 pools per time point) and 3 zebrafish were collected at adult stage (1 fish per extraction, 
3 fish per timepoint). A.) Ct values represent means from 3 biological replicates. Relative expression of KCNQ3 and 
KCNQ5 during development as normalized to EF expression is shown in B) and C) respectively. Error bars represent 
SEM. 
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Figure  3-6: Whole-mount in situ hybridization of KCNQ3 and KCNQ5 in zebrafish 
larvae 

 

KCNQ 3 and 5 are expressed in CNS. Purple staining showing diffuse expression of both KCNQ 

3 (A, C) and KCNQ5 (F, H) mainly in regions of the anterior nervous system including preoptic 

region, optic tectum, tegmentum, telencephalon and Hind brain. There was also 
expression of both genes in the anterior gut (A,C,F,H). B and G - higher magnification view of 
head region day 3 larvae. D and I, Dorsal view image day 7 larvae. E, J day 3 larvae control in 
which sense probe was used, show mild staining that is lower in intensity that the anti-sense 
probe. 
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Table  3-1: KCNQ3 and KCNQ5 EST’s in zebrafish 
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CHAPTER 4. PHARMACOLOGY OF M-CHANNELS IN ZEBRAFISH 

4.1. Introduction 

 

One advantage of studying m-channels is the availability of specific 

pharmacological blockers (Linopirdine and XE991) of this channel. It is widely 

accepted that KCNQ2 and KCNQ3 subunits make-up m-type channels. However, 

it is not clear whether this particular combination of K+ channel subunits is the 

only one capable of producing m-currents. KCNQ2 and KCNQ3 are not always 

co-localized in vivo, and KCNQ3 can combine in vitro with KCNQ5 (also 

expressed in CNS) to produce m-currents suggesting that the picture may be 

more complex than previously anticipated (Jentsch 2000). It was thus essential to 

examine in vivo how suppression of m-channel activity by pharmacological 

blockade phenotypically compares with KCNQ3 gene knock-downs.  Because it 

also possible that alteration of gene expression early in development could result 

in some form of genetic compensation, we believe an acute pharmacology 

approach has the advantage that the system has less time to adapt.  

Zebrafish larvae are a suitable model organism for such experiments 

because in direct contrast with rodents, drugs dissolved in bathing medium are 

readily absorbed through the zebrafish’s skin or gills and, presumably, 

incorporate into the larvae at drug concentrations equivalent to the bath 
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concentration (Baraban 2006). Previous experiments in our lab have 

demonstrated that this method can be used to effectively induce seizures in 

zebrafish larvae through bath application of convulsants, and similarly, 

application of anticonvulsants ameliorates this seizure activity (Baraban 2006). 

The zebrafish larvae system allowed us to go beyond previous work in the m-

channel field and perform experiments examining brain electrophysiology in an 

in-vivo system, whereas previous experiments have limited to acute brain slice 

preparations (Pena and Alavez-Perez 2006; Qiu, Johnson et al. 2007). 

Furthermore the in-vivo system allowed us to examine behaviors in freely 

swimming animals under m-channel manipulation which had previously not been 

well examined in other animal systems.   

4.2. Linopirdine (m-channel blocker) causes seizure-like electrophysiological 

phenotype 

 

To test the hypothesis that blocking m-channels in-vivo in zebrafish larvae 

would induce epileptiform neural activity, we exposed zebrafish larvae between 3 

- 7 dpf to different concentrations (control n=20; 5µM n=11; 25µM n=13; 50µM 

n=9; 100µM n=32; 200µM n= 24) of the m-channel blocker Linopirdine (LPD). 

While recording whole field electrical activity in the optic tectum, the largest 

central nervous system structure in the developing zebrafish (Baraban 2006), we 

observed an increase in the frequency of epileptiform electrical bursts with 

effects visible beginning at a bath concentration of 50 µM of LPD and remaining 
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stable through 200 µM LPD. Under control conditions in embryo media, rare and 

brief bursts of spontaneous activity were observed (0.04 ± 0.04 bursts/min); 

application of 5 µM and 25 µM LPD did not alter burst frequency compared to 

baseline (0.06 ± 0.02 bursts/min) and (0.17 ± 0.09 bursts/min) respectively 

(Figures 

Figure  4-1B). However at 50 µM LPD the burst frequency significantly 

increased ~10 fold compared to baseline to 1.27 ± 0.27 bursts/min. Burst 

frequency appeared to peak at a bath concentration of 50 µM LPD.  Increasing 

the bath concentration to 100 µM and 200 µM did not significantly increase burst 

frequency compared to 50µM (1.29 ± 0.21bursts/min) and (0.78 ± 0.26 

bursts/min) respectively (Figures 

Figure  4-1B).  

We also observed an increase in the duration of electrical bursts with 

significant effects visible beginning at a bath concentration of 25µM of LPD 

(Figure  4-2; n=9).  Burst duration observed during recordings in control embryo 

media was 36 ± 36ms, at 5 µM, the burst duration increased though not 

statistically significant, to 265 ± 104ms. The burst duration at bath concentrations 

between 25 and 100 µM was significantly increased compared to control, though 

the durations did not differ between 25 µM (335 ±112ms), 50 µM (326 ± 24ms) 

and 100 µM (355 ± 26ms) (one-way anova n=9 p<0.05). Burst duration was 

highest during treatment with 200 µM LPD, 707 ± 138ms which was significantly 

higher than all other treatment conditions P<0.005. 
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Application of another m-channel blocker XE991, at a bath concentration 

of 100 µM, had similar actions to linopirdine increasing both burst frequency 

(0.44 ± 0.12 bursts/min) (Figure  4-3A) and burst duration (273 ± 66ms) (Figure 

 4-3B) (N=11). However, the effects of XE991, even at a similar concentration as 

LPD of 100 µM, were less robust in inducing electrical bursts with LPD inducing 

2.6 fold the number of bursts compared to XE991 (Figure  4-3A). 

