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Abstract
The escape response in zebrafish is mediated in part by the Mauthner cell
and its two homologues, MiD2cm and MiD3cm. In adult fish, the Mauthner cell
fires a single action potential when activated while the homologues fire multiple
action potentials. Their distinct firing properties are partially attributed to the
differential expression of voltage gated potassium (Kv) channels. I am interested
in determining the Kv channels associated with the Mauthner and MiD2cm cells,
and if they contain Kv1.1. Immunohistochemistry and in situ hybridization
confirmed the expression of Kv1.1 in the Mauthner and MiD2cm cells at 48 hours
post fertilization. Electrophysiology showed these cells to contain A-type and
delayed rectifier currents but with different current densities. Preliminary data has
shown these cells have the same firing behavior as in adults but with distinct
action potential waveforms. The presence of Kv1.1 and the distinct current
properties are suspected of regulating the neuronal excitability.
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1. Introduction
1.1 Overview
An integral part of an animal’s life is survival against predatory attacks.
Animals are innately hardwired with reflex behaviors that facilitate predator
avoidance. Within higher vertebrates the startle response is a reflex behavior that
causes contraction of body and facial muscles in response to various stimuli,
which prepares the animal for a fight or flight response (Koch 1999). In lower
vertebrates, such as teleost fish, a similar reflex behavior known as the escape
response is initiated (Figure 1.1A) (Weihs 1973). It facilitates the contraction of
trunk musculature causing the fish to turn and swim away from a predator
(Kimmel et al 1980; Zottoli 1977). Both the startle and escape response are
mediated by a simple neural circuit starting with sensory neurons that detect
auditory, visual and/or touch stimuli. These sensory neurons project to the
hindbrain of the organism where they activate reticulospinal neurons. These
reticulospinal neurons activate motoneurons which stimulate the skeletal muscle
causing it to contract and elicit the behavior (Korn & Faber 2005; Lingenhohl &
Eckhard 1994).
Zebrafish have been used successfully as a model organism to study the
nervous system and how it develops for several decades, on account of their
simple neural circuitry, including that responsible for mediating the escape
response (Lingenhohl & Eckhard 1994; Saint-Amant & Drapeau 1998). Another
advantage of using zebrafish is that females lay a large number of eggs on a daily
basis (Lewis & Eisen 2003; Saint-Amant & Drapeau 1998). These embryos, and
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the chorion that protects them, are transparent which has allowed for the study
and identification of individual neurons through the different stages of
development using a variety of imaging/ staining techniques (Eisen 1991; SaintAmant & Drapeau 1998). The ability to identify individual neurons enables a
person to study the activity of one cell from embryo to embryo (Eisen 1991). This
feature of identifiable neurons is evident in the hindbrain of zebrafish, in
particular with regards to the reticulospinal neurons, which have all been
identified and characterized based on morphology and the rhombomere segment
within which they reside (Lee et al 1993; Metcalfe et al 1986). The Mauthner cell
is a specific reticulospinal neuron that has been studied at great lengths since its
discovery in the early 1900s on account of its large cell size and ease of
identification (Zottoli 1977). Since the discovery that the Mauthner cell initiates
the escape response in teleost fish (Zottoli 1977), ongoing research has
continually advanced our understanding of its function and role in the escape
response (Eaton et al 2001; Foreman & Eaton 1993). Advances in technology and
techniques have allowed for the focus of study to shift from adult to embryonic/
larval zebrafish to understand the behavior, neural circuitry and the activity of
individual neurons involved in the escape response from a developmental
standpoint (Liu & Fetcho 1999; O'Malley et al 1996; Saint-Amant & Drapeau
1998).
Great strides have been made in understanding the ionic currents
responsible for controlling the activity of neurons since Hodgkin and Huxley’s
experiments using the giant squid axon to record the sodium and potassium
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currents and how they give rise to action potentials (Hodgkin & Huxley 1952a; b).
Potassium currents play a great number of roles in affecting cellular excitability
on account of their vast diversity arising from the large protein family, their
ability to conduct different types of currents and the formation of heteromeric
channels that alter their properties and kinetics (Gutman 2005). The different
characteristics exhibited by each of the potassium channels contribute cell
excitability (Pongs 2008).
Until now, the majority of research in young zebrafish has focused on
their behavior and neural circuitry with little focus on the currents responsible for
the activity of the individual neurons; largely because of the difficulty in
recording from these cells (Chong & Drapeau 2007; Liu & Fetcho 1999;
O'Malley et al 1996).
The objective of my thesis research was to determine the firing behavior
of reticulospinal neurons that mediate the escape response in larval zebrafish and
to identify the potassium currents responsible for facilitating the excitability of the
neurons. The two aims of my thesis were:

1. To identify the types of voltage gated potassium currents present in the
Mauthner and MiD2cm cells.

2. To determine the cellular excitability of the Mauthner and MiD2cm
cells in larval zebrafish and to understand how the corresponding
potassium currents contribute to regulating the firing behavior.
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1.2 Larval zebrafish movement
Zebrafish are an advantageous model organism to study the nervous
system because of how fast they develop and the ability to identify phenotypic
changes involved in the neural control of their escape response or swimming
behavior. In larval zebrafish the first signs of movement occur at 17 hours post
fertilization (hpf) with the spontaneous coiling of the tail (Saint-Amant &
Drapeau 1998). This spontaneous tail coiling is generated by motoneurons which
undergo periodic depolarizations (Brustein et al 2003; Saint-Amant & Drapeau
2000). By 21 hpf the first signs of the escape response are observed as embryos
respond to tactile stimuli to the head and tail with rapid coils of the tail followed
by a slow relaxation. At 26 hpf swimming behavior is elicited in response to
touch (Saint-Amant & Drapeau 1998).
Zebrafish hatch from their chorion between 48 and 72 hpf (Kimmel et al
1995). Newly hatched larvae are rather sedentary, but do elicit fast startle
responses in accordance to a strong stimulus, which is observed as a C-bend that
turns the fish away from the stimulus followed by several tail flicks to propel the
fish away (Figure 1.1A) (Muller & van Leeuwen 2004). As zebrafish progress
through the larval stage (> 48 hpf) their turning and swimming behaviors develop
and mature. In larval zebrafish the turning behaviors are classified as either
routine or escape. Routine turns are spontaneous, slow and lack a counterbend.
The escape turn is induced by a stimulus such as touch or sound, which initiates a
rapid single bend followed by a large counterbend. The swimming behaviors are
classified into two categories: slow and burst. Slow swimming follows the routine
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turn while burst swimming usually succeeds the escape turn. All four behaviors
are elicited by descending inputs from the hindbrain that activate motoneurons in
the spinal cord (Budick & O'Malley 2000). The escape turn is initiated by the
Mauther neuron and its two homologues, MiD2cm and MiD3cm (Budick &
O'Malley 2000; Chong & Drapeau 2007).

1.3 Development of the hindbrain and reticulospinal system
The development of the central nervous system (CNS) is a very elaborate
process that requires great timing and precision. In vertebrates the CNS develops
from neuroectodermal tissue of the gastrula (Greene & Copp 2009; Schoenwolf &
Smith 1990; Stern 1992). Cells of the neuroectoderm form a neural tube in which
the anterior part becomes divided into neuromeres (Kimmel 1993; Schoenwolf &
Smith 1990). In zebrafish at 18 hpf, ten neuromeres are present, the three most
anterior neuromeres develop into the diencephalon, telencephalon and
mesencephalon (Kimmel 1993). The remaining seven form the rhombomere
segments of the hindbrain while the posterior part of the neural tube becomes the
spinal cord (Hannemann et al 1988; Kimmel 1993; Kimmel et al 1988). The
rhombomeres are separated from one another by distinct boundaries that form
between the segments (Kimmel 1993; Moens et al 1996). The formation of
boundaries and development of the individual rhombomeres is orchestrated by the
expression pattern of a plethora of genes which includes (but is not exclusive to)
pbx, meis, krox20, valentino and most importantly hox genes (Amores et al 1998;
Moens et al 1996; Prince et al 1998).
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During development of the hindbrain a molecular ground state reminiscent
of rhombomere 1 (r1) is established (Waskiewicz et al 2002). Shortly after,
boundaries that separate the rhombomeres begin to form, directed by the
regulation of gene expression (Waskiewicz et al 2002). The first boundary
separates r3 from r4, followed by formation of the r4/r5 boundary, which
completes the formation of the r4 segment (Moens et al 1998; Moens et al 1996).
This is significant because the r4 segment houses the Mauthner cell and suggests
an importance in sending signals to neighboring rhombomeres (Moens et al 1998;
Moens et al 1996). Next the r1/r2, r2/r3 and r6/r7 boundaries are formed. The
r5/r6boundary is the last to form which may be due to the formation of the r5 and
r6 segments from a common precursor (Moens et al 1998; Moens et al 1996).
These two segments each contain a homologue of the Mauthner cell, known as
MiD2cm and MiD3cm respectively (Metcalfe et al 1986).
The hindbrain is considered the most ancient part of the vertebrate brain
(Jackman et al 2000; Moens & Prince 2002) and contains the cerebellum, medulla
oblongata and the pons. The cerebellum largely contributes to coordinating motor
behaviors whereas the medulla oblongata and the pons control respiration,
circulation and several other motor functions (Moens & Prince 2002). The
hindbrain also gives rise to cranial nerves five through twelve, which contain
sensory and/or motor components that are involved in controlling many behaviors
including hearing and balance (Moens & Prince 2002).
In zebrafish, cranial nerves V (trigeminal) and VIII (staticoacoustic)
transmit sensory stimuli to neurons of the hindbrain (Figure 1.1). These neurons
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are located in the medulla and are classified as reticulospinal, vestibulospinal or
reticular neurons (Kimmel et al 1982; Metcalfe et al 1986). They have axons that
project down the spinal cord and synapse onto motoneurons; which terminate
onto and activate muscle fibers to elicit particular motor responses (Higashijima
et al 2000; Moens & Prince 2002).
Within zebrafish and goldfish the reticulospinal neurons have been
classified as identifiable neurons based on the ability to find them from one fish to
another with the same position, morphology and axon path (Lee et al 1993). The
morphology and positioning of these neurons in the zebrafish resemble those in
the goldfish and thus they have been classified as phylogenetically homologous
(Lee et al 1993). The complement of reticulospinal neurons at the larval stage is
retained through to the adult stage allowing for similar conclusions to be drawn
between the two developmental stages and the two species (Lee & Eaton 1991;
Lee et al 1993).
The reticulospinal neurons (RSN) are the first to originate in the zebrafish
hindbrain. They start off as a single cluster in the midbrain and as seven separate
clusters along the anterior-posterior axis of the hindbrain, with each neuromere
forming around one of the clusters (Lee et al 1993; Mendelson 1986). The cluster
in the midbrain forms the nucleus of the medial longitudinal fasciculus, which is
an integral part of the reticulospinal system containing MeM and MeL neurons
(Kimmel et al 1982; Lee et al 1993). The three anterior clusters in the hindbrain
become the rostral segments, followed by the three middle segments and then one
caudal segment (Lee et al 1993). The Mauthner cell develops in the most anterior

7

middle segment (Figure 1.1B). Arising at 7 hpf, it is one of the first cells to appear
in the nervous system while the MiD2cm and MiD3cm cells appear at 9 hpf,
residing in the second and third middle segments respectively (Figure 1.1B)
(Mendelson 1986). In total there are 27 different types of RSNs comprising the
reticulospinal system, which forms the primary descending system of zebrafish at
28 hpf (Eaton & Farley 1973; Kimmel et al 1982; Metcalfe et al 1986). Based on
their location, morphological characteristics and physiological activity, the
reticulospinal neurons have been categorized into groups of segmental
homologues (Metcalfe et al 1986; O'Malley et al 1996). Homologues have the
same number of prominent dendrites and an axon that descends down the same
spinal tract (Lee & Eaton 1991; Mendelson 1986; Metcalfe et al 1986; Nakayama
& Oda 2004). The most studied group of homologues contains the Mauthner,
MiD2cm and MiD3cm cells, also known as the Mauthner series (Metcalfe et al
1986). They all contain 2 prominent dendrites, one of which projects laterally
while the other projects ventrally (Lee & Eaton 1991; Nakayama & Oda 2004).
The lateral dendrite of the Mauthner cell passes through the ventrolateral
vestibular nucleus before terminating on the neuropil of the acousticolateral area
(Kimmel et al 1982; Kimmel et al 1981). The ventral dendrite projects through the
tegmental motor nucleus and terminates on the neuropil of the ventral tegmentum
(Kimmel et al 1981). Finer dendrites project off of the two prominent dendrites as
well as the soma of the Mauthner cell (Kimmel et al 1981; Nakayama & Oda
2004). The prominent dendrites of the MiD2cm and MiD3cm cells have a greater
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number of thin branches that cover a much larger field than the Mauthner cell
(Lee & Eaton 1991; Nakayama & Oda 2004).
The Mauthner cell receives auditory, vestibular, visual, lateral line and
somatosensory inputs with each modality projecting to one of the two prominent
dendrites (Chang et al 1987; Faber & Korn 1975; Faber et al 1989; Zottoli &
Faber 1979). To date the homologues have been shown to only receive sensory
inputs from the auditory nerve and lateral line system (Kohashi & Oda 2008;
Nakayama & Oda 2004; Szabo et al 2007). The axons of these three cells cross
the midline and project down the dorsal bundle of the medial longitudinal
fasciculus; which becomes the ventromedial fascicle once it enters the spinal cord
(Lee & Eaton 1991; Metcalfe et al 1986; Nakayama & Oda 2004). The axons
extend the length of the spinal cord and send out collaterals to motoneurons
(Celio et al 1979; Gahtan & O'Malley 2003).

1.4 Sensory inputs to the Mauthner series
Developmentally, the first sensory input to the Mauthner cell is from the
trigeminal ganglia (CN V), the first sensory neurons to appear in the head
(Kimmel et al 1990). Inputs from the ear arrive at 23 hpf while axons from the
lateral line neurons arrive last at 25 hpf (Kimmel et al 1990).
The trigeminal ganglia develop between the eye and the otic vesicle and
contain approximately 20 bipolar neurons by 24 hpf (Figure 1.1B) (Metcalfe et al
1990). The peripheral axon arborizes in the skin of the head while the central
axon projects to the hindbrain where it synapses on the lateral dendrite of the
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Mauthner cell (Kimmel et al 1990; Metcalfe et al 1990). Activation of the
trigeminal ganglion leads to subthreshold responses in the Mauthner cell; however
it can elicit a non-Mauthner escape response (Kohashi & Oda 2008).
Rohon Beard neurons are another group of mechanosensory neurons that
are some of the earliest primary neurons to develop (Bernhardt et al 1990;
Metcalfe et al 1990). They are identified by their large cell body and dorsolateral
position in the spinal cord (Bernhardt et al 1990; Kuwada et al 1990; Metcalfe et
al 1990). Axogenesis occurs between 15 to 17 hpf with cells containing two
ipsilateral longitudinal axons that project within the dorsal longitudinal fasciculus
(Bernhardt et al 1990; Kuwada et al 1990). One ascends rostrally into the
hindbrain and synapses onto the Mauthner cell (Figure 1.1B) while the other
descends caudally into the tail region (Bernhardt et al 1990; Kimmel et al 1990;
Kuwada et al 1990; Metcalfe et al 1990). Peripheral axons project off of the
longitudinal axon and terminate in the skin of the trunk (Bernhardt et al 1990;
Kuwada et al 1990; Metcalfe et al 1990; Reyes et al 2004). Mechanical
stimulation of the skin elicits the firing of action potentials in these cells and
evokes EPSPs in the ventral dendrite of the Mauthner cell (Chang et al 1987;
Svoboda et al 2001). Each trunk hemisegment contains anywhere from 1 to 4
Rohon-Beard cells, however this number slowly decreases as these cells undergo
programmed cell death during the first week of development (Lewis & Eisen
2003; Reyes et al 2004; Slatter et al 2005; Svoboda et al 2001).
As the Rohon Beard cells die off, perception of somatosensory stimuli
occurs via neurons of the dorsal root ganglia (DRG), which transmit the signal to
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the Mauthner cell (Kohashi & Oda 2008; Lewis & Eisen 2003). These ganglia
contain bipolar neurons, which begin to differentiate at 36 hpf and are present
lateral to the spinal cord by 45 hpf (An et al 2002; Bernhardt et al 1990; Reyes et
al 2004). Axogenesis occurs between 2 to 4 days post fertilization (dpf) with a
central axon extending into the spinal cord, where it bifurcates into ascending and
descending branches within the dorsal longitudinal fasciculus (Bernhardt et al
1990; Reyes et al 2004). The peripheral axon projects ventrally from the soma,
arborizing in the skin of the trunk (Bernhardt et al 1990; Reyes et al 2004).
The lateral line system is comprised of the anterodorsal ganglion and the
anteroventral ganglion whose nerves connect the neuromasts, contained within the
head, to the central nervous system (Raible & Kruse 2000). The anterdorsal
ganglion fuses with the trigeminal ganglion and the anteroventral ganglion fuses
with the facial sensory ganglion (Raible & Kruse 2000). Altogether they enter
into the CNS anterior to the otic vesicle (Raible & Kruse 2000). The posterior
lateral line found within the trunk and tail contains sensory afferents that also
project to the hindbrain. In both zebrafish and goldfish, these afferents only
synapse onto the lateral dendrite of the ipsilateral Mauthner cell (Korn & Faber
1975; Metcalfe et al 1985). The lateral line and posterior lateral line systems
provide minimal stimulation to the Mauthner series and are believed to modulate
the Mauthner cell’s response to visual and auditory inputs (Chang et al 1987;
Faber & Korn 1975; Kohashi & Oda 2008).
Visual information is sent through the optic nerve to the optic tectum
which sends tectobulbar tracts to the ventral dendrite of the Mauthner cell (Zottoli
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et al 1987). Visual stimuli produce EPSPs in the Mauthner cell, with rostral cues
enhancing the escape response more so than caudal cues (Canfield 2006; Zottoli
et al 1987).
Auditory information is the primary stimulus to evoke an escape response
and is detected by the otic vesicles (Eaton & Emberley 1991; Haddon & Lewis
1996; Zottoli 1977). The inner ear of the zebrafish forms on both sides of the
hindbrain adjacent to rhombomeres four through six, developing from the otic
placode (Haddon & Lewis 1996). The otic placode cavitates to become the otic
vesicle, which contains epithelial cells that give rise to the hair cells, support cells
and associated sensory neurons (Haddon & Lewis 1996; Whitfield et al 2002). At
24 hpf some of the epithelial cells begin to differentiate to form sensory patches
(Haddon & Lewis 1996). Initially five sensory patches form, three cristae and two
maculae, each consisting of a collection of sensory hair cells and support cells
(Haddon & Lewis 1996; Whitfield et al 2002). The two maculae develop first to
become the utricle and the saccule while the lagena, the third maculae, appears
later on in development at 9 dpf (Haddon & Lewis 1996; Moorman 2001;
Whitfield et al 2002). All three are covered by otoliths and contain a unique
arrangement of sensory hair cells (Figure 1.1B) (Haddon & Lewis 1996;
Hudspeth 1989; Whitfield et al 1996). These three organs are sensors for linear
acceleration, gravity and sound (Haddon & Lewis 1996). The saccule
predominantly transmits auditory signals, while the utricule is primarily
responsible for vestibular information (Whitfield et al 2002). The three cristae
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develop into the semicircular canals and form the angular acceleration system
(Moorman 2001; Whitfield et al 2002).
Associated with the sensory hair cells are bipolar sensory neurons which
relay information to the brain (Haddon & Lewis 1996; Sapede & Pujades 2010).
Neuroblasts, epithelial cells that delaminated from the otic vesicle, differentiate to
become these sensory neurons which form the staticoacoustic (VIIIth) ganglion
(Figure 1.1B) (Haddon & Lewis 1996). In adult goldfish the VIIIth nerve afferents
form discrete bundles which project medially to rhombomeres 4, 5 and 6
(Nakayama & Oda 2004). The saccular, lagenar and utricular afferent fibers
provide monosynaptic input onto the lateral dendrite of the Mauthner cell (Szabo
et al 2007).
The saccular afferents form the greatest number of synapses with a wide
variety of endings including small and large myelinated club endings (SMCE and
LMCEs) and small and large vesicle boutons (SVBs and LVBs), otherwise known
as endbulbs (Nakajima 1974; Szabo et al 2007). The myelinated club endings are
mixed synapses, containing gap junctions and chemical synapses, whereas the
vesicle boutons are predominantly chemical synpases (Kimmel et al 1981; Lin &
Faber 1988; Nakajima 1974). The LVBs that are mixed synapses differ from the
MCEs as they contain fewer gap junctions (Kimmel et al 1981; Nakajima 1974).
The lagenar and utricular afferents project to the dorsal and ventral portion of the
lateral dendrite respectively. They form very few synapses (less than 15 each) and
have endbulb terminals (Nakajima 1974; Szabo et al 2007).
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The auditory pathway, consisting of the hair cells, the VIIIth nerve and the
Mauthner cell, is established by 27 hpf (Tanimoto et al 2009). Although this
pathway is present early on in development, the Mauthner cell does not start
responding to sound stimuli until 40 hpf (Tanimoto et al 2009). At 60 hpf the
auditory system develops the ability to transmit sound stimuli by converting the
mechanical vibration to an electrical signal (Tanimoto et al 2009). Sound stimuli
or electrical stimulation of the VIIIth nerve elicits EPSPs in the Mauthner cell and
its serial homologues (Nakayama & Oda 2004; Szabo 2006). The onset latency of
the potentials in the Mauthner cell is significantly less than for the MiD2cm and
MiD3cm cells on account of the different type of afferent fibers that synapse onto
them (Furukawa & Ishii 1967; Nakayama & Oda 2004; Pereda et al 1995). The
potentials are comprised of fast (electrical) and slow (chemical) components,
which represent the mixed synapses between the eighth nerve and lateral dendrite
(Lin & Faber 1988; Nakayama & Oda 2004; Szabo 2006). Sound and pressure
waves are the primary stimuli to activate the Mauthner series which initiate
muscular contractions to elicit an escape response (Casagrand et al 1999; Eaton et
al 1981; Neumeister et al 2008; Zottoli 1977).