4.3. Augmenting m-channels with retigabine blocks and ameliorates seizure 

phenotype 

 

In the next series of pharmacology experiments, we exposed zebrafish 

larvae to 100 µM of the m-channel enhancer Retigabine (RTG). Whole field tectal 

recordings were performed as above. No significant differences in burst 

frequency (0.04 ± 0.02 bursts/min) (Figure  4-3A) or burst duration (58 ± 40ms) 

(Figure  4-3B) were observed with bath application of RTG compared to controls 

(N=11). Co-application of 100 µM LPD and 100 µM RTG also did not result in 

any significant changes in burst frequency (0.16 ± 0.08 bursts/min) (Figure  4-3A) 

or burst duration (110 ± 51ms) (Figure  4-3B) compared to controls indicating that 

retigabine was able to inhibit the effect of linopirdine to induce epileptiform 

electrical bursts. 

Next we tested retigabine’s ability to reverse the epileptiform bursting 

induced by pre-treatment with LPD for 30 min. We observed that retigabine was 

able to completely halt bursting activity in fish that had been pre-treated with LPD 
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to the point where they were actively bursting (Figure  4-4). The burst frequency 

during LPD treatment was 0.96 ± 0.2 bursts/min, and declined to baseline 

conditions 0.07 ± 0.04 bursts/min after treatment with retigabine (n=17 T-test 

P<0.001) (Figure  4-4B, C). Similarly the burst duration decreased from 381 ± 36 

ms under LPD treatment to 43 ± 24ms when treated with RTG (n=17 T-test 

P<0.001) (Figure  4-4A). 

4.4.  Linopirdine treatment results in seizure like behavior in zebrafish larvae and 

adults 

 

Behavioral manifestations of electrographic seizures include episodes of 

excessive locomotor activity and myoclonus of all four limbs, and are well 

characterized in rodent models of epilepsy (Pitkänen, Schwartzkroin et al. 2006). 

Similar behavior has been shown to occur in zebrafish larvae when exposed to 

convulsants and a seizure scoring system for such behaviour established by 

Baraban et al 2005 (Figure  1-6).  In order to determine whether blocking m-

channels would result in seizure-like behavior, we treated 3-7dpf zebrafish larvae 

with different concentrations of LPD with each fish placed in an individual well of 

a 96-well plate and the behavior of freely swimming fish was observed under a 

stereo-microscope.  Using locomotion tracking software, 2 min recording epochs 

were obtained for each larvae bathed in normal embryo media, and varying bath 

concentrations of LPD (25, 50, 100 and 200 µM). Behavior was quantified in 

terms of distance moved during the recording epoch.  Untreated control larvae 
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show little to no locomotor activity (2.6 ± 0.5cm; n=4) during these recording 

epochs. Consistent with electrophysiological data, notable increases in locomotor 

activity were observed when larvae were exposed to bath concentrations of 25 

µM (19 ± 2.9cm) (n=9 p<0.05), 50 µM (22.4 ± 2.8cm)(n=7, p<0.05) and 100 µM 

(24.2 ± 2cm) (n=22 p=0.001).  Less activity was observed at a bath concentration 

of 200 µM (10.2 ± 3cm) (n=12 p>0.05) which with prolonged exposure appeared 

to be toxic.   

Qualitatively based on the scoring system established by Baraban et al 

2005, control untreated larvae exhibited behaviours that could be characterized 

as Stage 0 (little or no swim activity). Larvae exposed to a bath concentration of 

25 µM LPD mainly exhibited behaviours consistent with Stage I (increased swim 

activity)  whereas those exposed to bath concentrations between 50 and 200 µM 

LPD exhibited Stage 3 (brief and violent clonus-like convulsions); representative 

locomotion traces indicative of seizure stages under each treatment condition are 

shown in figure 4-5B. Videos of representative seizure behaviours under the 

different treatment conditions are also shown in Appendix - Supplemental Videos 

A.1-A.7. We also determined that when zebrafish exposed to a bath 

concentration of 100 µM XE991 (supplementary video A.3) exhibited behavior 

similar to that elicited by LPD (supplementary video A.2) whereas in 100 µM 

RTG, the larvae behaved like controls and exhibited little to no movement 

(supplementary video A.4) similar to larvae under baseline conditions 

(supplementary video A.1). Additionally, we were able to show that such seizure 
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behavior is also present in free-swimming adults when exposed to 100 µM LPD 

(supplementary videos A.6). Finally, we compared the behavior with LPD 

exposure to that observed when zebrafish are exposed to a known convulsant 

pentylenetetrazole (15 mM PTZ). We observed that the seizure-like behaviors 

induced in larvae (supplementary video A.5) and adult (supplementary video A.7) 

by PTZ were qualitatively more severe than those observed with age-matched 

zebrafish during LPD treatment . 
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4.5. Figures 

Figure  4-1: Linopirdine-induced electrical burst frequency in zebrafish larvae 

 

Linopirdine (LPD) induces electrical bursting in the zebrafish tectum. A) Sample 
electrographic traces obtained from zebrafish larvae at baseline and 

subsequently exposed to 100µM LPD for 30min. B) Dose-response graph of 
burst frequency at different concentrations of LPD. LPD at concentrations of 

50 µM  and 100 µM vary significantly from Control, 5µM, and 25µM groups, *** 
p<0.001 anova n=9. Error Bars indicate SEM. 
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Figure  4-2: Linopirdine-induced burst duration in zebrafish larave 

 

Linopirdine (LPD) triggers increased duration of electrical bursts in the zebrafish 

tectum. 25, 50, 100µM LPD caused significant changes in burst duration 

compared to controls *P<0.05, whereas at 200µM LPD burst durations were 
longest and differed significantly from all other treatment conditions **p<0.01. 
Sample electrographic traces are shown alongside for each treatment condition. 
Error Bars indicate SEM. 
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Figure  4-3: M-channel pharmacological manipulation in zebrafish larvae 

 

Pharmacological manipulation of m-channels in zebrafish larvae 
(electrophysiology). Compared to Linopirdine (100mM), another M-channel 
blocker XE991 (100mM) also induces bursting activity in zebrafish. Addition of M-
channel enhancer retigabine (100mM) to the bath medium did not cause any 
changes in tectal electrical activity compared to baseline.  Similarly co-application 
of LPD(100mM) and RTG (100mM) did not cause any changes in burst 
frequency (A) or burst duration (B). Error Bars indicate SEM. 
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Figure  4-4: Retigabine ameliorates electrical bursting evoked by linopirdine 

 

 

Application of 100mM RTG to larvae pre-exposed to 100mM LPD is sufficient to 
halt bursting activity. (A) Burst duration, and (B) frequency are all significantly 
reduced upon application of RTG P<0.001, Error Bars indicate SEM. (C) Sample 
electrographic traces: LPD followed by retigabine treatment.  
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Figure  4-5: Linopirdine-induced seizure behavior in zebrafish larvae 

 

 

Seizure-like behavior following linopirdine treatment. A) Quantification of changes 
in locomotion during treatment with increasing concentrations of LPD, compared 

to control, 25, 50 and 100µM LPD cause significant increases in locomotor 
activity. Error Bars indicate SEM. B) Sample qualitative plots of movement 
patterns of individual zebrafish larvae during the different treatment conditions. 
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CHAPTER 5. MORPHOLINO KNOCKDOWN OF KCNQ3 

5.1. Introduction 

 

In vitro studies have shown that mutations in KCNQ2 and KNCQ3 genes 

result in reduced m-current (Otto, Yang et al. 2006). However, how this translates 

into hyper-excitable networks and seizures in vivo is not fully understood. Thus 

far, in vivo mouse models have been difficult to generate, inconsistent in seizure 

phenotype and limited only to KCNQ2. We thus sought to use zebrafish to 

knockdown KCNQ3 in vivo using morpholino-based technology. This was novel 

because it would represent the first in-vivo model of KCNQ3 loss-of-function. 

 Previous studies have employed the morpholino (MO) technique to 

knockdown ion channels in zebrafish including the Na+ channels, Nav1.1 and 

Nav1.6 (Pineda, Heiser et al. 2005) and a voltage-gated K+ channel, which 

causes a specific form of long QT syndrome (LQT2) (Langheinrich, Vacun et al. 

2003). In the latter case, two different groups demonstrated that MO-knockdown 

of this K+ channel elicited a dose-sensitive and specific arrhythmia that closely 

mimicked the human condition (Langheinrich, Vacun et al. 2003; Milan, Peterson 

et al. 2003). 

5.2. Morpholino design, targets and expected effects 
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We designed 2 different types of morpholinos to target KCNQ3. The first 

KCNQ3 MO targeted the predicted translation start methionine of KCNQ3, and 

would function by blocking the translational machinery from translating KCNQ3 

mRNA into protein (Figures 

Figure  5-1A). However, because an anti-body for KCNQ3 in zebrafish was 

not available, we would not be able to confirm the reduction in protein expression 

levels by western blot. To this end, we design as second morpholino targeting 

the splice junction between exons 4 and intron 4 which would block splicing of 

RNA at this junction resulting in a final mRNA that contained the entire sequence 

of intron 4 (Figures 

Figure  5-1B). All possible open reading frames of translation result in a 

premature stop-codon in intron 4, meaning the MO would result in a splice 

product that would likely be subjected to nonsense-mediated RNA decay, or the 

production of a truncated and possibly non-functional protein. The efficacy of this 

knockdown would then be confirmed by qPCR. 

5.3. Morpholino verification 

 

To verify the efficacy of the splice-blocking MO, we design qPCR primers 

such that the forward primer targeted exon4 and the reverse primer targeted a 

sequence in intron 4. Following normal splicing, intron 4 would be absent in the 

resultant mRNA and thus, a reverse transcription PCR, would not be able to 

amplify this region for lack of a complimentary target for the reverse primer. 
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However, following MO-mediated mis-splicing of this exon-inton boundary, we 

would be able to amplify a product in the region spanning exon4 – intron 4. Using 

qPCR we were able to quantify the relative expression of this mis-splice product, 

and found that it’s expression was significantly (~7fold) increased in tissue of 

larvae treated with the splice-blocking MO, compared to untreated controls 

(figure 5-1C) indicating an effect of the MO. 