1.5 Motor outputs of the Mauthner series
To activate the body musculature, the axons of the Mauthner series project
down the contralateral side of the spinal cord sending out collaterals to the spinal
motoneurons (Celio et al 1979; Gahtan & O'Malley 2003). The Mauthner axon
has short unbranched collaterals that form chemical synapses with primary and
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secondary motoneurons and descending interneurons (Celio et al 1979; Fetcho
1992; Fetcho & O'Malley 1995; Svoboda & Fetcho 1996). The descending
interneurons are electrotonically connected with two to four motoneurons (Celio
et al 1979; Gahtan & O'Malley 2003). Primary collaterals from the MiD2cm axon
are highly branched and project to both the ipsilateral and contralateral spinal
cord. The MiD3cm axon also has extensively branched collaterals but they remain
in the ipsilateral spinal cord (Gahtan & O'Malley 2003).
The axon collaterals of the Mauthner series synapse onto and contribute to
the synchronous activation of the spinal motoneurons (Fetcho & O'Malley 1995;
Gahtan & O'Malley 2003). The firing of the motoneurons in the contralateral
spinal cord leads to the contraction of the body and tail musculature which drives
the escape response of the fish (Fetcho & O'Malley 1995). This response can
occur even while a fish is swimming as the Mauthner neuron is able to override
the swimming circuits (Svoboda & Fetcho 1996). This override capability results
from the axon collaterals of the Mauthner cell synapsing directly onto the axon
hillock of the motoneurons (Celio et al 1979; Faber et al 1989; Fetcho 1992).

1.6 Escape response of zebrafish
The escape response is an evasive behavior used by animals to protect
themselves from predators (Eaton et al 1977; Weihs 1973). The response in
teleost fish is a two stage behavior in which the animal makes a C-bend with their
body to orientate and then propel them away from danger (Figure 1.1A) (Eaton et
al 1977; Kimmel et al 1980; Weihs 1973; Zottoli 1977). In zebrafish, this
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behavior first occurs early on in development (21 hpf) and is very similar to that
seen in adult fish (Kimmel et al 1980; Saint-Amant & Drapeau 1998). The escape
response is highly variable as the escape trajectory is capable of being in any
direction within a 360o radius, depending on the direction from which the
stimulus is perceived (Eaton et al 1988; Eaton & Emberley 1991; Foreman &
Eaton 1993). The stimulus, usually a pressure wave, activates the brainstem
escape network (BEN) which is comprised of approximately 82% of the neurons
found within the midbrain and hindbrain of the zebrafish (Eaton & Emberley
1991; Gahtan et al 2002). The physiological function of each of these neurons and
the role they play in the escape response has yet to be characterized but they are
believed to contribute to either the directional control of the response or to
coordinate the sequencing of events (Gahtan et al 2002). The BEN neurons have
been classified into two categories A1 and A2, which produce the major side
(agonist) and minor side (antagonist) contractions respectively, of the body and
tail musculature (Foreman & Eaton 1993). The A1 neurons, which includes the
Mauthner series, have decussating axons that activate the trunk musculature on
the contralateral side of the fish (Foreman & Eaton 1993). The agonist contraction
orients the fish away from the stimulus, which is known as stage 1 of the response
(Eaton et al 1988; Foreman & Eaton 1993). Stage two commences when the fish
begins to propel itself in the direction of the initial turn (Foreman & Eaton 1993;
Weihs 1973). During this stage the fish may undergo a direction change induced
by the antagonist contraction. The antagonist contraction is elicited by the A2
neurons which have axons that project down the ipsilateral spinal cord and
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activate trunk musculature on the same side that the stimulus was perceived
(Eaton et al 1988; Foreman & Eaton 1993). The final escape trajectory angle
(ETA) of the fish is a function of the magnitudes of the agonist and antagonist
contractions and the interval between when they occur (Eaton et al 1988; Eaton et
al 2001; Foreman & Eaton 1993). The magnitude and timing of the agonist and
antagonist contractions are controlled by which BEN neurons are activated, which
is dependent on the direction that the stimulus is perceived (Eaton & Emberley
1991; Eaton et al 2001; Foreman & Eaton 1993). Rostral stimuli maximally
activate the A1 neurons resulting in a large unilateral turn and ETA thus turning
the fish upwards of 180o away from the stimulus. Stimulation of the mid body
activates both the A1 and A2 neurons such that the final trajectory is
approximately 90o to the right or left. Caudal stimuli minimally activate the A1
neurons and maximally activate the A2 neurons producing a small escape
trajectory angle which directs the fish in a forward direction (Eaton et al 2001;
Foreman & Eaton 1993).
The Mauthner series, the crucial cells of the A1 neurons, are responsible
for inducing the escape response in zebrafish {Eaton, 1984; Kimmel, 1980;
Prugh, 1982; Zottoli, 1977}. Specifically the Mauthner cell is required for the
activation of a short latency C-start (SLC) response, a response which occurs
within 5 to 6 ms of detecting the stimulus (Burgess & Granato 2007; Kimmel et al
1980; Kohashi & Oda 2008; Liu & Fetcho 1999). The SLC performance is
probabilistic in that its likelihood of occurring increases with stimulus intensity
but the parameters of the response remain unaffected (Burgess & Granato 2007).
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Fish in which the cells of the Mauthner series have been ablated elicit a long
latency C-start (LLC) response which is characterized by a significantly increased
latency and turn duration and a significantly decreased angular velocity (Eaton &
Kimmel 1980; Kohashi & Oda 2008; Liu & Fetcho 1999). The performance of the
LLC response is graded with respect to the stimulus intensity in contrast to the
probabilistic SLC performance, indicating the two are controlled by different
neural mechanisms (Burgess & Granato 2007).
The short latency response produced by the Mauthner cell results from the
fast conduction velocity of the signal down its large axon, having a minimum
number of synapses in the circuit and the short time necessary to activate the
musculature (Eaton et al 1982; Eaton et al 1988). In freely swimming zebrafish a
stimulus to the head will activate the Mauthner series and elicit a fast and large
escape response (Foreman & Eaton 1993; Liu & Fetcho 1999; O'Malley et al
1996). A stimulus to the tail will only activate the Mauthner cell producing a
quick but smaller response (Foreman & Eaton 1993; Liu & Fetcho 1999;
O'Malley et al 1996). The difference in the cell activation results from the
MiD2cm and MiD3cm not receiving inputs from the caudal region as previously
described (Liu & Fetcho 1999; O'Malley et al 1996).
Another difference within the Mauthner series is the firing rate of the cells
(Nakayama & Oda 2004; O'Malley et al 1996). When stimulated the Mauthner
cell will fire one action potential, followed by an IPSP and will then temporarily
cease firing (Eaton & Kimmel 1980; Nakayama & Oda 2004; O'Malley et al
1996; Zottoli 1977). The homologues fire multiple action potentials when
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stimulated, with a frequency proportional to the intensity of the stimulus
(Nakayama & Oda 2004; O'Malley et al 1996). The difference in firing properties
is attributed to the inhibitory inputs onto the Mauthner cell and the conductance of
different types of potassium currents (Furukawa & Furshpan 1963; Nakayama &
Oda 2004).
Inhibition of the Mauthner cell occurs via an extrinsic hyperpolarization
potential (EHP), a distinct positive spike that follows the Mauthner spike when
recording from the axon cap of the Mauthner cell, and by a recurrent collateral
inhibitory network (Furukawa & Furshpan 1963; Korn & Faber 2005). The EHP
is a form of nonsynaptic electrical inhibition generated by outward currents from
axon collaterals located near the Mauthner cell which cause the extracellular
potential to become positive resulting in the hyperpolarization of the Mauthner
cell (Furukawa & Furshpan 1963; Korn & Faber 2005). The EHP coincides with
the firing of passive hyperpolarizing interneurons that synapse onto the axon cap
and Mauthner soma (Faber & Korn 1975; Furukawa & Furshpan 1963; Triller &
Korn 1981). Passive hyperpolarizing interneurons are located adjacent to the
Mauthner cell and are classified as either commissural or collateral neurons
(Faber & Korn 1973; Korn & Faber 1975; Triller & Korn 1981). Commissural
neurons are activated directly by the staticoacoustic nerve, firing one action
potential that has the same latency as the EHP (Charpier et al 1994; Faber & Korn
1973; Korn & Faber 1975). These neurons synapse onto both Mauthner neurons
and contribute to the feedforward inhibition of the Mauthner cell (Triller and
Korn 1981; Charpier et al. 1994; Hatta and Korn 1999; Korn and Faber 2005).
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The collateral neurons provide recurrent inhibition onto the ipsilateral Mauthner
cell (Korn and Faber 1975; Charpier et al. 1994; Hatta and Korn 1999). These
neurons respond to inputs from the 8th nerve by firing multiple action potentials
(Charpier et al 1994; Faber & Korn 1973). These two inhibitory inputs ensure that
only one Mauthner cell fires in response to an aversive stimulus and prevents the
activated cell from firing multiple action potentials (Furukawa & Furshpan 1963;
Nakayama & Oda 2004). Nakayama and Oda (2004) demonstrated in conjunction
with the inhibitory networks, potassium currents also affected the firing activity of
the Mauthner cell in adult goldfish. Pharmacologically blocking a subset of
voltage gated potassium channels resulted in the Mauthner cell firing multiple
action potentials (Nakayama & Oda 2004).
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Figure 1.1 Escape response of the larval zebrafish and the neural circuitry
involved.
(A) Schematic of a larval zebrafish undergoing the escape response. A stimulus,
such as a touch to the head (triangle), results in the contraction of the tail
musculature resulting in the fish making a characteristic C-bend that points the
fish away from the stimulus. This is followed by a few tail flicks that propel the
fish away from the stimulus. (B) A diagram of some of the sensory inputs onto the
Mauthner series of the zebrafish at 48 hpf. The Mauthner cells (M) are a pair of
reticulospinal neurons located in rhombomere 4 of the hindbrain. They receive
sensory inputs from cranial nerve V (the trigeminal ganglion (T)), cranial nerve
VIII (the staticoacoustic ganglion (S)) and from Rohon Beard (RB) neurons of the
spinal cord. Two other pairs of reticulospinal neurons, MiD2cm and MiD3cm,
located in rhombomeres 5 and 6 are classified as morphological homologues of
the Mauthner cell. They also receive inputs from the trigeminal and
staticoacoustic ganglia. All three pairs make up the Mauthner series. (O) is the
otic vesicle.
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1.7 Voltage gated potassium channels
Despite only showing a single type of voltage gated potassium (Kv)
channel was contributing to the firing of a single action potential in the Mauthner
cell of adult goldfish (Nakayama & Oda 2004); preparations that have been
studied more extensively, such as cells of the medial nucleus of the trapezoid
body in mice and rats, have shown several different types of Kv channels are
present and contribute to regulating the properties of neurons including their
threshold potential, number of action potentials fired and the frequency at which
they fire (Brew and Forsythe, 1995; Wang 98). The ability of Kv channels to
regulate so many different properties is a result of the large family of proteins
which comprises Kv channels (Gutman 2005). Kv channels are further diversified
by heteromeric arrangements of their subunits and the association of auxiliary
subunits which alter the properties of the individual channels (Coetzee et al 1999).
The Kv channel family of proteins was first characterized in Drosophila
through the discovery of the four different gene subfamilies, Shaker, Shab, Shaw
and Shal (Kamb et al 1987; Papazian et al 1987; Schwarz et al 1988). The
mammalian homologues of all these genes have since been discovered and
renamed Kv1, Kv2, Kv3 and Kv4 respectively (Gutman 2005; Pak et al 1991a;
Pak et al 1991b; Swanson et al 1990; Wei et al 1990; Yokoyama et al 1989).
These constitute the four major Kv gene subfamilies that have been studied to
date although several others do exist. In humans the subsequent genes were
named Kv 5 through 12, although homologues are present in other vertebrates as
well as in Drosophila (Gutman 2005; McKeown et al 2008).
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Shaker, Shab, Shaw and Shal are comprised of three different regions, a 5’
end, a core region and a 3’ end (Jan & Jan 1992; Schwarz et al 1988). The core
region is conserved between all transcripts of a particular gene and encodes for
the S1 through S6 transmembrane domains (Schwarz et al 1988). For each gene
there are multiple 5’ and 3’ ends, which through alternative splicing, give rise to
different transcripts resulting in an increased channel diversity (Kamb et al 1988;
Schwarz et al 1988). In vertebrates the Kv subfamilies contain multiple genes
each encoding one particular protein (Gutman 2005; McKeown et al 2008). For
example the Kv1 subfamily consists of the genes Kv1.1 through 1.8. Each of
these encode a protein, called the alpha subunit (Gutman 2005). These genes and
the proteins they encode have been well conserved through evolution (Pak et al
1991a; Pak et al 1991b; Wei et al 1990). Orthologue genes (eg. Shaker and Kv1)
have a greater similarity between one another than paralogues (eg. Shaker vs
Shab) (Butler et al 1989). Within proteins, the S1 to S6 region has a greater amino
acid identity between homologues of different species than between subfamilies
of the same species (Pak et al 1991a; Pak et al 1991b).
Functional voltage gated potassium channels (VGKC) are tetrameric
structures comprised of four alpha subunits (Coetzee et al 1999; McKeown et al
2008; Pongs 1992). Each alpha subunit contains a cytoplasmic N-terminus, six
transmembrane spanning segments and a cytoplasmic C-terminus (Figure 1.2)
(Coetzee et al 1999; McKeown et al 2008). Within the N-terminus, the T1 domain
directs the assembly of the alpha subunits into a tetrameric structure and is the
docking platform for auxiliary subunits (Li et al 1993; Sewing et al 1996). The N-
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terminus may also contain an inactivation peptide which blocks the pore of the
channel producing a transient A-type current (Hoshi et al 1990). An alpha subunit
is divided into two primary domains a voltage sensing domain, which drives the
activation of the channel and a pore domain which conducts the potassium ions
(McKeown et al 2008; Pongs 1992).

1.7.1 Activation, deactivation and inactivation
The voltage sensing domain is comprised of the S1 through S4 segments,
with the S4 segment considered the most critical as it is the actual voltage sensor
(Figure 1.2) (Noda et al 1984; Shao & Papazian 1993; Tempel et al 1987). Every
third amino acid of this alpha helix is either an arginine or a lysine residue
(Bezanilla 2000; Noda et al 1984; Tempel et al 1987). The voltage sensor is held
near the intracellular membrane surface due to the negative resting membrane
potential (Jiang et al 2003). As the membrane becomes depolarized the voltage
sensor moves through the membrane towards the extracellular surface and is
recorded as a gating current (Armstrong & Bezanilla 1973; Jiang et al 2003;
Spires & Begenisich 1989). The basic residues of the S4 segment contribute
unequally to the gating current while the uncharged residues are responsible for
stabilizing the protein (Aggarwal & MacKinnon 1996; Liman et al 1991;
Logothetis et al 1993; Perozo et al 1994). The gating current is responsible for the
opening of the channel, which occurs through the process of channel activation
(Armstrong & Bezanilla 1973; Seoh et al 1996). During this process, the
potassium channel passes through a series of transition states, the rate of which
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becomes progressively faster as the channel nears the open conformation;
supported by the faster kinetics of the on gating currents of Shaker channels
elicited from more depolarized potentials (Bezanilla et al 1991; Taglialatela &
Stefani 1993; Zagotta et al 1989; Zagotta et al 1994). Once open, the potassium
channel is able to conduct potassium ions out of the cell (Papazian et al 1991;
Zagotta et al 1989). Upon repolarization of the cell, the channel returns to its
closed conformation through the process of deactivation (Bezanilla et al 1991;
Hoshi et al 1994). The channel deactivates by transitioning through multiple
closed states, with the rate increasing as the channel approaches the closed
conformation (Bezanilla et al 1991; Hoshi et al 1994).
Prior to deactivation, open potassium channels may inactivate, a process
which also disrupts potassium conductance but through an alternative mechanism
(Iverson et al 1988; Yellen 1998). There are two different forms of inactivation in
voltage gated potassium channels, N-type inactivation which is very fast and Ctype inactivation which is very slow (Choi et al 1991; Hoshi et al 1991)..
N-type inactivation occurs via the occlusion of the channel pore by a ‘ball
and chain’ (Figure 1.2) (Armstrong & Bezanilla 1977; Choi et al 1991; Hoshi et al
1990; Zagotta et al 1990). The ‘ball and chain’ comprises the first 80 residues
within the amino terminal of Kv1.4, 3.3 and 3.4 subunits (Hoshi et al 1990; Rettig
et al 1992; Zagotta et al 1990). The first 20 form the ball/ inactivation particle
while the remaining 60 amino acids form the chain (Hoshi et al 1990; Zagotta et
al 1990). The ball binds to the S4-S5 loop within the pore preventing ion
conduction (Holmgren et al 1996; Hoshi et al 1994). Although only one ball is
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necessary for inactivation, some channels may have as many as 4 inactivation
particles (MacKinnon et al 1993). A greater number of particles leads to a more
complete and faster rate of inactivation (Hashimoto et al 2000; MacKinnon et al
1993).
C-type inactivation results in the slow decay of current after rapid channel
activation (Hoshi et al 1991; Yellen 1998). Subunits act in a cooperative manner
to restrict the external mouth of the pore (Liu et al 1996; Ogielska et al 1995;
Yellen et al 1994) while the selectivity filter partially collapses reducing the
channels permeability to potassium (Starkus et al 1997; Yellen 1998).
Channels that undergo N-type inactivation elicit transient A-type currents
while channels that undergo C-type inactivation elicit delayed rectifier currents
(Dolly & Parcej 1996; Hoshi et al 1991; Storm 1988). Although Kv4 channels
elicit transient A-type currents they do not undergo N- or C-type inactivation
(Jerng & Covarrubias 1997; Jerng et al 1999; Pak et al 1991a). The exact
mechanism has not been fully elucidated but it is known that they inactivate from
a pre-open closed state (ie. closed state inactivation) (Bahring & Covarrubias
2010; Jerng et al 1999). Mammalian homomeric Kv1.1 channels elicit delayed
rectifier currents with a midpoint of activation (V50) of -30 mV (Grissmer et al
1994; Po et al 1993; Stuhmer et al 1989).

1.7.2 Pore domain and selectivity filter
The pore is comprised of the H5 segment, the S4-S5 loop and the S5 and
S6 domains (Hartmann et al 1991; Lopez et al 1994; Slesinger et al 1993;
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Taglialatela et al 1994; Yellen 2002; Yool & Schwarz 1991). The H5 segment,
found within all potassium channels belonging to the six transmembrane family,
forms the pore lining region as it stretches down into the membrane and loops
back out (Figure 1.2) (MacKinnon & Yellen 1990; Yellen et al 1991; Yool &
Schwarz 1991). The 3-D structure of the pore is highly conserved among
potassium channels and is 45 Å in length (Doyle et al 1998; MacKinnon et al
1998). Starting from the intracellular side of the channel there is an internal pore
that opens into a wide cavity which narrows into the selectivity filter that empties
into the outer vestibule (Doyle et al 1998). The selectivity filter contains within it
the signature sequence TXXTXGYG, which is highly conserved across potassium
channels, and polar residues with carbonyl oxygen atoms that project into the pore
(Doyle et al 1998; Heginbotham et al 1992; Heginbotham et al 1994; MacKinnon
et al 1998). Several features that contribute to the selectivity include the hydrated
state of the ion, the number of carbonyl ligands and the rigidity of the pore
(Dudev & Lim 2009). The structure of the pore provides a low resistance, energy
efficient pathway for potassium ion conduction (Doyle et al 1998). From the
intracellular side, potassium ions pass through the internal pore and enter the
water filled cavity, which helps stabilize the ions (Doyle et al 1998; Roux &
MacKinnon 1999; Zhou et al 2001). Prior to entering the filter the potassium ions
are dehydrated (Doyle et al 1998). The potassium ions pass through the selectivity
filter in a single file manner. As the potassium ions move between the different
sites in the selectivity filter they interact with the carbonyl oxygen atoms, which
act to stabilize the ions within the pore; much like the water molecules do in the
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water filled cavity (Doyle et al 1998; Hidalgo & MacKinnon 1995; Lipkind et al
1995). At the extracellular side one ion is expelled while the other two potassium
ions remain within the filter (Berneche & Roux 2001; 2003; Doyle et al 1998).
Under physiological conditions, the rate of conduction can reach 108 ions per
second (Morais-Cabral et al 2001).