5.4. Morpholino-injection results in a seizure-like phenotype 

 

To determine whether morpholinos targeting KCNQ3 would result in a 

seizure-like electrical phenotype, we performed tectal recordings as described 

previously in zebrafish larvae between day 3 – day 6 post-fertilization. There 

were five treatment conditions, eggs were injected 0-1hr post-fertilization with 

either, translation blocking morpholino (ATG), splice-blocking morpholino (EX4), 

control morpholino, vehicle fluid or left un-injected. The prevalence of electrical 

bursting activity was much higher in morphant larvae with 71.4% of ATG and 

70.8% of EX4 larvae recorded showing some electrical bursting activity, 

compared to 20% of control MO, 33% of vehicle injected and 23% of WT 

uninjected larvae. 

Tectal recordings also revealed significantly increased burst frequency in 

both ATG (0.31 ± 0.06 bursts/min; n=35 p<0.001), and EX4 morphant larvae 

(0.28 ± 0.04 bursts/min; n=65 p<0.001) compared to all three control conditions 
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control MO (0.04 ± 0.03; n=10), vehicle injected (0.044 ± 0.024; n=9) and un-

injected WT controls (0.031 ± 0.017; n=13) (figure 5-2A). 

Similarly electrical burst durations on both MO conditions were 

significantly longer than the three control conditions. ATG injected larvae had 

burst durations of 379.1 ± 48.8 msec (n=35 p<0.001) whereas EX4 injected 

larvave had bust durations of 319 ± 29.4 msec (n=65 p<0.01), compared to 

control MO (61.3 ± 41.2 msec; n=10), vehicle injected (85.0 ± 43.3 msec; n=9), 

and un-injected WT (64.4 ± 36.8 msec; n=13) (figure 5-2B) 

The significant increase in burst frequency and burst duration confirms 

that morpholino knock-down of one m-channel gene KCNQ3 is capable of 

inducing a seizure-like electrical phenotype in zebrafish larvae. This phenotype is 

similar to that seen with pharmacological block of m-channels but morpholino 

block of KCNQ3 produces a less severe phenotype with burst frequencies ~1/3 

those seen with LPD treatment. 
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5.5. Figures 

Figure  5-1: KCNQ3 morpholino design and verification 

 

A.) KCNQ 3 translation blocking morpholino was designed to block the first 25 
bases of KCNQ3 exon1 beginning with the ATG (start codon). B.) EX4 
Morpholino was designed to block the Exon4-intron4 splice site. Red arrows 
indicate location of primers for qPCR verification of morpholino effeciency C.) 
Relative expression of the Exon4-intron4 splice variant is increased 7fold in EX4 
morphant fish compared to controls. Error Bars indicate SEM. 
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Figure  5-2: KCNQ3 morpholino knock-down induces electrical bursting in 
zebrafish larvae 

 

Injection of both translation-blocking (ATG) and splice-blocking (EX4) 
morpholinos against KCNQ3 in zebrafish results in a significant increase in 
electrical activity in larvae between 3-6dpf; most notably increases in A.) Burst 
Frequency and B.) Burst duration. These changes were not observed in larvae 
injected with a control MO (gene-tools), vehicle solution or were left un-injected 
(WT). Error Bars indicate SEM. II.) Percent of fish that exhibited electrical activity 
in each treatment condition. 
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CHAPTER 6. DISCUSSION 

6.1. M- channel genes in zebrafish 

 

The objective of this thesis project was to establish a model in zebrafish in 

which we could study some of the genetic mechanisms involved in seizure 

generation. More specifically, we sought to determine whether the zebrafish 

would be a viable organism in which to study the role of M-channels and their 

associated KCNQ genes in-vivo. Prior to this thesis project, expression of KCNQ 

genes in zebrafish had not been described in the literature, and therefore the first 

step in this process was to first establish that the zebrafish (Danio rerio) actually 

expressed the KCNQ genes. To this end, we performed BLAST searches of the 

zebrafish genome on NCBI, using human sequences of KCNQ1-5. We found 

putative orthologues for all 5 KCNQ genes in zebrafish as shown in Figure  3-1A 

but of interest to this thesis project were KCNQ2, KCNQ3 and KCNQ5. 

 To confirm that these predicted sequences obtained from the database 

were actually expressed, we designed primers based on the sequences we had 

obtained, and performed RT-PCR experiments on all three M-channel genes. We 

were able to successfully amplify gene products from KCNQ3 and KCNQ5 but 

not KCNQ2 even after multiple repeats with different sets of primers. We 

determined after trying to align this zebrafish KCNQ2 predicted sequence to the 

human KCNQ2 sequence that there were errors in this predicted sequence. 
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Although there have been several updates since to the zebrafish genome 

database, we are still unable to amplify zebrafish KCNQ2 based on the current 

predict sequence. A search for expressed sequence tags (EST’s) revealed no 

matches for KCNQ2, but matches for KCNQ3 and KCNQ5 were confirmed in 

zebrafish (Table  3-1). At this time, we cannot say with accuracy whether or not 

zebrafish actually express a KCNQ2 gene. 

 In humans, majority of the mutations associated with BFNC are found in 

KCNQ2 (Biervert and Steinlein 1999), loss of KCNQ2 function in our zebrafish 

model would thus be more representative of majority of human m-channel loss of 

function conditions.  However, it could be the case that KCNQ2 isn’t as important 

overall in m-channel function, and that is why more mutations have been found in 

this gene. Since KCNQ3 has been shown to combine with KCNQ2, 4 and 5 

(Hadley, Passmore et al. 2003), it may serve a more critical role in M-channel 

function, and as such, mutations may be embryonic lethal accounting for the low 

percentage of observed BFNC cases that result from KCNQ3 mutation. 

 If KCNQ2 is actually present in zebrafish, then it may be compensate for 

KCNQ3 loss during morpholino knock-down resulting in a mild phenotype. If 

KCNQ2 is absent however, it would be important to determine what combination 

of subunits comprise the M-channels in zebrafish. KCNQ3 homomers in vivo 

have been shown to pass relatively low currents (Jentsch 2000), whereas 

KCNQ3/5 heteromers have not been confirmed to exist in-vivo, although their 

heterologous combination in vitro does produce sizeable M-currents (Schroeder, 

Hechenberger et al. 2000). Future updates to the zebrafish genome assembly 
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may provide a more accurate sequence and allow for the study of KCNQ2 

expression in zebrafish.  

Based on the database searches, EST’s and our RT-PCR results, we 

were confident in the expression of at least 2 of the M-channel genes, KCNQ3 

and KNCQ5. An alignment of zebrafish KCNQ3 and KCNQ5 protein sequences 

with human and mouse counterparts is shown in appendix Supplementary figure 

1 and 2 respectively. 

Next we proceeded to determine the localization of gene expression using 

whole-mount in situ hybridization. A schematic of the whole-mount in situ 

hybridization process in zebrafish larvae is illustrated in Methods figure 2-4. In 

order to perform in situ hybridization, we had to generate our own specific probes 

for both KCNQ3 and KCNQ5. We cloned PCR amplicons from KCNQ3 and 

KCNQ5 into the PCR-II.TOPO vector such that the sense sequences of both 

genes were down stream of the SP6 promoter. Using SP6 primers for 

sequencing, we were able to confirm that the sequences we obtained from the 

online database were accurate.   

Using the DIG-labeled anti-sense probes we generated for KCNQ3 and 

KCNQ5, we determined that both these genes showed extensive but diffuse 

expression in the central nervous system (CNS) labeling structures such as the 

telencephalon, diencephalons, optic tectum, pre-optic area and tegmentum. This 

expression is in line with CNS expression of M-channel genes and proteins 

previously described in rodents (Schroeder, Hechenberger et al. 2000; Cooper, 

Harrington et al. 2001; Maljevic, Wuttke et al. 2010) where the genes were 
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expressed ubiquitously throughout the brain but concentrated in regions such as 

the striatum, thalamus and hippocampus. These regions of the brain regulate 

network oscillations and synchronization, and in particular the hippocampus 

plays key roles in seizure generation (Cooper, Harrington et al. 2001).  

In zebrafish we found KCNQ3 and 5 localized in the telencephalon which 

is comprised of the pallium and lateral division (Mueller and Wullimann 2003). 

Though morphologically different, the pallium in zebrafish is thought to be the 

homologue for the mammalian hippocampus; it is involved in functions such as 

spatial memory which in mammals are associated with the hippocampus 

(Rodriguez, Lopez et al. 2002; Rodriguez, Lopez et al. 2002; Tiedeken and 

Ramsdell 2007). Although the circuitry of the hippocampus in mammals is far 

more complex than that of the pallium in zebrafish, damage to the pallium has 

been demonstrated to result in increased seizure susceptibility in zebrafish larvae 

(Tiedeken and Ramsdell 2007) indicating that specific circuitry may not be 

necessary for seizure generation. Additionally, we also saw KCNQ3 and KCNQ5 

expression in the diencephalon, which in zebrafish is comprised of dorsal 

thalamus and ventral hypothalamus (Mueller and Wullimann 2003). Based on the 

mRNA expression, it appeared to us that the M-channel genes in zebrafish 

KCNQ3 and KCNQ5 were at least expressed in the appropriate regions such as 

telencephalon and diencephalon as to be associated with their prescribed role in 

regulation of neuronal excitability (Cooper and Jan 2003) which would be 

examined in chapter 4.   
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Finally we sought to determine the developmental expression of KCNQ3 

and KCNQ5 in zebrafish. One of the more perplexing features of BFNC, is that 

seizures remit at about 3 months of age. It has been postulated that a possible 

explanation for this phenomenon may be an increase in expression of M-

channels during maturation (Maljevic, Wuttke et al. 2008).  Whereas a reduction 

in M-current would cause seizures in neonates, when the amount of available M-

channels increases with development, the same relative reduction of M-current 

would have less of an impact on neuronal excitability (Maljevic, Wuttke et al. 

2008). We wanted to determine whether there would be such changes in 

expression of KCNQ3 and KCNQ5 in zebrafish during the first week of 

development and also compared to adult expression.  We performed quantitative 

PCR experiments to determine the relative expression of KCNQ3 and KCNQ5 

and found that the relative levels of both genes were at their peak at day 5 post-

fertilization, but were mostly stable through development.  

In rodents, KCNQ2 expression is high in fetal life but expression 

decreases after birth, KCNQ3 on the other hand exhibits increased expression in 

late fetal life to infancy (Kanaumi, Takashima et al. 2008), meaning KCNQ3 is 

expressed later in development than KCNQ2. KCNQ2 may thus serve a more 

critical role in early development when KCNQ3 expression is low or absent. 