1.7.3 Tetramerization domain
The alpha subunits join together in homomeric or heteromeric structures
(Isacoff et al 1990; Ruppersberg et al 1990). Kv1 to Kv4, Kv7, and Kv10 to Kv12
form functional channels comprised of subunits from their own subfamily
(Gutman 2005). The Kv5, 6, 8 and 9 subunits are modifiers/silencers that
coassemble with Kv2 channels to alter their kinetics (Gutman 2005). The T1
domain is critical for proper assembly of potassium channels to form either homoor heterotetrameric structures within specific subfamilies (Hopkins et al 1994;
Kreusch et al 1998; Li et al 1993; Shen et al 1993). The T1 domain is a highly
conserved 100 residue sequence within the amino terminal which is divided into 3
regions, the N-terminal, the hydrophobic core and the C-terminal (Figure 1.2)
(Kreusch et al 1998; Li et al 1992; Liu et al 2005; Sewing et al 1996; Shen et al
1993). The T1 sequences of Kv1, Kv2, Kv3 and Kv4 channels have 24 positions
that are highly conserved with 7 absolute identities between them (Kreusch et al
1998). The most conserved residues are found within the hydrophobic core giving
rise to highly conserved primary and secondary structures and are the sites for
intersubunit interactions (Liu et al 2005). Within the Kv1 subfamily there are 13
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separate interactions, comprised of hydrogen bonds and disulfide bridges, that
occur between the conserved set of residues (Kreusch et al 1998; Liu et al 2005).
Stabilization is further enhanced by many other intersubunit interactions that
occur throughout the S1 to S6 domains (Tu et al 1996).
Homomeric channels have unique properties including activation and
inactivation kinetics as well as specific sensitivities to different pharmacological
agents (Isacoff et al 1990; Ruppersberg et al 1990). Heterotetrameric
arrangements increase the diversity of Kv channels by altering the conductance
and kinetics of the channel, its sensitivity towards a particular toxin and the
expression levels of the different subunits that form the channel (Akhtar 2002;
Isacoff et al 1990; Ruppersberg et al 1990; Sokolov et al 2007).

1.7.4 Expression levels of alpha subunits
Of the Kv1 subunits, total protein expression in the mammalian (bovine,
human, mouse and rat) CNS from highest to lowest is 1.2 > 1.1 > 1.4, 1.6 > 1.3 >
1.5, although this can vary depending on several factors including cell type and
stage of development (Coleman et al 1999; Hallows & Tempel 1998; Koch et al
1997; Shamotienko et al 1997; Utsunomiya et al 2008). However, surface
expression of these proteins is quite different with Kv1.4 being the most
concentrated in the plasma membrane followed by Kv1.2, while the majority of
Kv1.1 is retained in the endoplasmic reticulum (Manganas & Trimmer 2000).
Kv1.3 and 1.5 are also found to be expressed at the surface while 1.6 is not
(Manganas & Trimmer 2000). Yet surface expression levels can be altered by the
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formation of heteromeric channels (Manganas & Trimmer 2000). Kv1.4 increases
the surface expression levels of 1.2 and 1.1 while Kv1.1 reduces the amount of
Kv1.4 in the plasma membrane (Manganas & Trimmer 2000; Zhu et al 2001;
2003).
The regulation of channel trafficking is attributed to the ER retention
signal in the outer pore and the forward trafficking signal within the C-terminus
of the Kv1 channel (Li et al 2000; Manganas et al 2001; Misonou & Trimmer
2004; Zhu et al 2001). Within the Kv1.4 subunit, the pore domain contains amino
acids that promote folding and exit from the ER; while those in the Kv1.1 pore
induce high ER retention and reduce protein stability (Zhu et al 2005; Zhu et al
2001; 2003). The VXXSL motif, found within the C-terminus of the Kv1.4
subunit, further promotes channel trafficking and surface expression (Li et al
2000). Changing a single amino acid in this motif can reduce its trafficking ability
significantly. This is observed with the Kv1.2 subunit which has a reduced surface
expression on account of having an asparagine in place of the leucine (Li et al
2000). Although these two different regions regulate surface expression, the
dominant signal is the ER retention signal within the pore of the channel
(Misonou & Trimmer 2004).

1.7.5 Heteromultimeric arrangement of voltage gated potassium channel
subfamily 1
Depending on the organism and region of the nervous system
heterotetrameric Kv channels have been found in several different combinations
(Coleman et al 1999; Shamotienko et al 1997; Wang et al 1999). In rat brain
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channels may be comprised of Kv1.1 and 1.2 or 1.1 and 1.4 subunits, although
Kv1.6 subunits have also been found to be associated with either of these
heteromers (Wang et al 1999). Furthermore channels containing four different
subunits (1.1/1.2/1.4/1.6 or 1.2/1.3/1.4/1.6) have been isolated in bovine brain
(Shamotienko et al 1997).
The combination of multiple subunits produces functional channels with
unique properties, although determining which subunits are present and their
stoichiometry has proven difficult in vivo (Akhtar 2002; Sokolov et al 2007).
Thus concatemers, in which Kv1.1 and 1.2 or Kv1.2 and 1.6 subunits are linked
together, have been developed to deduce these properties (Akhtar 2002; Sokolov
et al 2007). These channels elicit similar delayed rectifier currents to the
homomeric Kv1.1, 1.2 and 1.6 channels, but they have distinct properties that are
intermediate between the two parent homomeric channels (Akhtar 2002; Sokolov
et al 2007). In the case of the 1.1-1.2 concatemer, the channel had a V50 = -26.5 ±
1.67 mV, a value skewed towards the midpoint of activation of the homomeric
Kv1.1 channel (V50 = -30.8 ± 1.59 mV) (Akhtar 2002).

1.7.6 Auxiliary subunits of voltage gated potassium channels
Kv channels may have auxiliary subunits associated with them that can
affect their inactivation properties and expression levels (Coleman et al 1999;
Hanlon & Wallace 2002). Beta subunits associate with the Kv1 family, while
Kv5, 6, 8 and 9 associate with the Kv2 family (Gutman 2005). Kv3 has no known
auxiliary subunits while several have been shown to associate with the Kv4
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subfamily including KChIP and DPPX (Gutman 2005). Kv10 and 11 have
auxiliary subunits while none have been discovered for Kv12 (Gutman 2005).
The beta (β) subunits are divided into 3 distinct classes, β1, 2 and 3, with
classes 1 and 3 also containing subfamilies of splice variants (Hanlon & Wallace
2002; Heinemann et al 1995; Morales et al 1995; Rettig et al 1994). The beta
subunits are approximately 400 amino acids in length and contain an N-terminus
and a C-terminus. The amino terminal structure and sequence is quite variable
between classes and within subfamilies, having an amino acid identity that is less
than 10% (England et al 1995; Heinemann et al 1995; McCormack et al 1995).
Whereas the carboxy terminus has a very high amino acid identity between the
different classes of beta subunits which is also retained between different species
(bovine, ferret, human and rat) (Rettig et al. 1994; England et al. 1995;
Heinemann et al. 1995; Majumder et al. 1995; McCormack et al. 1995; Morales et
al. 1995).
The amino terminals of β1, 2 and 3 contain 72, 38 and 79 amino acids
respectively and share few if any common identities (England et al 1995; Morales
et al 1995). The longer amino terminals within β1 and 3 are due to the presence of
an inactivation domain similar to that found in the Kv1.4 alpha subunit (Accili et
al 1997; Heinemann et al 1995; Morales et al 1995; Rettig et al 1994). Yet only
the β1 subunit, when coexpressed with functional Kv1 channels, is able to
introduce N-type inactivation; the β3 subunit does not (Heinemann et al 1996;
Majumder et al 1995; Morales et al 1995). The degree of inactivation is dependent
on the β1 subfamily member that is expressed and the alpha subunit it associates
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with (Heinemann, Rettig et al. 1995; Morales, Castellino et al. 1995; Heinemann,
Rettig et al. 1996; Wang, Kiehn et al. 1996). When β1 is co-expressed with Kv1.5
the current completely inactivates, whereas co-expression with Kv1.6 has no
effect on the current (Heinemann et al 1996). The Kv1.1 channel when coexpressed with the β1.1 subunit causes the current to switch from a delayed
rectifier current to a fast inactivating current composed of fast and slow time
courses of inactivation (Heinemann et al 1996; Jow et al 2004; Rettig et al 1994).
However, the presence of intracellular calcium has been shown to eliminate this
effect and currents return to having only a slow inactivation component (Jow et al
2004).
In contrast to the N-terminal, the C-terminus is highly conserved between
classes and is responsible for binding to the alpha subunit (Accili et al 1997;
Heinemann et al 1995; Parcej et al 1992; Rhodes et al 1995; Sewing et al 1996;
Shi et al 1996). The beta subunits are peripheral membrane proteins, which bind
to the amino terminus of the alpha subunit in a region that overlaps with the T1
domain (Gulbis et al 2000; Scott et al 1994; Sewing et al 1996). The extent to
which beta subunits associate with alpha subunits is quite variable and some may
not associate together at all (Nakahira et al 1996; Rhodes et al 1995). Alpha and
beta subunits combine early on while the proteins are still present in the
endoplasmic reticulum (ER) (Shi et al 1996). The β1 subunit binds independently
to alpha subunits with a stoichiometry of α4βn, where n = 0 through 4 (Xu et al
1998). The β2 subunits are self associating, forming their own tetramer before
assembling with the alpha subunits in an α4β4 stoichiometry (Xu et al 1998).
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Beta subunits promote stabilization of the Kv channels and can increase
their surface expression resulting in increased current amplitudes (Accili et al
1997; Shi et al 1996; Xu et al 1998). The β2 subunit is predominantly responsible
for these actions due to its high avidity for the alpha subunit (Xu et al 1998). The
coexpression of Kv1.1 with β2 in COS-1 cells was observed to increase the
surface expression of the Kv1.1 subunit (Shi et al 1996).

1.7.7 Pharmacological agents of voltage gated potassium channels
A channel’s sensitivity to different toxins can be altered by the
composition of subunits (Akhtar 2002; Sokolov et al 2007). The toxins
tetraethylammonium (TEA) and 4-aminopyridine (4-AP) are pore blockers of
voltage gated potassium channels that can act both extra- and intracellularly
(Mathie et al 1998; Stanfield 1983; Stephens et al 1994). TEA is a quaternary
ammonium ion that has the same diameter as a hydrated potassium ion (Stanfield
1983). It binds to all subunits of a potassium channel, characteristic of the energy
additivity model (Hopkins 1998; Kavanaugh et al 1992). 4-AP is a monoamine
derivative of pyridine (Glover 1982). It is more potent than TEA and is known to
block both A-type and delayed rectifier currents (Glover 1982; Mathie et al 1998).
Although commonly used to block Kv channels, these toxins are not useful for
classifying the presence of specific alpha subunits (Mathie et al 1998).
Dendrotoxins (DTX), a group of peptides isolated from the venom of
Mamba snakes of the Elapid family, have a much higher potency and selectivity
for voltage gated potassium channels, particularly the Kv1 subfamily (Benishin et
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al 1988; Berndt et al 1993; Foray et al 1993; Harvey 2001; Harvey & Karlsson
1980). There are six different dendrotoxin peptides: alpha, beta, gamma, delta, K
and I, each containing 57 to 60 residues with their own unique amino acid
compositions (Benishin et al 1988; Harvey & Karlsson 1980). The C-terminals
are highly conserved while the first 30 residues contain more variability (Benishin
et al 1988). Structurally they all contain a 310 helix, a hairpin beta sheet and an
alpha helix which are connected through disulfide bridges (Berndt et al 1993;
Foray et al 1993; Harvey & Karlsson 1980; Lancelin et al 1994). It is these
structural motifs that are essential for their ability to bind extracellularly and
block the pore of voltage gated potassium channels (Hollecker et al 1993; Hurst et
al 1991; Smith et al 1997). Within the H5 segment of the Kv alpha subunit, the
three residues critical for binding DTX are alanine 352, glutamate 353 and
tyrosine 379 which are conserved between rat, mouse and human (Hurst et al
1991).
Dendrotoxins block in a dose dependent fashion with altered affinities for
particular alpha subunits (Hall et al 1994). DTXα can bind to channels containing
Kv1.1, 1.2 and 1.6; however it has the greatest affinity for the 1.2 subunit (Wang
et al 1999). Meanwhile DTXK acts specifically on channels containing Kv1.1,
only requiring the presence of one subunit to produce maximum inhibition of the
current (Robertson, Owen et al. 1996; Akhtar 2002; Sokolov, Shamotienko et al.
2007). DTXK has a very high affinity for the Kv1.1 subunit, blocking rat Kv1.1
channels expressed in oocytes with an IC50 = 2.5nM (Robertson et al 1996).

36

1.7.8 Regulation of cellular activity by voltage gated potassium channels
The diversity of Kv channels including their different patterns of
expression, the arrangement of different heterotetramers and the association of
auxiliary subunits enables them to play a diverse number of roles to regulate
neuronal activity (Johnston et al 2010).
Kv4 channels are responsible for preventing the back propagation of
action potentials into the soma and dendrites of neurons by regulating the
membrane excitability in these regions (Pongs 2008). They are able to do so
because they conduct transient currents and are found at a higher density in the
distal dendrites compared to the proximal dendrites and soma (Hoffman et al
1997). During the repolarization phase of an action potential these channels
activate and inactivate very quickly. When the cell is hyperpolarized these
channels are removed from their inactive state and are available to respond to the
next wave of depolarization via EPSPs. During this depolarization, the Kv4
channels are activated, thus reducing the amplitude of the EPSP and preventing
the dendrites from reaching threshold and eliciting a second action potential
(Hoffman et al 1997; Magee & Carruth 1999).
Kv3 channels enable neurons to sustain a high frequency firing rate
(Nakamura & Takahashi 2007; Pongs 2008). Kv3 channels activate at more
depolarized potentials however they have rapid activation and deactivation
kinetics (Hernandez-Pineda et al 1999). Furthermore they conduct a larger
amount of current compared to other Kv channels (Nakamura and Takahashi,
2007). Thus Kv3 currents mediate a high frequency firing rate by facilitating the
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rapid repolarization of the neuron and removing sodium channels from their
inactive state (Hernandez-Pineda et al 1999).
Kv2 channels also affect the action potential duration and assist in high
frequency firing by contributing to the interspike interval (Johnston et al 2008;
Malin & Nerbonne 2002).
Kv1 currents regulate the membrane potential and establish the action
potential threshold (Dodson et al 2002; Goldberg et al 2008), and as such, they
help to establish cellular excitability (Chi & Nicol 2007). They also affect the
waveform of the action potential and the size of the afterhyperpolarization (Kole
et al 2007). Furthermore, Kv1 channels prevent neurons from firing irregularly,
thus enabling high fidelity transmission (Ishikawa et al 2003; Nakamura &
Takahashi 2007). Kv1.1 channels have been shown to regulate the firing rate and
stabilize the onset latency of action potentials (Barnes-Davies et al 2004; Chi &
Nicol 2007; Kopp-Scheinpflug et al 2003). The significance of Kv1.1 in
regulating cellular excitability is evidenced by specific mutations of the Kv1.1
subunit which causes episodic ataxia-1, while kcna1 (the gene encoding Kv1.1)
knockout mice experience epileptic seizures early on in development (Brunt &
van Weerden 1990; D'Adamo et al 1999; Smart et al 1998).
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Figure 1.2. Alpha subunit of a voltage gated potassium channel.
A functional Kv channel is comprised of four alpha subunits. Each alpha subunit
contains an amino (N) terminus, six transmembrane domains (TMDs I – VI) and a
carboxy (C) terminus. In Kv channels the N-terminus contains a tetramerization
(T1) domain which is where the alpha subunits interact and it also distinguishes
the alpha subunits of the different subfamilies. The N-terminus of Kv1.4, 3.3 and
3.4 subunits contain an inactivation ball and chain (ID) which occludes the pore
causing the channel to undergo N-type inactivation. The H5 segment, TMDs V
and VI and the S4-S5 linker forms the pore of the channel. Within the H5 segment
is the selectivity filter which restricts the channel to only conduct potassium ions.
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1.8 Research objectives and hypotheses
In adult goldfish the Mauthner cell will only fire a single action potential
in response to a stimulus, even if that stimulus is maintained for an extended
period of time (Nakayama & Oda 2004). This characteristic property of the
Mauthner cell has been in part attributed to the currents produced by Kv1
channels which repolarize the cell and prevent further action potentials from
being initiated during the sustained stimulus (Nakayama & Oda 2004). In general,
little has been done to record potassium currents from teleost fish and no work has
been done to record potassium currents of the Mauthner cell or its homologues in
larval (48 hpf) zebrafish. Preliminary work in the lab determined Kv1.1 to be
expressed in different populations of neurons of larval zebrafish and a review of
the literature had shown these channels to be important in regulating neuronal
firing rate (Barnes-Davies et al 2004; Chi & Nicol 2007) Therefore, the focus of
my thesis was to establish the presence of Kv1.1 containing channels in the
Mauthner and MiD2cm cells of zebrafish at 48 hpf and how they contributed to
regulating the excitability of these cells.
My objectives for this thesis were:
•

to identify the expression of Kv1.1 in larval zebrafish at 48 hpf

•

to record potassium currents from the Mauthner and MiD2cm
cells and determine what fraction of the current was being
conducted by channels containing Kv1.1.
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•

to record action potentials from these cells and identify how Kv1.1
channels were regulating their firing behavior through
pharmacological means.

•

to inject zebrafish Kv1.1 into Xenopus oocytes and use two
electrode voltage clamp to characterize the current.

I hypothesized that Kv1.1 would be associated with the Mauthner cell at
the time of hatching (48 hpf). Based on mammalian type channels, I hypothesized
that zebrafish Kv1.1 channels would elicit delayed rectifier currents. In addition, I
examined the firing properties of these cells to determine if they behaved in the
same manner as that seen in larval zebrafish and adult goldfish, where the
Mauthner cell fires one action potential and the MiD2cm cell fires multiple action
potentials (Nakayama & Oda 2004; O'Malley et al 1996). I hypothesized that the
two cells would have the same firing properties at 48 hpf as they do in the adult
fish, on account of the Kv1.1 channels ensuring the Mauthner cell fired a single
action potential.
My results suggest that the Mauthner cell and its homologue, MiD2cm,
express different populations of potassium channels, one of which contains the
Kv1.1 subunit. Although the Mauthner and MiD2cm cells contain the same types
of Kv currents, both an A-type and a delayed rectifier, the current density of each
and how they contribute to the total Kv current appears to be different. As for the
firing behavior, preliminary recordings confirmed the firing patterns of the two
cells at 48 hpf were similar to those observed in adult zebrafish, although the
properties of the action potentials were different.
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2. Materials and Methods
2.1 Zebrafish
The AB line of zebrafish was obtained from Oregon and cared for based
on established protocols (Westerfield, 1995). Adult fish were kept in holding
tanks at 28.5°C in a room with 14 hours of light and 10 hours of dark. Groups of
five fish were placed in mating tanks overnight and eggs were collected between
8 AM and noon the following morning. Eggs were placed in a petri dish filled
with egg water and kept at 28.5° C until experimented upon.

2.2 Immunohistochemistry
At 24 hpf embryos were placed in 0.003% phenylthiourea (PTU) to block
pigment formation. PTU was prepared by adding 0.003 g of PTU to 100 ml of egg
water. At 48 hpf, fish were dechorionated and fixed with 2% paraformaldehyde
(PFA) for 2 hours. The larvae were washed for 2 hours in 1x PBS at 15 minute
intervals and then permeabilized using 4% Triton X-100 (containing 2% bovine
serum albumin (BSA) and 10% goat serum) for 30 minutes. Immediately after
permeabilization, they were placed in primary antibody at 4oC for 48 hours. The
antibody was diluted (to the appropriate concentration) in 0.4% Triton X-100
containing 2% BSA and 10% goat serum. Following incubation in primary
antibody, larvae were washed in 1x PBS at 30 minute intervals for 2.5 hours at
room temperature, then placed in secondary antibody overnight at 4oC. The
secondary antibody was diluted in 10% normal goat serum and 1x PBS. Larvae
were washed at room temperature with 1x PBS at 30 minute intervals for 7 hours
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and then mounted on glass slides and cleared using glycerol. Mounting consisted
of removing the yolk sac and separating the head from the tail. The head was
placed on its ventral side and the tail on its right side. A plastic coverslip was
placed overtop and sealed to the slide with nail polish.
To detect Kv1.1 two different rabbit polyclonal antibodies, anti-Kv1.1
(1:200, Alamone Labs) and anti-Kv1.1 (1:200, Sigma), were used. A mouse
monoclonal antibody, anti-3A10 (1:250, Developmental Studies Hybridoma
Bank, University of Iowa) was used to identify the Mauthner neuron. The
secondary antibodies used were goat anti-rabbit IgG coupled to Alexa-Fluor 568
(1:2000, Molecular probes) and goat anti-mouse IgG coupled to Alexa Fluor 488
(1:1000, Molecular Probes).
Larvae were viewed on a Zeiss LSM confocal microscope using a 20x
objective lens and images were compiled using Zeiss LSM Image Browser
software.

2.3 Molecular biology
2.3.1 Reverse Transcription- Polymerase Chain Reaction
Primers were designed to produce ~1000 base pair PCR products and to
ensure the product included as much of the 3’ UTR as possible. The primer pair
for LOC795942 was f62942/ r62942 with sequences Fwd 5’CATCGGGGGCAAGATTGTGGGTTC -3’ and Rev 5’GCTCCTCCTTCGGCATTGTGCTGTC -3’. The primer pair for LOC571208
was f17108/ r17108 with sequences:
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Fwd 5’- AAGCTTTCCAGACACTCCAAGGGC -3’ and
Rev 5’- TTGTTATGGCAGTGTCGTATCTCATCAG -3’. Primers were
reconstituted in 500 µl of TE buffer, vortexed and spun down to produce primer
stock solutions. To make a 20 µM working solution, 10 µl of primer stock
solution was added to molecular grade water. The volume, in µl, of molecular
grade water to be added was determined by taking the nmol value from the IDT
tube that the primer came in and subtracting 10 µl. The PCR ½ reaction
conditions were as follows (in µl): 20.25 molecular grade water, 2.5 10x PCR
buffer, 0.5 10 mM dNTPs, 0.5 cDNA, 0.5 Fwd primer, 0.5 Rev primer and 0.25
Taq 20a polymerase. For the f17108/ r17108 primer pair all the conditions were
the same except the magnesium concentration was increased to 3 mM. The
following PCR program (DKVPCRG) was run in the thermocycler: 1. 2 min at
94oC, 2. 30 s at 94oC, 3. 20 s at 60 ± 8oC, 4. 90 s at 72oC, 5. Go to step 2, repeat
35 times, 6. 7 min at 72oC, 7. Hold at 4oC.
RNA was isolated from whole 48 hpf larvae or adult brain using the Trizol
extraction protocol as per Invitrogen. To convert the RNA to cDNA the Maxima
first strand cDNA synthesis kit (Fermentas) was used.
PCR products were run on a 1% agarose gel (length of 6.4 cm from top to
bottom) for 24 minutes at 125 V. The gel was post-stained in ethidium bromide
for 10 minutes, destained for 10 minutes in water then imaged using the Alpha
Imager. Bands were cut out and extracted using the QIAquick Gel Extraction Kit
(Qiagen).
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To sequence the 62942 PCR product it was cloned into pCR 2.1 TOPO
vector which was then transfected into One shot Chemically competent E. coli
cells. Cells were plated on LB+AMP plates and grown overnight at 37oC. Isolated
colonies were chosen to run a colony PCR. The colony PCR reaction was (in µl):
263.25 molecular grade water, 32.5 10x PCR buffer, 6.5 10 mM dNTPs, 6.5 M13
Fwd primer, 6.5 M13 Rev primer, 3.25 Taq 20(a) polymerase then aliquoted into
23 tubes at 12.5 µl each. Colonies were removed from the plate using a yellow
pipette tip and dipped into one tube. The colony PCR program was: 1. 10 min at
94oC, 2. 30 s at 94oC, 3. 20 s at 50oC, 4. 90 s at 72oC, 5. Go to step 2 repeat 25
times, 6. 7 min at 72oC, 7. Hold at 4oC. The products were run on a gel, stained
and then imaged as previously mentioned.
Those colonies containing a plasmid with an insert were grown up in 2ml
of LB+AMP medium overnight in a 37°C shaker at 240 rpm. The plasmid was
isolated from the colonies using a Plasmid Mini Kit (Qiagen) in preparation for a
sequencing reaction. The sequencing reaction was (in µl): 2 ET terminator cycle
sequencing dye, 4 Sequencing buffer, 1.8 molecular grade water, 0.2 primer, 2
plasmid. For each plasmid two reactions were set up; one contained the M13 Fwd
primer while the second contained the M13 Rev primer. The sequencing program
was: 1. 20 s at 94oC, 2. 20 s at 50oC, 3. 90 s at 60oC, 4. Go to step 1 repeat 25
times, 5. Hold at 4oC. The 17108 PCR product was directly sequenced without
cloning into a vector using Big Dye v3.1. The sequencing reaction was (in µl): 2
Premix, 3 5x buffer, 10 PCR product, 0.25 primer, 4.75 molecular grade water.
Two reactions were set up, one using the f17108 primer and the second using the
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r17108 primer. The sequencing program was: 1. 30 s at 96oC, 2. 15 s at 63oC, 3. 1
min 30 s at 60oC, 4. Go to step 1 repeat 25 times, 5. Hold at 4oC. Sequencing
reactions were cleaned by the following steps. To each PCR product 45 µl of ice
cold 95% ethanol (stored at -20oC) was added. To a clean 1.5 ml eppendorf tube,
1µl of sodium-acetate EDTA was added. The PCR product and ethanol were
mixed by pipetting then transferred to the tube containing the sodium-acetate
EDTA. The tube was vortexed then centrifuged at max speed for 10 minutes. The
supernatant was aspirated off followed by the addition of 750 µl of 75% ethanol.
The tube was vortexed and then centrigued for 5 minutes at max speed. The
ethanol was aspirated off and then taken to the Molecular Biology Service Unit
(MBSU) in the department of Biological Sciences to be sequenced.

2.3.2 In situ hybridization
For in situ hybridization experiments, embryos were placed in 0.003%
PTU at 24 hpf to reduce pigmentation. At 48 hpf larvae were dechorionated and
fixed using 4% PFA overnight at 4oC. They were washed using PBS-T (1x PBS
with 0.1% Tween 20) at room temperature at 5-minute intervals for 25 minutes.
Larvae were permeabilized with proteinase K (10 µg/ml) in PBS-T for 5 minutes.
They were fixed again in 4% PFA for 20 minutes and then rinsed in PBS-T for 25
minutes. The larvae were placed in hybridization mix overnight at 65oC followed
by probe overnight at 65oC. The probe was diluted in hybridization mix at 1:200.
Probe synthesis is described later on. Three 5 minute washes using 2:1 Hyb mix
to 2x SSC, 1:2 Hyb mix to 2x SSC and 2x SSC at 65oC preceded the stringency
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washes. Stringency wash 1 (0.2x SSC and 0.1% Tween 20) for 20 minutes at
65oC was followed by two high stringency washes (0.1x SSC and 0.1% Tween
20) each 20 minutes at 65oC. The stringency washes were followed by three 5
minute washes at room temperature using 2:1 0.2x SSC to PBS-T, 1:2 0.2x SSC
to PBS-T and PBS-T. Blocking solution (PBS-T, 2% sheep serum and 2 mg/ml
BSA) was applied for 1 hour at room temperature before the larvae were placed in
antibody overnight at 4oC. Anti-digoxigenin-AP antibody (1:5000, Roche Applied
Science) was diluted in blocking solution. Larvae were washed 5 times at 15
minute intervals using PBS-T then rinsed in coloration buffer at 5 minute intervals
for 20 minutes. In 10 ml of coloration buffer, 45 µl of NBT (Roche Applied
Sciences) and 35 µl of BCIP (Roche Applied Sciences) were added. 500 µl of this
mixture was added to the embryos for the coloration reaction. Larvae were
incubated in the dark at room temperature until a blue/purple reaction product was
visible, which was approximately 3 hours for this set of experiments. The reaction
was stopped using 100% MeOH + 0.1% Tween 20, in which two quick washes
were followed by two fifteen minute washes. The fish were mounted in the same
manner as described for the immunohistochemistry experiments and then imaged
using a Zeiss Axio Imager Z1 compound microscope with an Axiocam HR digital
camera.
Sense and antisense probes were made to detect the transcript of
LOC795942. The pCR 2.1 TOPO vector containing the 62942 product was
linearized by incubating the following reaction at 37oC for 2 hours. The reaction
was (in µl): 20 plasmid DNA, 4 10x buffer, 2.5 Enzyme (hindIII), 13.5 molecular
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grade water. A phenol/chloroform extraction and ethanol precipitation was used
to isolate the DNA. The linearized DNA was resuspended in 15 µl of DEPC
water. 1 µl of DNA was run out on the gel to verify it was linearized.
Probes were synthesized using the following reaction (in µl): 2 µg
linearized DNA, 2 10x transcription buffer, 2 10x DIG labeling mix, 1 T7
polymerase, 1 RNase inhibitor and DEPC water to 20 µl which was incubated at
37 oC for 2 hours. After one hour, 1 µl of the T7 polymerase was added to the
reaction mix. After the 2 hours 1 µl of RNase free DNase was added to the
reaction and incubated for 5 minutes at 37oC. To stop the reaction 2 µl of 0.25 M
EDTA pH 8 was added after which the probe was run through a Sigma Post
Reaction Purification Column. 5 µl of the probe was diluted in hybridization
solution (hybridization mix containing tRNA) at a 1:200 concentration and stored
at -20oC. 25 µl of DEPC water was added to the remainder of the probe and stored
at -80oC.

2.4 Electrophysiology
2.4.1 Larval dissection
At 48 hpf fish were placed in a recording dish and anaesthetized using
0.02% tricaine (MS-222; Sigma Chemical, St. Louis, MO) in physiological saline.
The fish was pinned through the notochord onto a sylgard platform. A dissection
of the head exposed the ventral surface of the brain while keeping it intact with
the spinal cord. The Mauthner cell and MiD2cm were viewed under Nomarski
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Differential Interference Contrast (DIC) and were identified based on their
morphology and position in the hindbrain.

2.4.2 Whole cell voltage clamp
Two different extracellular solutions were used to record potassium
currents: a nominally Ca-free solution and another that contained calcium.
Normal ECS contained (in mM): 137 NaCl, 2.9 KCl, 2.1 CaCl2, 1.2 MgCl2, 10
HEPES and 10 Glucose. The K+ isolating extracellular solution contained (in
mM): 137 NaCl, 2.9 KCl, 0.7 CdCl2, 1.2 MgCl, 10 HEPES and 10 Glucose. Both
solutions were adjusted to pH 7.8 using NaOH and an osmolarity of 290 ± 2
mOsm. D-tubocurarine (curare, 10 µM, Sigma) was used to block acetylcholine
receptors and TTX (1 µM, Alamone Labs) was used to block voltage gated
sodium channels. The flow rate of the extracellular solution was adjusted between
1 and 1.5 ml/min. Pipettes were pulled to approximately 4 MΩ and were filled
with a K+-gluconate solution (in mM): 115 K-gluconate, 15 KCl, 2 NaCl, 10
HEPES, 10 EGTA, 4 Mg-ATP and 0.4 Li-GTP. It was adjusted to pH 7.2 using
KOH and an osmolarity between 290 ± 2 mOsm. For Mauthner cell recordings,
the input resistance (Rinput) ranged between 40 and 55 MΩ, while access
resistance (Ra) was between 5 and 7 MΩ (Table 3.1). Recordings were
compensated by 75%. For MiD2cm recordings, Rinput was greater than 100 MΩ
while Ra ranged between 5 and 11 MΩ (Table 3.1). All of these recordings were
compensated by 80%. Recordings were aborted if the access resistance changed
by more than 20%.
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To run current-voltage protocols, the cell was initially held at -60 mV
before being stepped down to -90 mV for 25 ms. For the Mauthner neuron the cell
was stepped from -90 mV to 40 mV at 10 mV intervals lasting 220 ms before
being stepped down to -90 mV. The MiD2cm cell was run through the same
protocol with the exception that it was only depolarized to 30 mV. For
comparative analysis, to account for the difference in the size of the cells, the
current density was calculated by dividing the current amplitude by the membrane
capacitance (Cm) (Table 3.1). Of the currents recorded in the Mauthner cell, two
different values were measured; the first at the highest amplitude (peak current) of
each trace and the second at time 198 ms of the trace (sustained current). The
peak value was measured to investigate the total current, while the second value at
198 ms was measured to investigate the remaining current that did not undergo Ntype inactivation. For the MiD2cm cell the current values were measured at 198
ms of the trace (sustained current). The time 198 ms was an arbitrarily chosen
time point near the end of the current trace so the sustained currents were
consistently measured between traces and cells.
Conductance is normally calculated by plotting the tail current against the
voltage step. However recording tail currents in the Mauthner cell proved difficult
due to the presence of multiple potassium currents. Instead the conductance was
calculated using two different normalization procedures. The GHK normalization
proposed by John Clay (2000) uses the equation:
gK = IK * 25/Vm * [((e^(Vm/25))-1) / ((e^((Vm-EK)/25)-1)]
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where gK is the potassium conductance, IK is the potassium current, Vm is the
membrane potential at each step and EK is the Nernst potential for potassium. The
second procedure used to measure the conductance was by normalizing the
current to the driving force (Driving force (DF) normalization) using the equation:
gK = IK / (Vm – EK).
The current values measured from the current recordings were substituted
into the equations to calculate the conductance. The conductance values were
plotted against the holding potentials of the cell and the curves were fit with a
Boltzmann function:
f = a / (1+exp(-(X-X0)/b)
to obtain the midpoint of activation (X0 = V50) and slope factor (b = VS).
In the MiD2cm cell tail currents were recorded and used to plot the
channel conductance, which was then fit with a Boltzmann function. Channel
conductance was also determined using the GHK and DF normalization methods.
The steady state activation data, obtained using the different methods, were
compared for both the Mauthner and MiD2cm cells (see Appendix).
Decay kinetics of the current in the Mauthner cell was measured by fitting
the current trace with a standard exponential function, using the Chebyshev fitting
method (Clampfit v. 9). To determine which exponential component best fit the
current, a single, double and triple exponential were run on currents elicited at
steps from -10mV to 40mV. The values of the sum of squared errors were
recorded and plotted in bar graphs and compared statistically using a One-Way
ANOVA (see Appendix III).
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2.4.3 Pharmacology
TEA was applied to the Mauthner and MiD2cm cells to block the delayed
rectifier current (Coetzee et al 1999; Glover 1982; Stanfield 1983), while 4-AP
was used to block the A-type current in the Mauthner cell (Coetzee et al 1999;
Coutts et al 2009; Glover 1982), as it was previously shown to do in the white
muscle fibers of zebrafish (Coutts et al 2009). Recordings were performed using
normal ECS with the addition of D-tubocurarine (10 µM), TTX (1 µM) and TEACl (5 mM) or 4-AP (5 mM). For applying drugs, a whole cell patch was first
achieved and series resistance and capacitance were compensated for. Initially,
the preparation was perfused with normal ECS (containing curare and TTX) and
voltage gated potassium currents were recorded using the aforementioned current
voltage protocol (section 2.4.2). Following the recording, TEA was washed on for
7 minutes and then the current voltage protocol was run. The same procedure was
followed when applying 4-aminopyridine (4-AP), although only 4 minutes was
required to wash on the drug. The time interval for applying each drug was the
minimal amount of time required to produce a maximal inhibition of the current.

2.4.4 Whole cell current clamp
To record action potentials, normal ECS (with 10 µM D-tubocurarine) was
perfused over the dissected larvae. Pipettes had a resistance of 3 to 4 MΩ and
were filled with intracellular solution containing (in mM): 130 KCl, 2 NaCl, 10
EGTA, 10 HEPES, 4 Mg-ATP and 0.4 Li-GTP. A whole cell patch was achieved
in voltage clamp mode and the series resistance and capacitance were
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compensated for before switching into current clamp mode. The cell was held at
-65 mV before proceeding with the recordings. Currents were injected for 50 ms.
To calculate the input resistance of the cell, a single pulse of current (-0.1 nA for
the Mauthner cell and -0.2 nA for the MiD2cm cell) was injected into the cell and
the membrane potential of the cell was recorded (Table 3.2). To record action
potentials the cell was stimulated with a series of positive current injections. The
pulses of current ranged from 0.16 nA to 0.46 nA for the Mauthner cell and from
0.06 to 0.26 nA for the MiD2cm cell.