Although we could not detect KCNQ2 in our experiments, if it does exist in 

zebrafish, it would be important to determine the developmental expression of 

this gene in zebrafish and examine whether that shows any variation. 
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6.2. Pharmacology of M-channels in zebrafish larvae 

 

Numerous in vitro studies have been performed to examine the 

pharmacological responses of M-channels using electrophysiology and great 

insights have been derived from these studies. However, the effects of M-

channel modulators in vivo haven’t been as clearly demonstrated. As part of this 

thesis project, we hypothesized that based on the expression of KCNQ3 and 

KCNQ5 in zebrafish, that application of M-channel blockers linopirdine (LPD) and 

XE991 in live behaving zebrafish would result in electrical hyper-excitability or 

bursts accompanied by seizure-like behavior. 

In order to perform electrophysiological recordings in live zebrafish, we 

embedded them in low melting point agar to immobilize the larvae while still 

allowing for dissolved pharmacological agents to diffuse through the agar and be 

absorbed by the larvae. Immobilized larvae were bathed in Linopirdine at 

different concentrations and electrical recordings obtained from the optic tectum. 

At low concentrations of linopirdine, 5 and 25µM, no significant changes were 

observed in the electrical activity. However at concentrations of 50 – 200µM 

dose-dependent changes in electrical activity were observed including significant 

increases in burst frequency and burst duration compared to controls bathed in 

normal larvae medium.  

Similarly, linopirdine analog XE991 at 100µM also induced significant 

bursting activity. It was noted that the effect seen with XE991 was less intense 

compared to a similar concentration of LPD. XE991 was designed to overcome 
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some of the side effects that were observed with LPD during human trials. It is 

possible that the modifications may affect the rate of absorption or binding 

efficiency in a manner that affects the observed electrical phenotype. We were 

still able to confirm however that in zebrafish larvae, application of M-channel 

blockers has pro-convulsant effects. 

Next we sought to determine whether retigabine would have anti-

convulsant effects in zebrafish. Bath application of retigabine (RTG) alone did not 

alter electrical activity in the zebrafish tectum compared to controls. However, co-

application of 100µM RTG with 100µM LPD was sufficient to antagonize the pro-

convulsant effect of LPD. We subsequently wanted to determine whether 

retigabine could ameliorate electrical seizure activity once it was in progress. We 

bathed zebrafish larvae in 100µM LPD for at least 30min, or until regular 

electrical bursts were observed in the tectum. When the bath solution is replaced 

with normal medium, the electrical bursts continue, however when the solution 

was the replaced with 100µM RTG within a few minutes, the bursting activity 

completely halted.  

Behaviorally, zebrafish larvae exposed to 100µM LPD or 100µM XE991 

exhibited stereotyped seizure-like behavior characterized by increased and rapid 

swimming, jerking movements along the walls of the container and convulsions 

involving body contortions and subsequent loss of posture in some instances. 

However, larvae exposed to 100µM RTG showed little if any movement and 

behaved more like control fish in normal medium. Videos of this seizure-like 

behavior can be found in the Appendix under supplemental videos.  
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Seizure-like behavior was also observed in adult zebrafish exposed to 

100µM LPD; in fact the behavior in adult zebrafish was qualitatively more severe 

than that observed in zebrafish larvae. Although seizure activity in adult zebrafish 

hasn’t been well studied, recent research by Wong and colleagues demonstrated 

that epilepsy-like states could be evoked in adult zebrafish following exposure for 

20 minutes to 1.3mM caffeine, 11.0mM pentylenetetrazole (PTZ) and 0.17mM 

picrotoxin (Wong, Stewart et al. 2010). In our own hands, we were able to in 

deed confirm that exposure to 15mM PTZ induced seizure-like behavior in adult 

zebrafish, much like in the larvae (supplemental video). 

Overall, we were able to confirm our hypothesis that M-channel blockers 

when applied in-vivo can evoke both electrical bursting activity and seizure-like 

behaviors in zebrafish. Additionally, we were able to demonstrate that M-channel 

enhancer Retigabine which is in clinical trials as an anticonvulsant, is capable of 

both antagonizing the pro-convulsant activity of LPD, but can also halt seizure 

activity already in progress. This work provides further evidence of the viability of 

the zebrafish as a high through-put experimental model in which the efficacy of 

anti-epileptic compounds can be tested. 

 

6.3. Genetic Knock-down of KCNQ3 in zebrafish larvae 

 

Beyond pharmacology, we wanted to determine whether we could 

genetically elicit a seizure phenotype by manipulating an M-channel gene in vivo. 
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We targeted KCNQ3 for knockdown since mutations in this gene have been 

directly associated with BFNC, and it is readily expressed in the zebrafish CNS. 

We designed two anti-sense morpholinos (MOs) to target KCNQ3. The first was 

designed to target the ATG start site and block translation initiation, and the 

second was designed to block the splice site at the junction of Exon 4 and Intron 

4 which would result in a truncated protein (Figures 

Figure  5-1A-B). Exon 4 when translated into protein covers S3 and part of 

S4 (voltage sensor) domains of the channel subunit. We thus hypothesized that 

the resultant truncated protein may be non-functional since M-channels are 

voltage-gated.  

 The splice-blocking MO also has the advantage of allowing for RT-PCR 

amplification and quantification of gene knockdown (Kabashi, Brustein et al. 

2010).  This was particularly useful for this project since KCNQ3 antibodies in 

zebrafish are currently not available to allow for verification of translation block 

via ATG MOs. Prior to use, we performed a BLAST search of our morpholino 

sequences against the NCBI zebrafish database to ensure that the morpholinos 

would not bind to off-target sequences. We also obtained a control MO from 

Gene-Tools Inc, which is targeted against a human gene and has no target in 

zebrafish.  

MOs were dissolved in Danieau’s solution (vehicle) and pressure-injected 

at concentrations of 4-8µM into zebrafish eggs between 1-4 cell stage. In addition 

to the ATG MO, the splice-site (EX4) MO and the control MO, some eggs were 
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also either injected with vehicle only or left un-injected to serve as additional 

controls for any non-specific effects of vehicle solution or mechanical injection. 

Injection of both translation blocking and splice-blocking MOs against 

KCNQ3 in zebrafish results in a significant increase in brain electrical activity in 

larvae between 3-6 days post-fertilization. There were significant increases in 

both burst frequency and burst duration with KCNQ3 knock-down that were not 

observed with Control MO or vehicle injections whose activity was not 

significantly different from that of un-injected controls. This indicated that the 

effects of KCNQ3 knockdown on electrical activity are a direct result of the 

introduction of KCNQ3-targeted MOs and not just the injection of nucleic material 

(Control MO) or the injection of the vehicle solution. Quantitative PCR with 

primers flanking the splice junction between exon 4 and intron 4 was used to 

verify the efficacy of the splice-blocking MO. In larvae injected with the splice 

blocking morpholino, the splice variant including intron 4 was expressed ~7 fold 

higher compared to un-injected WT controls. 

It is notable that the seizure-like electrical phenotype was similar to that 

observed with pharmacological block of M-channels using LPD but occurred with 

1/3 less frequency with MO treatment than with LPD. It is possible that the 

morpholinos did not completely knock-down all KCNQ3 subunits, and that this 

would account for the less severe genetic phenotype. LPD blocks M-channels of 

all configurations (KCNQ2-5), however with genetic knock-down of only one 

subunit (KCNQ3) it is possible that the remaining functional subunits (KCNQ5, 

and possibly KCNQ2 if it is actually expressed in zebrafish) provided at least 
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some of the required M-current accounting for the decreased severity in 

phenotype compared with LPD. It is also possible that with genetic manipulation 

of KCNQ3, there may have been compensatory up-regulation of another 

potassium channel subunit (KCNQ5 and/or KCNQ2) that may take over some of 

the function of KCNQ3.  

We did not examine seizure behavior in KCNQ morphant larvae because 

preliminary visual observations indicated that seizure-like behavior was very rare 

in these larvae and would require very long recording durations per larvae to 

capture any such behavior, if at all present in any given larvae. In general 

however, we were able to show that knock-down of only one M-channel gene, 

KCNQ3 was sufficient to evoke a seizure-like electrical phenotype in zebrafish 

larvae.  

6.4. Integration and Future Directions 

 

M-channels play key roles in stabilizing neuronal excitability and this role 

is highlighted by the fact that mutations in the KCNQ2 and KCNQ3 genes that 

code for M-channel subunits are associated with BFNC, an autosomal dominant 

neonatal epilepsy (Charlier, Singh et al. 1998; Singh, Charlier et al. 1998; 

Biervert and Steinlein 1999). Beyond just BFNC, it has been suggested that M-

channels may play a more general role in ictogenesis, the process of transition 

from smaller inter-ictal bursts to ictal events (Qiu, Johnson et al. 2007). A recent 

study by Qiu and colleagues showed that when using an in vitro seizure model 
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(rat hippocampal slices exposed to magnesium-free conditions), pharmacological 

block of M-channels using linopirdine (LPD) makes the transition from inter-ictal 

to ictal more likely especially in an immature brain (Qiu, Johnson et al. 2007). In 

this thesis project, we demonstrated that LPD induced a significant increase in 

electrical activity that was comprised of both ictal and inter-ictal bursts (Figure 

 4-1A). 

It has also been shown that beyond the central nervous system, M-

channels are expressed in sensory neurons of the peripheral nervous system 

(Passmore, Selyanko et al. 2003). The M-current has been determined to play a 

key role in nociceptive transmission. Inhibition of this current leads to 

depolarization and hyper-excitability of nociceptive neurons, an important 

determinant in pain conditions (Passmore, Selyanko et al. 2003; Crozier, Ajit et 

al. 2007; Linley, Rose et al. 2010). Pharmacological enhancers of M-channels 

such as retigabine thus possess not only anti-convulsant properties but now 

present therapeutic potential as analgesics especially in cases of inflammatory 

and chronic pain where current therapies aren’t always sufficient (Wickenden and 

McNaughton-Smith 2009; Mucha, Ooi et al. 2010).  

The model presented as part of this thesis project allows for several 

avenues of future study. Although nociception and in particular pain perception in 

fish has not been fully demonstrated, recent research indicates that zebrafish do 

indeed express receptors involved in nociception (Gonzalez-Nunez and 

Rodriguez 2009), and display aversive behavioral and physiological reactions to 

noxious stimulus that causes pain in mammals (Sneddon 2009).  We did not 
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examine role of M-channels in nociception in zebrafish as that was beyond the 

scope of this thesis project, but that may present an exciting avenue for future 

research. However, this zebrafish model we have established would allow for 

high-throughput screening of potential M-channel modulators and specifically, M-

channel enhancers which are clinically relevant in the treatment of epilepsy and 

other seizure disorders, as well as in the treatment of chronic pain.  