2.5 Statistical analysis
All statistics were computed using the Sigmaplot 11 Systat program. For
the majority of data a Student’s t-test was used. During instances where the data
failed the normality or equal variance test a Mann Whitney Rank Sum test was
run instead. For the pharmacological data a paired t-test was run. In the appendix
when analyzing the conductance of the Kv channels in the MiD2cm cell a Oneway ANOVA test was run. If the normality test failed a Kruskal-Wallis Analysis
of Variance test was run in its place. All values were reported as mean ± SEM.
When statistics were performed the type of test was indicated followed by the pvalue.
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3. Results
3.1 Expression of voltage gated potassium channel 1.1 in zebrafish larvae at 48
and 72 hours post fertilization
Our interest in identifying and understanding the role of Kv1.1 channels in
the Mauthner and MiD2cm cells stemmed from preliminary data in the lab in
which immunohistochemical experiments demonstrated the appearance of Kv1.1
in reticulospinal neurons of the hindbrain. The significance of Kv1.1 has been
demonstrated in its role of regulating neuronal excitability (Barnes-Davies et al
2004; Chi & Nicol 2007; Dodson et al 2002; Goldberg et al 2008). Conveniently,
the firing rates of the Mauthner cell and MiD2cm cell are known to be very
different and therefore I hypothesized that the Mauthner cell expressed potassium
channels that contain Kv1.1 while the MiD2cm cell would not. This was
extrapolated from work done in adult goldfish where it was suggested that the
presence of Kv1.2 in the Mauthner cell but not in the morphological homologues,
was partly responsible for ensuring the Mauthner cell only fired one action
potential in response to a depolarizing stimulus (Nakayama & Oda 2004). My
first objective was to perform immunohistochemistry experiments to determine if
the Kv1.1 subunit was expressed in the Mauthner cell and MiD2cm cell.
Two separate Kv1.1 antibodies were acquired, one from Sigma Aldrich
and the other from Alamone labs. Both antibodies were independently generated
against a fusion peptide that was 80 amino acids long, equivalent to residues 416
to 495 of the C-terminus of the mouse Kv1.1 channel. To determine if anti-Kv1.1
might bind to the zebrafish Kv1.1 due to sequence similarity, I performed an
alignment of the zebrafish and mouse Kv1.1 with respect to the 80 amino acid
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sequence (Figure 3.1). The program, Ensembl, was used to blast the protein
sequence for zebrafish Kv1.1, which turned up two different proteins,
ENSDARP00000085980 and ENSDARP00000011986. They will be referred to
as P85980 and P11986 for convenience. P85980 was 79% identical to the mouse
sequence, while P11986 was 75% identical. With respect to each other, the two
zebrafish sequences were 87.5% identical for the 80 amino acids.
A full sequence alignment was also performed between the zebrafish,
mouse, rat and human Kv1.1 sequences (Figure 3.1). P85980 is 492 amino acids,
P11986 is 493 amino acids, while the mammalian proteins are 495 amino acids.
Comparing the two zebrafish sequences showed they were 89% identical with a
similarity at 94% of their amino acids. The P85980 sequence was 86% identical
with a 93% similarity to the amino acids present in human, mouse or rat
sequences. The P11986 sequence had an 82% identity and was 89% similar when
aligned against any of the same three mammalian sequences. The regions of
greatest variation occurred within the N-terminus, the S1-S2 loop and the Cterminus while the transmembrane segments and pore domain all showed high
similarity (Figure 3.1) (Pak et al 1991a; Pak et al 1991b).
Immunohistochemical experiments were performed on larvae at 48 hpf
(Figures 3.2 and 3.3, n = 61 larvae and 4 experiments) and 72 hpf (Figures 3.4
and 3.5, n = 62 larvae and 3 experiments). Both primary antibodies showed the
exact same staining pattern within the soma of a limited number of cell
populations. Staining occurred in the region behind the eye that corresponded to
the location of the trigeminal neurons (Figure 3.2A and 3.4A) (Kimmel et al
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1995). Antibody staining was also detected in three distinct locations of the
hindbrain of the larvae and appeared to be associated with at least three different
pairs of reticulospinal neurons (Figure 3.2A and 3.4A). One pair was believed to
be the Mauthner cells while another may correspond to the MiD2cm cells.
Staining was detected in a group of cells in the dorsal spinal cord, which, based
on their location and shape, are believed to be Rohon Beard neurons (Figure
3.3A-C and 3.5A-C) (Bernhardt et al 1990; Kuwada et al 1990; Metcalfe et al
1990; Slatter et al 2005).
The 72 hpf larvae exhibited similar staining patterns for anti-Kv1.1 but
with greater intensities; as well, an additional population of neurons was also
stained. They were located adjacent and ventral to the spinal cord and were
spaced equally distant from one another (Figure 3.5A, n = 52 larvae). Based on
their position these neurons are likely dorsal root ganglion (DRG) cells (Figure
3.5A-C) (Bernhardt et al 1990).
To confirm the presence of the Kv1.1 alpha subunit in the Mauthner cell,
preparations were double labeled with anti-Kv1.1 and anti-3A10 (1:250) (Figure
3.2A-C, n = 61 larve and 4 experiments and 3.4A-C, n = 62 larve and 3
experiments). Anti-3A10 is a mouse monoclonal antibody that recognizes a
neurofilament that is expressed in several cells (eg. CoPa interneurons, trigeminal
ganglion neurons), but of the reticulospinal neurons it distinctly stains the
Mauthner cell (Figure 3.2B and 3.4B) (Hatta 1992). Z-stacked images of the
larvae were taken using a confocal microscope. An average of 16 image slices of
the hindbrain was obtained from each larva. Upon stacking the images, the
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staining appeared white from the overlapping of the yellow (anti-Kv1.1) and blue
(anti-3A10) (Figures 3.2C and 3.4C).
To confirm the specificity of the antibodies I performed several controls
whereby either the primary (n = 29 larve) or secondary (n = 38 larve) antibody
was omitted from the procedure, or by using a blocking peptide (n = 34) to preabsorb the anti-Kv1.1 antibody. For the pre-absorption control, 1µl of anti-Kv1.1
was pre-incubated with 5 µl antigenic peptide (Alamone Labs), against which it
was developed. When run in conjunction with the anti-3A10 antibody, the yellow
anti-Kv1.1 staining was absent but blue staining appeared, suggesting the antiKv1.1 was unable to bind the Kv1.1 in zebrafish due to being preabsorbed by the
antigenic peptide.
Imaris software (Bitplane Scientific Software, South Windsor, CT, USA)
was utilized to convert a set of confocal images of the reticulospinal neurons at 72
hpf into a 3D image. The image clearly shows the Kv1.1 (red) present within the
Mauthner cell (green) (Figure 3.6B). Additional cells in the hindbrain, with
morphologies similar to Mauthner cell were also stained with the anti-Kv1.1
(Figure 3.6A). Based on their location and morphology, I believe these to be the
Mauthner homologues, MiD2cm and MiD3cm, but this has not been confirmed
experimentally (Figure 3.6A) (Metcalfe et al 1986).
The results from these experiments suggest that the zebrafish Kv1.1
subunit may be expressed in trigeminal ganglion cells, a few reticulospinal
neurons, including the Mauthner cell, Rohon Beard neurons and DRG neurons.
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3.2 Gene expression of voltage gated potassium channel 1.1 in zebrafish larvae at
48 hours post fertilization
My immunohistochemical data suggested that zebrafish Kv1.1 was
expressed in a few different groups of neurons including the Mauthner cells and
its homologue MiD2cm. I attempted to verify the specificity of the antibodies via
Western blot experiments but was unsuccessful. Therefore, in order to support the
findings of the immunohistochemistry experiments, I performed RT-PCR to
identify the genes encoding for zebrafish Kv1.1 and in situ hybridization
experiments to verify the cellular expression of this gene.
When performing a blast search in Ensembl two different genes emerged,
ENSDARG00000062942 and ENSDARG00000017108, which will be referred to
as G62942 and G17108, respectively. G62942 encoded P85980 and G17108
encoded P11986. Both genes are comprised of a 5’ untranslated region (UTR),
one exon and a 3’ UTR. The exons were aligned and found to be 78% identical.
At 48 hpf both genes were shown to be expressed however G62942 appeared to
be of greater quantity (Figure 3.7A, n = 3 experiments). Beta actin was used as a
positive control and as a means of qualitatively comparing the expression levels
of the two different genes. Interestingly, the brain of adult zebrafish was only
found to express G62942 but not G17108 (Figure 3.7B, n = 3 experiments). The
PCR products were sequenced to confirm the primers were isolating the
appropriate sequences of DNA (n=1).
Results from the RT-PCR experiments showed the two genes encoding the
Kv1.1 proteins in zebrafish are expressed at 48 hpf, with only G62942 expression
being retained in the adult.
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In situ hybridizations were performed on 48 hpf larvae to determine which
cells were expressing G62942 and to confirm the antibody staining (Figure 3.8, n
= 2 experiments). Probes were made against the G62942 PCR product as it
encodes P85980 which has a greater sequence identity with its mammalian
homologues and appeared to be expressed at greater levels than G17108. The
pattern and location of the in situ staining was the same as that observed with the
anti-Kv1.1 antibody (Figure 3.8, n = 20 larvae). In the head, staining was located
just caudal and lateral to the eyes which is believed to be the trigeminal neuron
(Figure 3.8A) (Kimmel et al 1995). In the hindbrain three distinct cellular
locations were stained; which are thought to be the Mauthner cell and two other
reticulospinal neurons based on the location of the staining in comparison with the
immunohistochemistry data (Figure 3.8A). Staining was also observed in cell
bodies located along the dorsal edge of the trunk in distinct spots that matched the
location of the anti-Kv1.1 immunohistochemistry (Figure 3.8B). This group of
cells in the dorsal spinal cord is believed to be the Rohon Beard neurons based on
their location, size and shape (Bernhardt et al 1990; Kuwada et al 1990; Metcalfe
et al 1990).
This data, in conjunction with the immunohistochemistry, suggested that
zebrafish Kv1.1 is expressed in Mauthner cell and its homologue, Mid2cm.
Therefore, I proceeded to investigate the type of Kv currents present in these two
cells using electrophysiology.
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3.3 Recording potassium currents in the Mauthner and MiD2cm cells at 48 hours
post fertilization
My initial objective was to determine the types of Kv currents present in
the Mauthner and MiD2cm cells at 48 hpf, as this has yet to be examined. I then
wanted to determine what proportion of the total current Kv1.1 channels were
conducting in the Mauthner and the Mid2cm cells. My final goal was to establish
how Kv1.1 currents regulated the firing behavior of these two cells.
To isolate the currents conducted by voltage gated potassium channels I
used a K+ isolating ECS and a K+ gluconate ICS. The K+ isolating ECS was
modified from the normal ECS by replacing the CaCl2 with CdCl2, to block
voltage gated calcium channels, and by adding 1 µM TTX to block voltage gated
sodium channels. This solution permitted the recording of potassium currents
from the Mauthner and MiD2cm cell but the patch could not be maintained for
periods long enough to permit the application of pharmacological agents.
My ability to maintain the patch for longer periods was improved when
recording the potassium currents in the normal ECS. The normal ECS still
contained 1 µM TTX but the presence of calcium meant that the solution was no
longer a truly K+ isolating solution. To the normal ECS I added 4-AP and TEA to
block the A-type and delayed rectifier currents respectively (Coetzee et al 1999;
Coutts et al 2009), but my results would have to be interpreted with the caveat
that calcium currents would be present and may perhaps interfere with the Kv
currents. Upon analyzing the Kv currents recorded using the normal ECS, it
became apparent that there were in fact multiple ionic currents and the use of K+
isolating ECS was necessary to properly characterize the Kv currents.
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Despite these complications, the Kv currents were able to be recorded
from both cells using the K+-isolating solution and will be discussed in section
3.3.1. Meanwhile the application of TEA and 4-AP in the normal ECS has
provided insight into the types of Kv subunits that may be present and
contributing to currents in the two different cells (section 3.3.2). Finally,
comparing the results from the two solutions led us to tentatively suggest the
presence of a calcium activated potassium current in the Mauthner cell.

3.3.1 Voltage gated potassium currents in the Mauthner and MiD2cm cells at 48
hours post fertilization
The Mauthner cell contained a potassium current that could be interpreted
in one of two ways. It could either have been a single A-type current that did not
completely inactivate or two different Kv currents, an A-type fast inactivating
current and a delayed rectifier current (Figure 3.9A, n = 8). Therefore currents
were measured from two different points on the trace. The first at the initial peak
amplitude referred to as the peak current, and the second at the end of the trace
(time = 198 ms), referred to as the sustained current. When the Mauthner cell was
stepped to 40 mV, the peak current had a density of 646 ± 19 pA/pF while the
sustained current had a density of 385 ± 15 pA/pF (Figure 3.9B, n = 8). In the
MiD2cm only a delayed rectifier current was present (Figure 3.11A, n = 15). In
these recordings, current values were measured at 198 ms of the trace and are
referred to as sustained current. The current density was 1810 ± 55 pA/pF when
the cell was depolarized to 30 mV (Figure 3.11B, n = 15).
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Steady state activation of the potassium channels was calculated as
described in the materials and methods. For the Mauthner cell, both the GHK and
DF normalization methods were used to calculate the conductance of the peak and
sustained currents. These curves were fit with a Boltzmann function to determine
the V50 and VS (Figure 3.9C, n = 8). From the GHK normalization, the midpoint
of activation for the peak and sustained currents were -1.8 ± 1.5 mV and 0.0 ± 1.1
mV respectively and were not significantly different (t-test, P = 0.34, n = 8). The
slope factor was 9.7 ± 0.1 mV for the peak current and 10.8 ± 0.3 mV for the
sustained current, which were significantly different from one another (MannWhitney Rank Sum test, P = 0.005, n =8). The DF normalization method
produced a curve that was shifted to the right of the GHK curve (Figure 3.9C).
The peak current had a V50 = 8.5 ± 1.1 mV and a VS = 12.1 ± 0.2 mV, while the
sustained current had a V50 = 10.5 ± 0.9 mV and a VS = 12.4 ± 0.2 mV. For the
DF method, neither the V50 values (t-test, P = 0.17, n =8) nor the VS values (t-test,
P = 0.33, n =8) were significantly different when comparing the peak and
sustained currents. Analysis comparing the two different methods is discussed in
appendix I.
To determine the steady state activation of the potassium channels in the
MiD2cm cell, the conductance was calculated from tail currents and using the
GHK and DF normalization methods. The GHK curve was shifted left compared
to the DF and tail curves, as was observed in the Mauthner cell. The tail and DF
curves nearly overlapped one another, but the DF normalization produced a
steeper curve. From the GHK normalization method, the sustained current had a
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V50 = -8.2 ± 1.0 mV and a VS = 8.8 ± 0.5 mV. The DF normalization produced a
curve with a V50 = 0.0 ± 1.0 mV and a VS = 10.3 ± 0.4 mV. The tail current
produced a conductance curve with a V50 = -1.0 ± 3.1 and VS = 14.5 ± 1.7 mV.
Further analysis comparing these three methods is discussed in appendix I.
Both cells contained channels that conducted sustained currents however
the steady state activation of these channels was significantly different. The
midpoints of activation values for the sustained currents in the Mauthner cell were
significantly depolarized compared to the values for the MiD2cm cell whether
comparisons were made using the GHK or DF normalization methods (t-test, P <
0.001). As for the slope factors, the values pertaining to the MiD2cm sustained
currents, were significantly less compared to the values of the Mauthner cell
(Mann-Whitney Rank Sum test, P < 0.01).
For the potassium currents in the Mauthner cell, the time course of
inactivation was measured, with traces best fit with a double exponential (Figure
3.10A). The fast (τfast) and slow (τslow) inactivation time constants at 10 mV were
18.5 ± 2.1 ms and 170 ± 49 ms respectively (Figure 3.10B, n = 8). The time
constants at 40 mV were τfast = 14.4 ± 1.4 ms and τslow = 227 ± 38 ms respectively
(Figure 3.10B, n = 8). As the cell was brought to more depolarized potentials
there were no changes in the time constant of inactivation for τfast (t-test, P > 0.1,
n = 8) or τslow (t-test, P > 0.1, n = 8).
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3.3.2 Potassium current recordings with normal extracellular solution
As previously described, normal ECS was utilized to record potassium
currents as it increased the success rate of obtaining recordings and enabled the
patch to be maintained for a longer period of time. Despite the presence of the
calcium impairing my ability to properly isolate the Kv currents, it allowed me to
tentatively identify a third potassium current in the Mauthner cell.
The current traces obtained from the Mauthner or the MiD2cm cells
appeared the same whether calcium was present or not. However, a comparison of
the current densities indicated that the presence of the calcium significantly
altered the amplitudes of the currents, in both the Mauthner and MiD2cm cell
(Figure 3.12).
When recording from the Mauthner cell in normal ECS, the peak current
had a greater current density at all voltage potentials from -50 to 30 mV (Figure
3.12A, t-test, P < 0.05, n = 17). For the sustained current of the Mauthner cell the
presence of the calcium did not affect the current to the same extent. Instead the
current density was only significantly increased at voltages from -50 to 0 mV
(Figure 3.12B, t-test, P < 0.05, n = 17). For the sustained current of the MiD2cm
cell, the opposite effect was observed. The presence of calcium significantly
decreased the current density at all voltage potentials ranging from -20 to 30 mV
(Figure 3.12C, t-test, P < 0.01, n = 10). The change in current densities to both the
Mauthner and MiD2cm cells confirmed the presence of calcium interfered with
the current recordings. However, the increase in the amplitude of the outward
current in the Mauthner cell in the presence of calcium led us to hypothesize that

65

a calcium activated potassium channel was present and responsible for conducting
the additional potassium current.
My ability to record for a longer period of time in the presence of calcium
allowed me to use pharmacological blockers of Kv channels to dissect out which
channel subfamilies may be associated with these cells. Two general Kv channel
blockers, 4-AP (5 mM) and TEA (5 mM), were applied to understand the
different components that the peak current was comprised of in the Mauthner cell.
Application of 4-AP to the Mauthner cell completely blocked the peak current and
exposed an inward current with a density of -196 ± 14 pA/pF (at 50 mV) (Figure
3.13, paired t-test, P < 0.001, n = 8). 4-AP also reduced the sustained current to
less than half its original value from 463 ± 13 pA/pF to 189 ± 21 pA/pF at 50 mV
(Figure 3.13B and 3.13D, paired t-test, P < 0.001 n = 8).
The application of TEA significantly reduced the amplitude of the peak
current at more depolarized voltages (20, 30 and 40 mV, paired t-test, P < 0.001, n
= 6) and the sustained current at potentials greater than -20 mV (Figure 3.14B, C
and D, paired t-test, P < 0.001, n = 6). The sustained current density was reduced
from 419 ± 27 pA/pF to 144 ± 12 pA/pF (at 50 mV) (Figure 3.14D, n = 6).
Compared to the Mauthner cell, the application of TEA had a more profound
effect on the potassium current of the MiD2cm cell (Figure 3.15A and B, n = 4).
It significantly reduced the sustained current of the MiD2cm cell and revealed a
transient A-type current (Figure 3.15B, paired t-test, P < 0.001, n = 4). In controls,
the sustained current density was 1516 ± 49 pA/pF when held at a potential of 30
mV (Figure 3.15C, n = 4). Following application of TEA, the sustained current
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density was reduced to 170 ± 10 pA/pF (at 30 mV), while the transient A-type
current had a density of 459 ± 55 pA/pF (at 30 mV) (Figure 3.15C, n = 4).
The results of the electrophysiology showed the Mauthner and MiD2cm
cells to contain both an A-type transient current and a delayed rectifier current
that contribute in different proportions to their total Kv currents. Since Kv1.1
channels contribute to sustained outward currents (Po et al 1993; Stuhmer et al
1989), I hypothesized that it was contributing to the sustained currents of the
Mauthner and MiD2cm cells. In addition, I hypothesized that the Mauthner cell
expresses a calcium activated potassium channel (KCa) while the MiD2cm may
not.
I attempted to apply DTXK, a blocker that binds specifically to the Kv1.1
subunit (Robertson et al 1996), but could not maintain the patch long enough to
wash on the drug and record an affect. Therefore, to determine the properties of
the zebrafish Kv1.1 channel I attempted to express it in Xenopus oocytes and
record the current using two electrode voltage clamp. Due to low expression, only
small amplitude currents were recorded from the oocytes which were insufficient
for proper analysis to be performed and thus experiments were stopped. See
appendix II for details of the experiments.

3.4 Action potentials in the Mauthner and MiD2cm cells at 48 hours post
fertilization
My final aim of this thesis was to establish if and how Kv1.1 channels
affect the firing behavior of the Mauthner and MiD2cm cells. It has been shown
in adult zebrafish and goldfish that inhibitory inputs onto the Mauthner cell
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ensures it fires only one action potential in response to a stimulus (Furukawa &
Furshpan 1963). Recent work in adult goldfish has suggested that the differential
expression of Kv1 subunits further contributes to the altered firing behavior
(Nakayama & Oda 2004). My objectives were to record action potentials from the
Mauthner and MiD2cm cells at 48 hpf and then apply DTXK to determine how
blocking the Kv1.1 channels affected their firing pattern. In spite of the lack of
success with applying pharmacological agents while recording potassium currents
with the K+ isolating solution, because the action potentials were being recorded
with solutions closest to the physiological saline I suspected I may be able to hold
the cell for a longer period of time.
Preliminary data coincides with what is already known about the firing
pattern of these cells. When just stimulated to threshold the Mauthner cell
generally fired one action potential (Figure 3.16A2, n = 3). Significantly greater
stimuli sometimes caused the cell to fire 2 or 3 times at the onset of the stimulus
(Figure 3.16A2, n = 3). The MiD2cm cell often fired multiple action potentials;
however when stimulated to threshold it only fired once or twice at the onset of
current injection (Figure 3.16B1 and B2, n = 6). Although increased current
injection resulted in both cells eliciting multiple action potentials, their pattern of
firing was very different. In the Mauthner cell the action potentials occurred at
irregular intervals near the onset of the stimulus (Figure 3.16A1) while the
MiD2cm cell fired action potentials at regularly spaced intervals for the duration
of the stimulus (Figure 3.16B1). The number of action potentials evoked in the
MiD2cm cell increased with the amount of current injected while in the Mauthner
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cell the number of action potentials remained relatively constant (Figure 3.17A1
and A2). The increase in firing frequency of the MiD2cm was relatively linear
with respect to the increase in current, with a slope of 1268 ± 268 Hz/nA (Figure
3.17B).
The threshold potential of the Mauthner and MiD2cm cells were not
significantly different (Table 3.2, t-test, P = 0.29); but because the Mauthner cell
had an input resistance approximately one third that of the MiD2cm cell, it meant
that the Mauthner cell required three times the current to bring it to threshold. The
amplitudes of the action potentials elicited by the Mauthner cell and MiD2cm
were not significantly different (t-test, P = 0.56), but the half width of the
Mauthner cell was significantly greater than that of the MiD2cm cell (Table 3.2,
Mann-Whitney test, P = 0.017, n = 3 (Mauthner), n = 6 (MiD2cm)). Finally the
amplitude of the afterhyperpolarization phase was significantly greater in the
MiD2cm cell, -35.7 ± 1.1 mV (n = 6), compared with that in the Mauthner cell,
-11.2 ± 0.8 mV (n = 3) (Figure 3.16A2 and B2, Table 2, t-test, P < 0.001).
The pharmacology using DTXK has yet to be completed due to
complications of being unable to hold the cell long enough. Therefore we cannot
definitively state how Kv1.1 channels regulate the firing rate of the Mauthner and
MiD2cm cells. However, based on how different the Kv currents are in the two
cells, it is likely that the differential expression of multiple Kv subunits is
responsible for establishing the two firing behaviors, and not just Kv1 subunits as
previously proposed by Nakayama and Oda (2004).
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Figure 3.1. Amino acid sequence alignment of zebrafish, human, mouse and
rat voltage gated potassium channel 1.1
Sequences were blasted and retrieved using the Ensembl database. Two sequences
were obtained for zebrafish whereas human, mouse and rat each only had a single
sequence. Sequences were aligned using the COBALT multiple sequence
alignment tool in NCBI. The top sequence is zebrafish Kv1.1 labeled
Ensdarp00000085980 (P85980) and was the standard sequence against which the
other four were compared. (-) denotes an identical amino acid to the P85980
sequence. X denotes a changed amino acid in the zebrafish protein P11986 that
differs from all other sequences. X denotes an amino acid that differs from the
P85980 sequence but is found in the human sequence. X denotes an amino acid in
the mouse and/or rat sequence that is different from the zebrafish and human
sequences. Blue lines signify where the T1 and transmembrane domains (Sx) of
the Kv1.1 alpha subunits lie within the sequence. Red line denotes the antigenic
site recognized by the Kv1.1 antibody.
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Zebrafish: ENSDARP00000085980
Zebrafish: ENSDARP00000011986
Human: ENSP00000228858
Mouse: ENSMUSP00000055225
Rat: ENSRNOP00000026731
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Figure 3.2. Presence of the voltage gated potassium channel 1.1 in the head of
zebrafish larvae at 48 hours post fertilization
(A) Kv1.1 protein expression was detected using anti-Kv1.1. Positive staining
was located behind the eye (arrow) and in the hindbrain (arrowhead). (B) The
Mauthner cell (arrowhead) and neurons of the Trigeminal ganglia (arrow) were
labeled with anti-3A10. (C) Merged images of A and B confirm the presence of
Kv1.1 in the Mauthner cell and the Trigeminal ganglia of 48 hpf larvae (white
staining). These images are a dorsal view of the fish with rostral up and caudal
down. Four separate experiments were run with 10 larvae per experiment. Scale
bar, 50 µm.
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Figure 3.3. Presence of the voltage gated potassium channel 1.1 in the trunk
of zebrafish larvae at 48 hours post fertilization
(A) Kv1.1 staining was detected in the soma of neurons (arrowheads) located
dorsally along the trunk. (B) Axons of the spinal cord (arrows) were labeled with
anti-3A10. (C) Merged images of A and B which suggest, based on location and
morphology that the Kv1.1 staining is within the Rohon Beard cells of the dorsal
spinal cord. In these images the head is to the right and dorsal is up. Four separate
experiments were run, with 10 fish per trial. Scale bar, 50 µm.