Genetically, the zebrafish would present a model for rapid in vivo 

biological validation of BFNC mutations and splice variants identified in human 

genetic and genomic studies. This can be done in several ways, splice-site 

morpholinos can be designed to target splice junctions in a way that would 

produce splice variants that occur in disease states (Kabashi, Brustein et al. 

2010).  Recent studies in zebrafish have also demonstrated that it is possible to 

replace targeted zebrafish genes with human genes by simply injecting human 

mRNA simultaneously with a MO, as the latter is designed to only block the 

zebrafish and not the human sequence (Kabashi, Brustein et al. 2010).  Both 

Wild-type (WT) and mRNA containing disease-related mutations can be injected, 

allowing for a comparison between these two states. This strategy could also be 

used to partially rescue the knockdown phenotype we found with KCNQ3 which 

would allow us to determine whether the human and zebrafish genes perform the 

same role. It would also be possible to inject human KCNQ2 mRNA in the 

KCNQ3 background and determine whether that would be sufficient to rescue the 

seizure phenotype. 
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Although KCNQ5 hasn’t been associated with any disease, it would be of 

interest to determine whether knocking down KCNQ5 in zebrafish using a 

targeted MO would result in a seizure phenotype similar to KCNQ3 knockdown. 

In a recent study by Tzingounis and colleagues, mice carrying a dominant 

negative mutation in the KCNQ5 pore were generated (Tzingounis, Heidenreich 

et al. 2010). The homozygous mice were found to be viable and have normal 

brain morphology and no seizure phenotype (Tzingounis, Heidenreich et al. 

2010). However, this study does not rule out the possibility that KCNQ5 loss of 

function could result in seizures. Early attempts at generating KCNQ2 and 

KCNQ3 knockouts were also unsuccessful in generating spontaneous seizures. 

Morpholinos are limited however because they produce only transient 

changes in gene expression. It is possible to build upon this zebrafish M-channel 

model, by utilizing transgenic technologies to generate stable, targeted and 

inducible lines of KCNQ mutants to allow for study of M-channel dysfunction in 

adult zebrafish. It would be of interest for example to determine whether these 

adult mutants would have a seizure phenotype compared to BFNC where only 

~16% of patients develop seizure disorders later in development.  

Although the zebrafish provides an attractive model in which to study 

human disease, it has certain limitations and we experienced some of these 

during the process of this thesis project. To begin with, the zebrafish genome 

project is still incomplete at present and even in the databases available, there 

are sometimes errors in the annotated sequences such as we experience when 

attempting to find a zebrafish orthologue for KCNQ2. Identification of human 
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homologues in zebrafish is further complicated by the fact that many of the genes 

are duplicated (Kabashi, Brustein et al. 2010); a peculiar phenomenon that is the 

result of a whole genome duplication that occurred during evolution (Volff 2005). 

This is an important consideration when using zebrafish especially because 

when knocking down a gene, the duplicate gene can compensate for loss of 

function of the targeted homologue (Kabashi, Brustein et al. 2010). With KCNQ3, 

we were only able to locate one copy of the gene located on chromosome 2, and 

the knockdown was successful in this case. 

An additional challenge when working with zebrafish is the dearth of 

antibodies that are cross-reactive in zebrafish. Although we were able to localize 

mRNA expression by in-situ hybridizations, because of a lack of antibodies for 

KCNQ2, KCNQ3 or KCNQ5 that would work in zebrafish, we were unable to 

perform protein localization imaging studies. These would have been informative 

in determining the final localization of the M-channel proteins in zebrafish. 

Furthermore, we could not validate the efficiency of our translation-blocking 

KCNQ3 MO by western blot although we were confident in our phenotype 

because we could verify the effect of the splice-clocking MO. Despite its 

limitations, overall the zebrafish has proven to be a powerful model organism that 

can be used to study disorders of the nervous system. 
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APPENDIX .  

6.5. Supplementary Figures 

Supplementary figure 1 

 

 



 

 

83 

Supplementary figure 2 
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6.6. Supplementary Movies 

 

 

Supplementary video 1 

 

Locomotor behavior of larvae under control conditions (normal bath medium). 
Larvae barely moves, though lateral fins can be seen to twitch. 
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Supplementary video 2 

 

 

Locomotor behavior of larvae after 6min treatment in 100µM LPD. Larvae 
twitches, flicks its tail and repetitively bumps against the wall of the well. 
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supplementary video 3 

 

Locomotor behavior of larvae after 4min treatment in 100µM Xe991. Larvae 
twitches, flicks its tail and repetitively bumps against the wall of the well. 
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supplementary video 4 

 

Locomotor behavior of larvae after 5min treatment in 100µM retigabine. Larvae 
twitches once towards the end of the recording but is otherwise immobile for the 
rest of the recording epoch. 
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Supplementary video 5 

 

Locomotor behavior of larvae in 15mM PTZ (known convulsant). Larvae exhibits 
increased movement and violent clonus-like convulsions. 
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supplementary video 6 

 

Locomotor behavior of an adult zebrafish in 100µM linopirdine. The adult 
zebrafish exhibits increased movement and violent clonus-like convulsions. The 
response is more intense than that observed with similar treatment in a larvae 
(supplementary figure 1). 
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supplementary video 7 

 

 

Locomotor behavior of an adult zebrafish in 15mM PTZ. The adult zebrafish 
exhibits increased movement and violent clonus-like convulsions qualitatively 
similar to those observed with similar treatment in larvae (supplementary figure 
5). 
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