74

75

Figure 3.4. Presence of the voltage gated potassium channel 1.1 in the head of
zebrafish larvae at 72 hours post fertilization
(A) Kv1.1 protein expression was detected using anti-Kv1.1. Positive staining
was located behind the eye (arrow) and in the hindbrain (arrowheads). (B) The
Mauthner cell (arrowhead) and neurons of the Trigeminal ganglia (arrow) were
labeled with anti-3A10. (C) Merged images of A and B confirming the presence
of Kv1.1 in the Mauthner cell and the Trigeminal ganglia of 48 hpf larvae. These
images are a dorsal view of the fish with rostral up and caudal down. Three
separate experiments were run with 10 larvae per experiment. Scale bar, 50 µm.
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Figure 3.5. Presence of the voltage gated potassium channel 1.1 in the trunk
of zebrafish larvae at 72 hours post fertilization
(A) Kv1.1 staining was detected in the soma of neurons located dorsally
(arrowheads) within the trunk and along the midline (arrows). (B) Axons of the
spinal cord were labeled with anti-3A10 (arrows). (C) Merged images of A and B
which suggest, based on location and morphology, Kv1.1 staining is within the
Rohon Beard cells of the dorsal spinal cord and in neurons of the dorsal root
ganglia. In these images dorsal is up and the head is to the right. Three separate
experiments were run, with 10 fish per trial. Scale bar, 50 µm.
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Figure 3.6. Expression of the voltage gated potassium channel 1.1 in the
Mauthner cell of zebrafish larvae at 72 hours post fertilization
Confocal images were loaded into Imaris software to produce 3D images of the
staining pattern in the hindbrain of 72 hpf zebrafish larvae. (A) Dorsal images of
the hindbrain pertaining to the region where the Mauthner cell (in green, labeled
with anti-3A10) and its two homologues lie. Kv1.1 (in red, labeled with antiKv1.1) is present within the soma of the Mauthner cell (arrowhead). Positive
staining for Kv1.1 also appears in other cells of the hindbrain, one of which,
based on its location, is proposed to be the MiD2cm cell (arrow). These images
are a dorsal view of the fish with rostral up and caudal down. (B) The soma of the
Mauthner cell (green) containing Kv1.1 (red), the majority of which appears to be
retained within the cell. Dorsal is up, ventral down and the otic vesicle to the
right. Scale bars, 20 µm.
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Figure 3.7. Presence of mRNA encoding the voltage gated potassium channel
1.1 in 48 hour post fertilization zebrafish larvae and brain of adult zebrafish
RT-PCR was utilized to determine which two genes encoding the zebrafish Kv1.1
protein were being expressed at the 48 hpf larval stage and in adult brain. The two
genes that encode the protein are G62942 and G17108. The PCR products were
designed to be 914 bp for G62942 and 1072 bp for G17108. The lane designations
for images A and B are: the far left lane is a 1kb DNA ladder (Fermentas), the 2nd
lane is zebrafish β-actin, the 3rd lane is G62942 and the last lane on the right is
G17108. (A) At 48 hpf both genes were expressed (n = 3 experiments). (B) In
brain of adult zebrafish only a PCR product for G62942 was detected (n = 3
experiments).
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Figure 3.8. mRNA expression of the voltage gated potassium channel 1.1 in
the head and trunk of zebrafish larvae at 48 hours post fertilization
In situ hybridizations were performed on 48 hpf larvae to determine the cellular
expression pattern of Kv1.1 mRNA and confirm the staining pattern observed
with the antibodies. DIG labeled RNA probes were produced against the G62942
sequence. (A) Staining in the head was located behind the eyes (arrow), believed
to be the trigeminal ganglia and within the hindbrain, suspected of being the
reticulospinal neurons (arrowheads), the most rostral being the Mauthner cell. The
image is a dorsal view of the head, rostral up and caudal down. (B) Staining in the
trunk was located along the dorsal edge (arrowhead) believed to be the Rohon
Beard cells. Dorsal side is up and rostral is to the left. (n = 3 experiments, 10 fish
per experiment). Scale bar, 50 µm.
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Figure 3.9. Voltage gated potassium channel currents in the Mauthner cell at
48 hours post fertilization
(A) Kv currents in the Mauthner cell were recorded using K+ isolating ECS
(calcium replaced with cadmium). Currents were evoked from the Mauthner cell
by 220ms voltage steps ranging from -80 to +40 mV in 10 mV intervals. (B)
Current voltage relationship of the peak (Δ) and sustained (□) currents in the
Mauthner cell (n = 8). The peak current density was greater, comprised of the
transient and delayed rectifier currents. The sustained current density, largely
comprised of the delayed rectifier current, was smaller in amplitude. (C)
Conductance-voltage plots of the peak (Δ) and sustained (□) currents calculated
using the GHK normalization (white symbols) and DF normalization (grey
symbols) methods, that were fit with a Boltzmann function.
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Figure 3.10. Decay kinetics of the A-type current in the Mauthner cell at 48
hours post fertilization
(A) Kv currents elicited using stepwise depolarizations were best fit with a double
exponential function (dashed red line) as opposed to a single exponential (dashed
blue line) for steps ranging from 10 to 40 mV. Example trace shown is
exponential functions fit to current elicited at 40 mV. (B) Fast (∆) and slow (■)
inactivation time constants (τ, ms) of the double exponential function (n = 8). At
the potentials, which the decay kinetics were measured there was no significant
difference in the fast or slow time constants of inactivation.
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Figure 3.11. Voltage gated potassium channel currents in the MiD2cm cell at
48 hours post fertilization
(A) Kv currents in the MiD2cm cell were recorded using K+ isolating ECS
(calcium replaced with cadmium). Currents were evoked from the cell using
220ms voltage steps ranging from -80 to +30 mV at 10 mV intervals. (B) Current
voltage relationship of the sustained (○) current density in the MiD2cm cell (n =
15). (C) Conductance-voltage plots of the potassium current derived from tail
currents (●) or calculated using the GHK (○) or DF (●) normalization methods
and fit with a Boltzmann function.
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Figure 3.12. Effect of calcium on isolating voltage gated potassium channel
currents in the Mauthner and MiD2cm cells at 48 hours post fertilization
Currents were measured using two different extracellular solutions (ECS), normal
ECS (white symbol) containing calcium and K+ isolating ECS (black symbol) in
which the calcium was replaced with cadmium. (A) Amplitude of the peak current
density in the Mauthner cell was significantly reduced after replacing calcium
with cadmium (t-test, P < 0.05, n = 17 normal ECS, n = 8, K+ isolating ECS). (B)
Amplitude of the sustained current density in the Mauthner cell was significantly
reduced at potentials ranging from -50 to 0 mV when calcium was replaced with
cadmium (Mann Whitney test, P < 0.05). (C) Amplitude of the sustained current
density in the MiD2cm cell was significantly increased with the removal of
calcium (t-test, P < 0.01, n = 10, normal ECS, n = 15, K+ isolating ECS).
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Figure 3.13. Effect of 4-aminopyridine on potassium currents in the
Mauthner cell at 48 hours post fertilization
(A) Potassium currents recorded in normal ECS (contains calcium) were evoked
by 220 ms depolarization steps ranging from -80 to 50 mV at 10 mV increments.
(B) Potassium currents evoked using the same voltage protocol as in (A) after the
application of 5 mM 4-AP. (C) Current voltage relation showing a complete
inhibition of the peak current (▲) which exposed an inward current (♦) (paired ttest, P < 0.05, n = 8). (D) Current voltage relation showing 4-AP inhibited the
sustained current (■) (paired t-test, P < 0.05, n = 8). Black symbols denote current
amplitude before 4-AP and grey symbols current amplitude after 4-AP.
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Figure 3.14. Effect of tetraethylammonium on potassium currents in the
Mauthner cell at 48 hours post fertilization
(A) Potassium currents recorded in normal ECS (contains calcium) were evoked
by 220 ms depolarization steps ranging from -80 to 50 mV at 10 mV increments.
(B) Potassium currents evoked using the same voltage protocol as in (A) after the
application of 5 mM TEA. (C) Current voltage relation showing TEA only
affected the peak current at voltages ≥ 20 mV (▲) (paired t-test, P < 0.01, n =6).
(D) Current voltage relation showing partial inhibition of the sustained current by
TEA (■) (paired t –test, P< 0.05, n = 6). Black symbols denote current amplitude
before TEA and grey symbols denote current amplitude after TEA.
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Figure 3.15. Effect of tetraethylammonium on potassium currents in the
MiD2cm cell at 48 hours post fertilization
(A) Potassium currents evoked in normal ECS (contains calcium) with 220 ms
depolarization steps ranging from -80 to 30 mV at 10 mV increments. (B)
Potassium currents evoked using the same voltage protocol as in (A) after
application of 5 mM TEA exposed a second A-type current. (C) Current voltage
relations of the exposed A-type current (▲) and the much reduced sustained
current density (●) in the presence of TEA (paired t-test, P < 0.001, n =4). (●) is
the sustained current density prior to application of TEA.
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Figure 3.16. Firing activity of the Mauthner and MiD2cm cells at 48 hours
post fertilization
(A1 and A2) Representative traces of the Mauthner cell firing action potentials
when injected with different amounts of current. (A3) Current pulse protocol, 50
ms in duration, used to evoke action potentials from the Mauthner cell. For this
particular cell, 0.36 nA of current was required to cause the cell to fire a single
action potential (A2). Injecting 0.48 nA of current into the Mauthner cell caused it
to fire multiple action potentials (A1). (B1 and B2) Representative traces of the
MiD2cm cell firing action potentials when injected with different amounts of
current. (B3) Current pulse protocol, 50 ms in duration, used to evoke action
potentials from the MiD2cm cell. (B2) For this particular cell, stimulating it with
0.10 nA of current caused it to fire a single action potential. (B1) The MiD2cm
cell fired multiple action potentials when stimulated with 0.14 nA of current. The
trends observed in A1, A2, B1 and B2 were similar from cell to cell, however the
amount of injected current varied by a few hundredths of a nanoampere. Three
recordings were made from the Mauthner cell and seven from the MiD2cm cell.
Scale bar dimensions for A1 are the same as in A2 and for B1 the same as in B2.

100

101

Figure 3.17. Firing frequency of the Mauthner and MiD2cm cells at 48 hours
post fertilization
The numbers of action potentials evoked from the Mauthner and MiD2cm cells in
response to different amounts of injected current were counted. (A1) The
Mauthner cell fired anywhere from 1 to 4 action potentials (n = 3). (A2) The
number of action potentials evoked in the MiD2cm cell appeared to increase
every time the amount of injected current was increased (n = 5). (B) The
relationship between the firing frequency and input current for the MiD2cm cell
(n = 5).
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Table 3.1. Passive membrane properties of the Mauthner and MiD2cm cells
at 48 hours post fertilization

All values were recorded immediately after obtaining a whole cell patch in
voltage clamp mode. All values are given as Mean ± SE (n). Cm is membrane
capacitance, Rinput is input resistance, Rm is membrane resistance and Ra is access
resistance.
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Figure 3.18. Diagram of action potential measurements
The threshold potential was recorded at the inflection point of the trace where the
slow depolarization turned upwards into the depolarization phase of the action
potential (1). The amplitude was measured from the threshold potential to the
peak of the action potential (2). The half width was measured where the action
potential had reached half its amplitude (3). The afterhyperpolarization was
measured from the valley of the hyperpolarization phase to the resting potential
the cell returned to (4).
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Table 3.2. Action potential parameters of the Mauthner and MiD2cm cells at
48 hours post fertilization

Input resistance (Rinput) was calculated using Ohm’s Law. A pulse of negative
current was injected into the cell for 50 ms and the membrane potential of the cell
was recorded. The input resistance was calculated by dividing the recorded
membrane potential by the injected current. The remaining parameters were
measured when a cell fired a single action potential. Values are Mean ± SE (n). a
Significantly different from Mauthner cell, Mann-Whitney test, P = 0.017. b
Significantly different from Mauthner cell, t-test, P < 0.001.
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4. Discussion
The Mauthner and MiD2cm cells have significantly different activities
when stimulated, the Mauthner cell fires a single action potential while the
MiD2cm cell fires multiple action potentials (O'Malley et al 1996; Zottoli 1977).
One of the major factors underlying this difference in activity is likely to be the
expression of different Kv1 channel subunits which conduct different types of
currents (Nakayama & Oda 2004).
The focus of this thesis was to understand if and how the zebrafish Kv1.1
channel regulated the firing behavior of the Mauthner and MiD2cm cells at 48
hpf. My initial aim was to determine which cells were expressing the zebrafish
Kv1.1 subunit. This was followed by determining the types of Kv currents present
in the two different cells through the use of whole cell voltage clamp recording
and the application of pharmacological agents. Upon concluding that Kv1.1 was
associated with the M-series I sought to express the Kv1.1 subunit in Xenopus
oocytes to determine the properties of the current conducted by homomeric Kv1.1
channels and infer its contribution to the total Kv current in the Mauthner and
MiD2cm cells. Finally, I wanted to assess if inhibiting Kv1.1 channels by
pharmacological means altered the firing patterns of the Mauthner and MiD2cm
cells. My ultimate goal was to understand the role of Kv1.1 in regulating the
behavior of the Mauthner and MiD2cm cells and hypothesize how this might
contribute to eliciting an escape response.
I was successful in reaching some of my objectives including determining
the expression pattern of Kv1.1 in 48 hpf zebrafish, recording Kv currents and
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beginning to record action potentials. Immunohistochemistry and in situ
hybridization experiments indicate zebrafish Kv1.1 is expressed in the Mauthner
and MiD2cm cells at 48 hpf. Yet the total Kv current in these two cells is
significantly different, suggesting a differential expression of Kv subunits beyond
the Kv1 subfamily, as previously suggested (Nakayama & Oda 2004). My data
shows the Mauthner cell contains an inactivating A-type current, a delayed
rectifier current and possibly a calcium activated potassium current. The MiD2cm
cell also contains a delayed rectifier current, but with a much greater current
density than that in the Mauthner cell, and a transient A-type current, which was
only revealed after the application of TEA. Meanwhile, preliminary results show
the Mauthner cell fires a single action potential when brought to threshold while
the MiD2cm cell fires multiple action potentials.

4.1 Contribution of the voltage gate potassium channel 1.1 to the sustained
current in Mauthner and MiD2cm cells
The sustained current in the Mauthner and MiD2cm cells is a delayed
rectifier current as it has a threshold of activation between -40 and -30 mV and
inactivates very slowly (Dolly & Parcej 1996). Human, mouse and rat Kv1.1 elicit
delayed rectifier currents and thus I hypothesize that the zebrafish Kv1.1 conducts
this type of current as well (Grissmer et al 1994; Po et al 1993; Stuhmer et al
1989). A sequence alignment of the two zebrafish Kv1.1 and mammalian
homologues shows a relatively high similarity between them with a similar length
of the amino terminal. There are only 33 amino acids upstream of the T1 domain
suggesting the zebrafish Kv1.1 does not have an inactivation domain in its amino
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terminal to produce A-type currents (Hoshi et al 1990; Zagotta et al 1990).
Therefore I suspect that the zebrafish Kv1.1 is only contributing to the sustained
current in the Mauthner and MiD2cm cells and not the fast inactivating A-type
current.
Delayed rectifier currents and ion channels containing Kv1.1 are blocked
by TEA (Hopkins 1998; Stanfield 1983). In my experiments, the application of
TEA inhibited the sustained currents of the Mauthner and MiD2cm cells by 65%
and 85% respectively, when held at 50 and 30 mV. The two residues that greatly
contribute to the sensitivity of TEA are D431 and T449 of the Shaker subunit,
which reside on either end of the H5 segment (MacKinnon & Yellen 1990). Both
of the Kv1.1 proteins in zebrafish contain aspartate at residue 358, which is the
equivalent position to Shaker 431 (MacKinnon & Yellen 1990). However P85980
has a valine at residue 376, which has been shown to render the potassium subunit
less sensitive to TEA (MacKinnon & Yellen 1990). The second protein, P11986,
has a tyrosine at residue 376 which is identical to the mammalian homologues in
the alignment. A T449Y mutation in the Shaker subunit actually rendered the
channels more sensitive to TEA, suggesting the P11986 subunit may be more
sensitive to TEA than P85980 (MacKinnon & Yellen 1990). That both subunits
contain residues in the pore region that are bound by TEA suggests these channels
are capable of being blocked by TEA. Thus the Kv1.1 channels are likely
contributing to the sustained current in both the Mauthner and MiD2cm cells.
Finally, the presence of Kv1.1 in the Mauthner and MiD2cm cells is
supported by both the immunohistochemical and in situ staining. The mRNA

109

expression only represents the expression of G62942, whereas the antibody could
be binding to the C-terminus of either of the two zebrafish Kv1.1 proteins. There
is a high probability both proteins are being expressed at 48 hpf, as the RT-PCR
results showed both genes were being expressed at this stage of development. It
would be interesting to determine their functional significance; especially since
only G62942 was found to be expressed in the adult brain.
The purpose of expressing zebrafish Kv1.1 in oocytes was to examine its
properties in isolation from the other currents and to confirm that it conducted a
delayed rectifier current. However, I was unable to express the channel in the
oocytes. It is known that the majority of Kv1.1 protein is retained in the ER with
little being expressed at the surface (Manganas & Trimmer 2000). Therefore low
surface expression of the channel may be responsible for observing only small
currents (Chouinard et al 1995). However several experiments, in which human,
mouse and rat Kv1.1 was expressed in oocytes, have shown the presence of a
delayed rectifier current (Hopkins et al 1994; Ruppersberg et al 1990).
Furthermore, zebrafish channels have also been successfully expressed in
Xenopus oocytes, therefore it is unlikely to be a problem of the zebrafish protein
being incompatible with the oocyte expression system (Nakamura & Coetzee
2008).
If the problem of the oocyte experiments is resolved then recording the
currents will allow for the zebrafish Kv1.1 currents to be properly characterized.
Expressing the second protein, P11986 in oocytes, and comparing its current and
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pharmacological sensitivity with that of P85980 would establish the function of
each of these proteins in the 48 hpf zebrafish.

4.2 Heteromeric arrangements of the voltage gated potassium channel subfamily
1 in the Mauthner and MiD2cm cells
To better understand the characteristics of the sustained current in the
Mauthner and MiD2cm cells, steady state activation of the currents were
calculated and compared. The conductance parameters of the sustained currents
were considerably different from values obtained for mammalian homomeric
channels expressed in HEK-293 cells (Sokolov et al 2007) suggesting the
presence of heteromeric potassium channels in the Mauthner and MiD2cm cells.
Furthermore, the V50 and VS of the sustained currents obtained from the two cells
were significantly different suggesting a difference in the types of subunits
comprising the VGKCs in the Mauthner and MiD2cm cells. Similar observations
have been made by expressing concatamers of channels containing two different
types of Kv1 subunits (Akhtar 2002; Sokolov et al 2007). A Kv1.1-1.2
concatamer expressed in HEK293 cells had a V50 = -0.7 ± 1.6 mV, a value similar
to that of the sustained current in the Mauthner cell (Sokolov et al 2007). From
our studies it is clear that Kv1.1 is present in the Mauthner cell, while work on
adult goldfish established the expression of Kv1.2 in the Mauthner cell but not in
its morphological homologues (Nakayama & Oda 2004). As the cells of the
goldfish and zebrafish are phylogenetically homologous with similar firing
patterns, it is possible that they may express the same types of Kv channels (Eaton
& Farley 1975; Lee et al 1993; Zottoli 1977). Therefore, Kv1.1-1.2 heteromers
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may be conducting the sustained potassium current in the Mauthner cell of 48 hpf
zebrafish.
The MiD2cm cell of 48 hpf zebrafish, appears to express the Kv1.1
subunit (present work) but not Kv1.2 (Nakayama & Oda 2004). Therefore, the
sustained currents in the MiD2cm cell may be conducted by Kv1.1 homomers or a
heteromer comprised of Kv1.1 and other Kv1 subunits. Homomeric Kv1.1
channels expressed in oocytes or other cell lines have a V50 ~ -30 mV (Akhtar
2002; Stuhmer et al 1989). In the MiD2cm cell the half activation was much more
depolarized with a value of -8.19 ± 1.02 mV. This suggests that the current is not
being conducted by homomeric channels but rather a heteromeric arrangement
that contains Kv1.1 (Akhtar 2002; Sokolov et al 2007). One possibility is a
Kv1.1-1.6 heteromer, as Kv1.6 is highly expressed in vertebrate (Scott et al 1994;
Sokolov et al 2007). In making these comparisons and conclusions one must
consider the previous data is derived from studies done on mammalian channels
and may not be an accurate representation of the zebrafish Kv1 channel
subfamily. Furthermore the activation parameters of the zebrafish currents are
derived from total Kv currents and thus are likely a summation of more than one
Kv channel, see appendix I for more details.
The altered sensitivity of Kv1 alpha subunits to TEA also supports the
possibility of channels with different heteromeric arrangements in the Mauthner
and MiD2cm cells (Sokolov et al 2007). All subunits of a Kv1 channel contribute
to the binding of TEA, however the sensitivity of the alpha subunits to TEA is 1.1
> 1.6 > 1.2 (Kavanaugh et al 1992; Sokolov et al 2007). Since the Kv1.2 subunit
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is relatively insensitive to TEA, the hypothetical 1.1-1.2 heteromer in the
Mauthner cell would be inhibited to a lesser extent than the hypothetical 1.1-1.6
heteromer of the MiD2cm cell as both of these subunits are more sensitive to TEA
(Hopkins 1998; Sokolov et al 2007). The TEA inhibition of a smaller proportion
of the sustained current in the Mauthner cell compared to the MiD2cm cell is
consistent with the hypothesis that two different heteromeric channels are being
expressed (Al-Sabi et al 2010; Sokolov et al 2007).
The conclusions from the pharmacology experiments are loosely drawn
inferences that must be taken with caution as proper dose responses for 4-AP and
TEA were not determined. In addition, the Kv currents were contaminated with
voltage gated calcium and calcium activated potassium currents which left
residual currents that could not be properly accounted for.

4.3 Firing behavior of the Mauthner and MiD2cm cells
Depolarizing both the Mauthner and MiD2cm cells to just above threshold
elicited the firing of a single action potential. Larger suprathreshold stimuli
induced the Mauthner cell to fire a few action potentials at the onset of the current
injection before becoming inactive for the remainder of the stimulus. In young
larval zebrafish (2-4 dpf) it has been suggested that the cell firing a burst of action
potentials is due to the immature inhibitory synapses at this stage of development,
because in older larvae (7-14 dpf), which contain fully functioning inhibitory
networks, the Mauthner cells were observed to fire a single action potential
(Chong & Drapeau 2007; Koyama et al 2011; O'Malley et al 1996; Takahashi et
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al 2002). In addition, a short bursting of action potentials at the beginning of the
current pulse also occurred in the Mauthner cell of adult goldfish when inhibitory
inputs were blocked with strychnine and bicuculline (Nakayama & Oda 2004).
Therefore in 48 hpf zebrafish larvae, the ability of the Mauthner cell to fire
multiple action potentials in response to a large input of positive current is likely
due to an immature inhibitory network (Chong & Drapeau 2007).
In the MiD2cm cell, action potentials fired at regular intervals for the
duration of the stimulus. A tonic repetitive firing pattern was also observed in the
morphological homologues of adult goldfish with the frequency of action
potentials increasing proportionally with the current stimulus (Nakayama & Oda
2004). The frequency and firing pattern of action potentials in the soma of a
neuron provides information about the stimulus it has received (Bean 2007). Thus
the firing pattern of the MiD2cm may be correlated with the direction of the
stimulus and strength of the sensory input, ultimately affecting its contribution to
the stage 1 bend of the escape response (Canfield 2006; Eaton & Emberley 1991;
Foreman & Eaton 1993; O'Malley et al 1996).
The direction that the zebrafish perceives a stimulus dictates the degree of
activation of the Mauthner series which determines the trajectory angle of the
escape response (Eaton & Emberley 1991; Foreman & Eaton 1993). Rostral
stimuli maximally activate the Mauthner series leading to a large turn of the fish
while caudal stimuli only activate the Mauthner cell resulting in a smaller turn
(Canfield 2006; Eaton et al 2001; Foreman & Eaton 1993). Since the Mauthner
cell always responds in the same manner when stimulated, it has been proposed
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that the homologues provide the extra input necessary to increase the escape
trajectory angle (Casagrand et al 1999; Foreman & Eaton 1993; O'Malley et al
1996).
If stimuli to the front of the head provide the greatest sensory input to the
homologues, it would cause them to fire at a maximum frequency. This would
result in the activation of a large amount of trunk musculature producing a large
body bend and escape trajectory angle. As the stimulus moved towards the side of
the fish, the homologues would be stimulated to a lesser degree. Therefore they
would fire at a lower frequency, activate less musculature and the escape
trajectory angle would be smaller. Finally as caudal stimuli do not activate the
homologues they would not fire at all and thus would not contribute to the escape
response (Foreman & Eaton 1993; Liu & Fetcho 1999; O'Malley et al 1996).
The difference in the firing behavior of the Mauthner and MiD2cm cells is
important and necessary for initiating a proper escape response for survival
purposes (Foreman & Eaton 1993; Nakayama & Oda 2004; O'Malley et al 1996)
and appears to be established early on in development (Saint-Amant & Drapeau
1998). Although the inhibitory circuits onto the Mauthner cell may still be
immature at 48 hpf, the suites of potassium channels expressed likely underlie and
may compensate to attain the Mauthner cell’s distinct firing behavior (Chong &
Drapeau 2007; Nakayama & Oda 2004). My data coincides with this hypothesis
as the firing behavior of the two cells is different, as are the Kv currents.
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4.4 Sustained voltage gated potassium currents regulate the firing activity of the
Mauthner and MiD2cm cells
My findings suggest the sustained potassium currents in the Mauthner and
MiD2cm cells are being conducted in part by channels that contain the Kv1.1
subunit. However, that the sustained current density in the MiD2cm cell is of
greater amplitude and the current is more sensitive to TEA suggests different
populations of channels are present. I suspect these differences account for the
sustained currents of the Mauthner and MiD2cm cells affecting their firing
behaviors in different manners.
In the Mauthner cell of 48 hpf larval zebrafish the Kv1 channels likely
contain the Kv1.1 subunit and are suspected to regulate the firing of the Mauthner
cell. This regulation was clearly demonstrated in the Mauthner cell of adult
goldfish with the application of DTX-I, a blocker of Kv1.1, 1.2 and 1.6 subunits,
which caused the Mauthner cell to fire multiple action potentials (Nakayama &
Oda 2004). Similar observations have also been made in several other
preparations. For example, the application of DTX-I to neurons of the MNTB
caused them to fire a train of action potentials (Brew & Forsythe 1995). It was
later revealed that Kv1.1 containing channels limit them to firing a single action
potential by returning the membrane potential to below threshold (Dodson et al
2002). The Kv1.1 subunit plays a similar role in rat DRG neurons as application
of DTXK resulted in the firing of multiple action potentials (Chi & Nicol 2007).
The general consensus for how mammalian Kv1.1 channels facilitate the firing of
a single action potential has been attributed to their threshold of activation being
near the threshold potential of the cell as well as their slower deactivation kinetics
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(Glazebrook et al 2002; Goldberg et al 2008; Guan et al 2007). It is postulated
that activating near the threshold potential permits the channels to limit the
depolarization phase and accelerate the repolarization phase (Glazebrook et al
2002). A reduction in the depolarization phase is also believed to be due to the
strong conductance that these channels can have (Brew et al 2003). Finally the
slower deactivation kinetics of Kv1 channels are also suspected of contributing to
a prolonged repolarization phase preventing the cell from reaching threshold
again after the first action potential, thus limiting their ability to fire multiple
action potentials (Glazebrook et al 2002; Guan et al 2007).
To understand the role of Kv1.1 containing channels in the Mauthner cell
of 48 hpf larvae the intention was to apply DTXK and record action potentials. As
this has yet to be completed, I hypothesize that the application of DTXK will
cause the Mauthner cell to fire action potentials through the duration of the
current stimulus, as seen in the adult goldfish (Nakayama & Oda 2004). As
previously mentioned, there is a possibility that the Kv1 channels are heteromers
comprised of Kv1.1 and 1.2 subunits if not others. However, only a single Kv1.1
subunit is necessary for the DTXK to bind and effectively block the channel
(Harvey 1997; Tytgat et al 1995). Therefore all Kv1.1 containing channels should
be blocked, allowing for its role to be determined.
The MiD2cm cell fires action potentials of similar amplitudes at a high
frequency, which suggests that the sustained potassium current is functionally
different than in the Mauthner cell, which does not fire at a high frequency.
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Additionally, the tonic firing suggests that there is at least a second population of
Kv channels present that enable the repetitive firing.
Beyond regulating cell excitability, Kv1 currents control several other
properties associated with action potentials. Kv1 currents increase the current and
voltage threshold for the generation of action potentials in GABAergic
interneurons of the neocortex (Goldberg et al 2008). Within the axon initial
segment of pyramidal cells, Kv1 currents shorten the duration of action potentials
and increase the amplitude of the afterhyperpolarization, which increases the
fidelity of action potential propagation during periods of high frequency firing
(Kole et al 2007). The reduced duration and larger afterhyperpolarization were
two features that distinguished the action potentials elicited by the MiD2cm cell
from those of the Mauthner cell. I suspect these distinguished features of the
MiD2cm cell are attributed to a population of heteromeric Kv1 channels that
differ from those present in the Mauthner cell. Inhibition of the Kv1.1 containing
channels with the application of DTXK would demonstrate the role of these
channels in the MiD2cm cell.
Regarding the greater sustained current density in the MiD2cm cell, one
possible explanation is the presence of a large conductance potassium channel
(Brew & Forsythe 1995; Hernandez-Pineda et al 1999). The likely candidate is
Kv3 channels as they are sensitive to TEA and allow for the firing of a train of
action potentials (Baranauskas et al 2003; Brew & Forsythe 1995; Ding et al
2010; Ishikawa et al 2003). Kv3 channels activate at more depolarized potentials
(Vm > -40 mV) and conduct delayed rectifier currents with fast activation and
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deactivation kinetics (Hernandez-Pineda et al 1999; Martina et al 1998; Rudy &
McBain 2001). This current contributes to shortening the duration of the action
potential, accelerating the repolarization phase of an action potential and
producing a large fast afterhyperpolarization (Baranauskas et al 2003; Ding et al
2010; Martina et al 1998). The rapid repolarization and fast afterhyperpolarization
facilitates the removal of sodium channels from inactivation and the deactivation
of Kv3 channels to mediate the high frequency firing of the neuron (Ding et al
2010; Rudy & McBain 2001). The channel properties of zebrafish Kv3.3
expressed in Xenopus oocytes are similar to its mammalian counterpart which
suggests it would play a role in permitting neurons to fire at high frequencies
(Mock et al 2010). The MiD2cm cell fires action potentials, which have a shorter
duration and larger afterhyperpolarization, at a higher frequency compared to the
Mauthner cell. I propose that this behavior is due to Kv1 and Kv3 channels acting
in a cooperative manner to enable the MiD2cm cell to fire action potentials at a
high frequency with sustained amplitude (Ding et al 2010; Ishikawa et al 2003;
Martina et al 1998).

4.5 Transient A-type current in the Mauthner and MiD2cm cells
Transient A-type currents are conducted by channels that contain Kv1.4,
Kv3.3, Kv3.4 or Kv4 subunits (Baldwin et al 1991; Coetzee et al 1999; Schroter
et al 1991; Stuhmer et al 1989). Kv3 channels form high voltage activated
channels with a V50 ~ 15 mV (Baranauskas et al 2003; Hernandez-Pineda et al
1999) and are sensitive to TEA with an IC50 = 0.3 mM (Rettig et al 1992; Schroter
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et al 1991). In my experiments, 5 mM TEA did not block the transient A-type
current in the Mauthner cell and the activation threshold of the peak current was
-40 mV. This eliminated the possibility that a zebrafish Kv3.3 or Kv3.4
homologue is contributing to the A-type current in the Mauthner cell.
The application of 5 mM 4-AP inhibited the transient current, but Kv1.4
and Kv4 subunits are all sensitive to 4-AP and insensitive to TEA (Coetzee et al
1999). They are classified as low voltage activated channels as they have
activation thresholds more negative than -50 mV (Baldwin et al 1991; Coetzee et
al 1999; Nakamura & Coetzee 2008; Serodio et al 1994). A distinguishing feature
between the two channels is that the decay kinetics of Kv1.4 channels is best fit
with a single exponential while the decay kinetics of the Kv4 currents have been
fit with either a double or triple exponential (Hashimoto et al 2000; Pak et al
1991a; Po et al 1993; Serodio et al 1996). I found that the inactivating component
of the transient current in the Mauthner cell was best fit with a double exponential
function. These characteristics of the current all point towards the A-type current
being conducted by the presence of a Kv4 subunit (Song et al 1998) rather than a
Kv1.4 subunit. Furthermore, evidence negating the presence of a Kv1.4 subunit,
discussed below, further supports the presence of a Kv4 subunit.
The zebrafish Kv1.1 subunit is present in the Mauthner cell and it has been
shown that when Kv1.1 and 1.4 are expressed in the same cell, a proportion of
channels are Kv1.1-1.4 heteromers (Isacoff et al 1990; Ruppersberg et al 1990).
The Kv1.1-1.4 heteromeric arrangement when expressed in oocytes produces a
transient A-type current that has an inactivation time constant (τ) of 228 ms. This
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is much slower than that of the Kv1.4 homomeric channels expressed in oocytes
where τ = 109 ms, which is still much slower than the value obtained in the
Mauthner cell (τfast = 30 ms) (Imbrici et al 2011; Ruppersberg et al 1990). Also to
note, Kv1.4 homomers are insensitive to TEA, while the application of TEA to
Kv1.4-1.1 heteromers reduced the amplitude of the transient component by 50%
(Ruppersberg et al 1990). In the Mauthner cell, TEA did not produce this same
effect on the transient component. Finally, preliminary immunohistochemical
experiments using antibodies against Kv1.4 and Kv3.4 showed no positive
staining in zebrafish larvae (data not shown). Although technical issues may have
contributed to a lack of staining, I tentatively conclude that Kv1.4 channels may
not be associated with zebrafish Mauthner cells and instead it is Kv4 channels that
conduct the transient A-type current in the Mauthner cell.
Kv4 channels are generally found in the soma and dendrites of neurons
where they regulate local membrane depolarizations and modulate back
propagating action potentials (Birnbaum et al 2004; Hoffman et al 1997). In
hippocampal pyramidal cells the transient current present in the soma and
dendrites reduces the amplitude of action potentials and limits their back
propagation (Hoffman et al 1997). Therefore in the Mauthner cell, the transient
current may be contributing to ensuring the Mauthner cell only fires a single
action potential when stimulated (Zottoli 1977). By modulating the back
propagation of action potentials, the transient current may be functioning with the
inhibitory networks to prevent the firing of a burst of action potentials at the onset
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of the stimulus (Hoffman et al 1997; Magee & Carruth 1999; Nakayama & Oda
2004).
In the MiD2cm, the application of 5 mM TEA blocked 85% of the current
and appeared to reveal an A-type current. This remaining current inactivated and
was best fit with a double exponential function. The conductance was calculated
using the GHK normalization which produced an activation curve that could be fit
with a Boltzmann function. This curve resembled the activation curve of the peak
current in the Mauthner cell but was slightly shifted in the hyperpolarized
direction. Because the application of TEA was performed in normal ECS, the
calcium currents likely interfered with the A-type potassium current as was shown
to occur with the sustained current of the MiD2cm cell (Figure 3.12). Therefore
the current density of the A-type current is probably greater than what was
recorded. Application of TEA in the K+ isolating solution would eliminate the
calcium current, allowing for the transient current to be properly characterized
and compared with the A-type current in the Mauthner cell.

4.6 Use of the Goldman Hodgkin Katz normalization to calculate channel
conductance
The ideal means of determining the conductance of voltage gated
potassium channels is from tail currents as they are all measured from a single
membrane potential and driving force. Unfortunately, measuring tail currents
produced by IA channels can be unreliable due to their small amplitude (Clay
2009). Traditionally, in steady state activation analysis, the current voltage (I-V)
relation was thought to be linearly proportional to the driving force (V-EK) in

122

physiological saline and ion conductance was calculated by dividing the peak
current by the driving force (Clay 1998; Hodgkin & Huxley 1952b). In the last
few decades, research has shown that Hodgkin and Huxley’s models may not be
an accurate representation of channel properties (Clay 1998). Instead, it has been
argued that the I-V relation is a nonlinear function of the driving force which is
best described by the Goldman Hodgkin Katz (GHK) equation (Clay 1984; 1991).
Determining steady state activation using the GHK normalization produces a
curve with a steeper voltage dependence that reaches saturation at depolarized
potentials (Clay 1998; 2000). Several studies have used this new methodology to
analyze the activation of A-type potassium channels (Johnston et al 2008;
Nakamura & Takahashi 2007; Persson et al 2005). Due to the inability to measure
reliable tail currents from the Mauthner cell I normalized the current using two
normalization methods, GHK and DF, to determine the conductance of the peak
and sustained currents (Clay 2000) (see Appendix I). For consistency the same
methods were used to calculate the conductance of the potassium currents in the
MiD2cm cell. Yet, because the MiD2cm cell predominantly contained a delayed
rectifier current, I was able to successfully record tail currents from which I
derived a conductance voltage plot. Thus for the MiD2cm cell, the steady state
activation attained using the three different methods were compared and analyzed
(see Appendix I).
The final confounding challenge that I have encountered throughout my
electrophysiology experiments is the inability to maintain the patch for an
extended period of time in potassium isolating solution, to apply Kv channel
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blockers. Groups that have used the GHK normalization to determine ion
conductance, either expressed individual subunits in an expression system
(Persson et al 2005) or were able to separate individual currents (fast-inactivating
from slow-inactivating) using pharmacology (Johnston et al 2008; Nakamura &
Takahashi 2007). In the Mauthner cell, the total Kv current consists of both fast
inactivating and delayed rectifier currents which likely contribute to both the peak
and sustained currents. Thus the calculated conductance of the peak and sustained
currents using the GHK normalization is probably a hybrid of the steady states of
activation of the different Kv channels. Therefore isolation of the transient and
sustained currents using a voltage protocol or pharmacology is necessary to
properly characterize the steady state activation of the individual channels
(Johnston et al 2008). As for the MiD2cm cell, if my hypothesis that Kv1 and
Kv3 channels are conducting the current is true, then separation of these currents
through pharmacology would also be required to calculate the conductance of the
individual channels.

4.7 Voltage gated calcium and calcium activated potassium channels
To block the individual components of the potassium currents while
recording from the Mauthner and MiD2cm cells using a K+ isolating solution was
quite challenging as I could not maintain the patch long enough to apply the
different pharmacological agents. Therefore, I used normal ECS, which contained
calcium, and added 4-AP and TEA to isolate and identify the different
components of the potassium currents. However, with the Mauthner and MiD2cm
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cells containing voltage gated calcium channels (VGCCs) (O'Malley et al 1996),
the calcium affected my ability to isolate the potassium currents and was
suspected of interfering with the current recordings. The application of 4-AP to
the Mauthner cell inhibited the peak current and revealed an inward current that
was likely due to the influx of calcium.
Therefore, to determine if the suspected calcium currents in the Mauthner
and MiD2cm cells were interfering with the potassium currents recorded using
normal ECS, I compared the peak and sustained current densities in the presence
and absence of calcium (Figure 3.12). As expected, in the absence of calcium, the
potassium current density was significantly increased in the MiD2cm cell,
indicative of the inward calcium current interfering with the ability to record the
total outward potassium current.
In the Mauthner cell the opposite effect was observed. The presence of
cadmium resulted in a significant decrease in the potassium current density. This
suggested that accompanying the activation of the voltage gated calcium channels
was a calcium activated potassium channel (KCa) that also contributed to the
outward potassium current during recordings in which calcium was present
(Ishikawa et al 2003). By blocking the VGCCs with cadmium, calcium was
unable to enter the cell and contribute to the activation of the KCa channel
(Ishikawa et al 2003). Therefore in the Mauthner cell, the decrease in potassium
current density was believed to be attributed to the KCa channel being unable to
conduct outward potassium current. Application of KCa channel blockers such as
apamin (small conductance KCa blocker) or IbTX (large conductance KCa blocker)
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should block the channel and reduce the current density (Ishikawa et al 2003; Jin
et al 2000), thereby confirming the presence of a calcium activated potassium
current in the Mauthner cell.

4.8 Role of the voltage gated potassium channel 1.1 in Trigeminal, Rohon Beard,
and Dorsal Root Ganglion neurons
My findings indicated that Kv1.1 channels are expressed in the soma of
three different populations of sensory neurons. One population of cells staining
for zebrafish Kv1.1 was located behind the eyes, believed to be trigeminal ganglia
based on its location (Metcalfe et al 1990). A second population of neurons was
located in the dorsal part of the spinal cord that stretched the length of the tail.
Based on their dorsolateral positioning and size of the soma I believe these to be
the Rohon Beard sensory neurons (Bernhardt et al 1990; Metcalfe et al 1990).
Similar staining was shown in stage 40 Xenopus embryos against XSha1, the
Xenopus gene encoding Kv1.1 (Ribera & Nguyen 1993). Finally positive staining
for zebrafish Kv1.1 was located in cell bodies along the midline of the trunk of 72
hpf larvae, which I believe to be neurons of the dorsal root ganglia (An et al 2002;
Reyes et al 2004). These three populations of neurons perceive somatosensory
stimuli and then transmit the signal to the Mauthner cell (Clarke et al 1984;
Kohashi & Oda 2008; Lewis & Eisen 2003; Metcalfe et al 1990; Svoboda et al
2001). Because the Mauthner cell is a high threshold neuron, stimulation by the
Trigeminal, Rohan Beard or DRG neurons evoke EPSPs but do not bring the cell
to threshold (Chang et al 1987; Kohashi & Oda 2008; Svoboda et al 2001).
Therefore, it has been proposed that these weaker excitatory inputs act in
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conjunction with signals from the auditory nerve, the primary stimulus that brings
the Mauthner cell to threshold, to modulate the response of the Mauthner cell and
ensure it reaches threshold (Chang et al 1987; Kohashi & Oda 2008). I
hypothesize that, to ensure the Mauthner cell only elicits an escape response to
threatening stimuli and is not hyper-stimulated, the activity of these sensory
neurons is regulated through voltage gated potassium channels raising their firing
threshold and limiting the number of action potentials they fire.
As Kv1.1 channels are known to regulate the excitability of neurons
(Barnes-Davies et al 2004; Chi & Nicol 2007; England et al 1995; Glazebrook et
al 2002; Kopp-Scheinpflug et al 2003; Smart et al 1998), they may be performing
this very role in the Trigeminal, Rohan Beard and DRG neurons of zebrafish.
Kv1.1 containing channels limit rat DRGs to firing a single action potential (Chi
& Nicol 2007). In addition sustained potassium currents have been recorded from
the Rohan Beard neurons of larval zebrafish and embryonic Xenopus and shown
to regulate their firing properties (Nakano et al 2010; O'Dowd et al 1988; Winlove
& Roberts 2011). Based on these studies, I suspect that the Kv1.1 channels are
responsible for regulating the activity of the Rohon Beard, Trigeminal and Dorsal
root neurons as well. This would enable the proper transmission of sensory
information to the Mauthner cell which would contribute to its activation so it
could elicit an escape response in the presence of an aversive stimulus.
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4.9 Future directions
The focus of my thesis was to determine how Kv1.1 channels regulated
the firing properties of the Mauthner and MiD2cm cells. Through my
investigation I was able to conclude that Kv1.1 is being expressed in both the
Mauthner and MiD2cm cells, yet the total Kv currents are very different. The Kv
current in the Mauthner cell is composed of a transient current and a delayed
rectifier current, while the current in the MiD2cm cell is predominantly a delayed
rectifier current with an underlying transient current.
For the Mauthner cell I have hypothesized that the delayed rectifier
current is conducted by heteromeric Kv1 channels, which includes Kv1.1, and
that its role is to ensure the Mauthner cell fires a single action potential. I have
proposed the transient current is conducted by Kv4 channels, which regulates the
membrane potential of the dendrites and soma further contributing to the reduced
excitability. In the MiD2cm cell I have postulated Kv1 and Kv3 channels are
present, producing currents that enable the high frequency firing of action
potentials. These hypotheses are all areas to direct future studies to better
characterize the Kv currents and how they contribute to regulating to the
differential firing behaviors of the Mauthner and MiD2cm cells.
The characterization of the zebrafish Kv1.1 current has yet to be
elucidated, but there are still options available to do so. One option includes
reattempting to apply DTXK while recording in K+ isolating solution. If the
presence of cadmium does not permit functional recordings, then calcium may
have to be reintroduced to the system along with the addition of calcium channel
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blockers. If DTXK can successfully block some of the current, then through
current subtraction the Kv1.1 current may be isolated. Further attempts can also
be made in trying to express the zebrafish channel in an expression system. It may
mean cloning out the open reading frame of P11986 and trying to express it in the
oocytes. If not an additional expression system, such as HEK-293 or CHO cells,
may be required. Finally, using morpholinos to knock down the zebrafish Kv1.1
genes and then recording Kv currents from the two different cells may provide
insight into the role of these channels and their current. Upon characterizing the
current, the next objective would be in understanding the role of Kv1.1 in
regulating the firing behavior. This would involve recording action potentials in
the presence of DTXK or after knocking out the Kv1.1 gene(s) with morpholinos.
If morpholinos were used, behavioral studies could be performed by partially
embedding the larvae in agarose (Sylvain et al 2010) to observe changes in the
escape response and correlate them to the altered firing activity.
A characterization of the other Kv subunits that may be present and how
they affect the behavior of the Mauthner and MiD2cm cells would develop a
greater understanding of the role of the different Kv channels in regulating
neuronal activity and how this contributes to their functioning as a neuronal
network. The suite of Kv subunits in the two different cells could be identified
through single cell RT-PCR and/or in situ hybridization (Song et al 1998). Based
on the subunits identified, currents could be isolated by voltage protocols
(Johnston et al 2008), to separate the transient current from the sustained current
in the Mauthner cell, or using specific pharmacological agents to determine if the
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sustained current of the MiD2cm cell is conducted by Kv1 and/or Kv3 channels
(Nakamura & Takahashi 2007). Ideally the same experiments should be
performed in the MiD3cm cell because although it is a homologue with similar
features of the MiD2cm cell, some studies have shown there to be discrepancies
between the activity of the MiD2cm and MiD3cm cells (Kohashi & Oda 2008;
Nakayama & Oda 2004). Upon completing the full characterization of all the Kv
channels expressed in the Mauthner series, the data could be incorporated into a
computer program, for example “Neuron”, to run simulations to model how they
contribute to regulating the escape response of the zebrafish.
A profile of the Kv currents and expression of the Kv subunits
developmentally may provide insight into any functional changes the neurons
may be undergoing and whether this correlates to changes in the escape response.
In the muscle fibers of zebrafish, Kv currents were observed to increase in current
density and alter their activation kinetics from 1 dpf to 6 dpf (Coutts et al 2006).
Unfortunately, recording currents from the Mauthner cell at 72 hpf and beyond
becomes difficult, however recordings could be performed at earlier stages of
development, ie 33, 36 and 42 hpf, to determine if the properties of the Kv
currents change. Furthermore, expression studies of the different subunits could
be performed over longer periods of development (1 dpf to 7 dpf) using RT-PCR
to observe if and when gene expression is being turned on and off.
The work of this thesis has provided insight that the behavior of the
Mauthner series of neurons appears to be regulated by more than one type of
potassium channel. Only after identifying each of the subunits and characterizing
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them on an individual basis can the sum of the parts be joined together to
understand how they function as a whole to regulate the activity of the Mauthner
series.
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6. Appendix I
6.1 Comparing methods to determine the conductance of voltage gated potassium
channels
Activation curves are used to understand the conductance of Kv channels
in response to changes in the membrane potential. One method of determining the
conductance is by measuring the amplitude of the tail current and graphing it
against the membrane potential. This is an ideal method as the tail currents are
measured with respect to a constant membrane potential and do not have to be
normalized (Clay, 2000) (Figure 1A). When recording from the Mauthner cell the
tail currents were very small in amplitude and did not reach a maximum value.
The reversal potential was calculated to be -97.2 mV, therefore several different
step down potentials (-120, -70, -50 and -35 mV) were tested to alter the driving
force in an attempt to increase the amplitude of the tail current; however only
minimal changes were observed. Small tail currents are a common occurrence
when A-type channels are present as they inactivate quickly after the cell is
brought to depolarized potentials (Clay, 2009). Therefore I calculated the
conductance of the Kv currents for the Mauthner cell using the GHK
normalization method (John Clay 2000, 2009).
For consistency, the conductance of the Kv current in the MiD2cm cell
was also calculated using the GHK normalization method. However, to my
knowledge, there are 3 different methods that have been used to determine the
conductance of Kv channels, 1) measuring tail currents and plotting tail current
amplitude against membrane potential, 2) calculating the conductance by
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normalizing the current to the driving force [G = IK / (V-EK)] (driving force
normalization) and 3) using the GHK normalization equation
gK = IK * 25/Vm * [((e^(Vm/25))-1) / ((e^((Vm-EK)/25)-1)]. As I was able to
record Kv tail currents from the MiD2cm cell, the midpoint of activation (V50)
and the slope factor (VS) (the steepness of the curve at the midpoint of activation)
calculated from these three different methods were compared to test the feasibility
of the GHK normalization (Figure 1C).
To record tail currents in the MiD2cm cell a voltage protocol was run in
which the cell was originally held at -90 mV (Figure 1B). The cell was then
stepped to a depolarized potential for 8 ms, which ranged from -60 to 65 mV at 5
mV intervals. To produce tail currents the membrane potential was then stepped
to -35 mV for 8 ms. To calculate the conductance using the GHK and driving
force normalization methods, the current amplitude was measured at the end of
the current trace, at time 198 ms (as per materials and methods) and substituted in
for IK. The membrane potential (Vm) was the potential at which the cell was held
to elicit the currents and the reversal potential (EK) was calculated to be -97.2 mV.
Upon plotting the conductance voltage curves, a Boltzmann function was
fitted to each to determine the steady state of activation parameters, V50 and VS.
The three different methods gave V50 values that were significantly different
(Figure 1C, Table 1, One Way ANOVA, P < 0.001). The GHK normalization
curve had a V50 = -8.19 ± 1.02 mV (n = 15), which was significantly more
negative than that derived from the tail currents (V50 = -1.03 ± 3.09 mV, n = 5,
Holm Sidak, P = 0.003) or the driving force normalization (V50 = 0.01 ± 1.0 mV,
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n = 15, Table 1, Holm Sidak, P < 0.001). Yet these latter two values were not
significantly different from one another (Holm Sidak, P = 0.65). The slope factors
of all three curves were significantly different from one another (Table 1,
Kruskal-Wallis, P < 0.001). The GHK normalization curve had the steepest slope
while the slope of the tail current curve was the most shallow (Figure 1C). This
leftward shift in the activation curve calculated using the GHK normalization was
the same as described by John Clay (2000).
To determine if similar trends were observed for the conductance of the
Kv currents in the Mauthner cell, the two different normalization methods were
used to produce activation curves (Figure 1D). For both the peak and sustained
currents, the GHK normalization procedure gave V50 values that were
significantly less positive (Table 1, t-test, P < 0.001, n = 8). As for the slope
factor, the GHK normalization produced curves with steeper slopes for both
currents (Table 1, t-test, P < 0.001, n = 8). Therefore just as in the MiD2cm cell,
the GHK normalization produced the same leftward shift in the activation curves
for the Mauthner currents.
Despite these comparisons, a decisive conclusion regarding the proper
method to determine Kv channel conductance cannot be inferred from the
presented experimental evidence. Regarding the MiD2cm cell, the tail current and
driving force normalization methods produced overlapping activation curves,
suggesting the latter may be an appropriate method to substitute if tail currents
cannot be recorded. However, the observed shift in the activation curves produced
by the GHK normalization is consistent with previous data that reassessed
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individual Kv channel conductances including that in the squid giant axon (Clay,
2000, 2009).
One of the avenues that must be further investigated is to isolate individual
currents conducted by channels of the different Kv subfamilies. The existing
conductance voltage plots likely represent an average conductance of all the Kv
channels present in the Mauthner and MiD2cm cells. Therefore, if individual Kv
subunits could be successfully expressed in oocytes, the tail currents of the
homomeric channels could be recorded and the conductance calculated. These
could be compared with the conductances of the in vivo current recordings,
determined using the GHK and driving force normalization methods, to assess the
method that most accurately models the steady state of activation of the Kv
channels.
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Figure 6.1. Conductance voltage plots of voltage gated potassium channel
currents in the Mauthner and MiD2cm cells at 48 hours post fertilization
(A) Current trace of tail currents evoked in the MiD2cm cell. (B) Protocol used to
evoke tail currents in the MiD2cm cell. Starting from a holding potential of -90
mV the cell was depolarized through a series of 8 ms voltage steps ranging from
-60 to 65 mV in 5 mV increments. The cell was then stepped to -35 mV for 8 ms
to evoke an outward tail current. (C) Conductance voltage plots of MiD2cm
potassium currents derived using tail currents (●) (n = 5), GHK normalization (●)
(n = 15) or driving force (DF) normalization (●) (n = 15) were fit with a
Boltzmann function. Differences were observed between the midpoints of
activation (V50) and slope factor (VS) values of all three methods (Table 6.1). (D)
Conductance voltage plots of Mauthner potassium currents derived using GHK
normalization (white symbols) (n = 8) or driving force (DF) normalization (grey
symbols) (n = 8) were fit with Boltzmann functions. The values of the V50 and VS
were significantly different (Table 6.1).
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Table 6.1. Steady state activation parameters of the Mauthner and MiD2cm
cells

Conductance voltage plots were fit with Boltzmann functions to determine the
midpoint of activation (V50) and the slope factor (VS) values. Values are Mean ±
SE. a Significantly different than the GHK normalization (t-test, P < 0.001, n = 8).
b

Significantly different than the GHK normalization (Kruskal Wallis Dunn’s

Method, P < 0.05). c Significantly different from the GHK normalization (One
Way ANOVA, P < 0.01).
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8. Appendix II
One of the goals of my thesis was to characterize the zebrafish Kv1.1
protein using electrophysiology to determine the type and proportion of current
the Kv1.1 containing channels were contributing to the total voltage gated
potassium currents present in the Mauthner and MiD2cm cells. Initially my
intention was to pharmacologically block the Kv1.1 channels using DTXK,
however maintaining patches for periods long enough to administer the toxin and
then record proved difficult. Therefore my next approach was to clone out the
zebrafish Kv1.1 channel and express it in Xenopus oocytes, whereby I would use
two electrode voltage clamp to record the potassium currents. Prior molecular
work had shown the zebrafish Kv1.1 protein was encoded by two different genes,
G62942 and G17108, which were paralogues of one another. Syntenic relations
showed G62942 to have greater conservation when compared with mouse and
human, while protein encoded by G62942 showed greater amino acid similarity
with human, mouse and rat (see Results section 3.1). Furthermore, my RT-PCR
data showed G62942 was expressed at 48 hpf and retained in adult brain, (Figure
3.7) while in situ staining suggested it to be present in the Mauthner cell.
Therefore I chose to clone out the G62942 gene and express it in oocytes first.
Unfortunately I was unsuccessful in recording large amplitude currents necessary
for analysis, and only observed very small amplitude currents. One explanation
for the lack of current may be due to low surface expression of the protein.
Mammalian Kv1.1 contains an ER retention signal in the pore region, which was
conserved in the zebrafish Kv1.1 sequence (Zhu et al 2005; Zhu et al 2001; 2003).
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Yet in spite of this, Dr. Gallin’s lab has been able to express mouse Kv1.1 in
oocytes and record currents, suggesting ER retention of the zebrafish protein is
unlikely. Another possibility is that very little protein was being transcribed. To
confirm the problem immunohistochemistry experiments could be performed to
determine if the protein is being expressed it all and if so, where it is located.

8.1 Xenopus oocyte expression
Primers were designed to encompass the open reading frame of
LOC795942 (G62942) with the forward primer having an XhoI restriction site
and Kozak sequence added to it. A SpeI restriction site was added to the 5’ end of
the reverse primer. The primer pair was WJG2862/WJG2847 with sequences
Fwd 5’- GGCTCGAGGCCACCATGACAGTTGTGGCTGGGG -3’ and
Rev 5’- GGACTAGTCTAGACATCGGTTAGCAGCTTACTT -3’. The PCR
reaction was (in µl): 36.25 molecular grade water, 10 HF buffer, 1 10 mM dNTPs,
1 cDNA, 1.25 Fwd primer, 1.25 Rev primer, 0.5 Phusion polymerase. This was
aliquoted into 4 tubes of 12.5 µl each. The PCR program was: 1. 2 min at 98oC, 2.
30 s at 98oC, 3. 7 s at 60oC, 4. 90 s at 72oC, 5. Go to step 2, repeat 30 times, 6. 7
min at 72oC, 7. Hold at 4oC. Immediately after, 0.5 µl of Taq 20a polymerase was
added to each of the PCR reaction tubes and the tubes were incubated at 72oC for
10 minutes to produce A overhangs. The PCR products were run out on a 1%
agarose gel and imaged as previously mentioned. A single band at 1500 bp was
cut out and extracted using the Qiagen extraction kit and eluted in 30 µl of
molecular grade water.
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The PCR product was cloned into the pCR 4 TOPO vector by adding 4 µl
of pcr product to 0.5 µl salt solution and 0.5 µl vector and leaving it at room
temperature for 5 minutes. 2.5 µl of the cloning mixture was added to 25 µl of
One shot Chemically competent E. coli cells and placed on ice for 5 minutes. The
cells were then heat shocked for 30 s at 42oC before adding SOC medium to them.
The cells were shaken at 240 rpm and 37oC for an hour before being plated on LB
+ AMP plates (100 µg/ml) and left to grow overnight in a 37oC incubator.
Four colonies were randomly chosen from the plates and placed in 2 ml of
LB+AMP medium in a culture tube. The tubes were placed on a shaker at 37oC
and left overnight. The plasmids were isolated using a Plasmid Mini Kit (Qiagen)
and eluted in 50 µl of elution buffer. A restriction digest was used to confirm the
presence of the 1500 bp insert in the four colonies. The digestion mixture was (in
µl): 5 water, 2 Buffer D, 0.5 XhoI, 0.5 SpeI, 12 plasmid. This mixture was placed
in a 37oC water bath for one hour then run on a 1% agarose gel. The bands at
1500 bp were cut out and extracted using a Qiagen extraction kit. The amplicon
was eluted in 30 µl of molecular grade water. Pop8 plasmid, which consists of the
pXT7 vector and a cloned insert, was also digested using the same procedure. The
1500 bp insert, the open reading frame of LOC795942 (G62942), was ligated into
the pXT7 vector using T4 DNA ligase. The reaction was (in µl): 6 water, 1 ligase
buffer, 2 insert, 0.5 vector, 0.5 T4 DNA ligase or 0 water, 1 Ligase Buffer, 8
insert, 0.5 vector, 0.5 T4 DNA ligase. The ligation reactions were placed in a
16oC sandbath overnight.
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The plasmids were transformed into bacterial cells using electroporation. 2
µl of plasmid was added to 54 µl of XL1-Blue Escherichia coli cells then placed
into a cuvette. The cuvette was placed in the electroporator and pulsed with 1800
mV. Immediately after 940 µl of SOC medium was added to the cuvette. The
mixture was then transferred to a 15 ml conical tube and placed in the 37oC
shaker/water bath for at least 45 minutes. The cells were plated on LB + AMP
plates and placed in the 37oC incubator overnight. Random colonies were chosen,
mini-prepped using a Plasmid Mini kit (Qiagen) and the isolated plasmids were
eluted in 50 µl of molecular grade water.
A colony PCR was run using the WJG2862 and WJG2847 primers and
300 ng of plasmid as template. The mixture was (in µl): 81 water, 10 10x reaction
buffer, 2 10 mM dNTP, 2 WJG2862, 2 WJG2847, 1 Taq 20a Polymerase. This
mixture was aliquoted into 11.5 µl and to each tube 1 µl of a different plasmid
was added. The mixtures were run using the DKVPCRG PCR program (section
2.3.1) with the following modifications. The annealing temperature was set at
60oC with an extension time of 1 min 30 s and run for 30 cycles. The reactions
were then run out on a gel and imaged as previously described.
The colonies that contained an insert were placed in 2 ml of LB + AMP
medium and placed on a 37oC shaker overnight. The plasmids were isolated using
a Qiagen Plasmid Mini kit and then eluted in 50 µl of molecular grade water to
prepare for sequencing using Big Dye. Four sets of primers were used in both the
forward and reverse direction. Two primers were vector specific WJG1174 and
WJG1175 produced against the pXT7 vector with sequences 5’-
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TGCTTGTTCTTTTTGCAGAAG – 3’ and 5’ –
GCTTAGAGACTCCATTCGGG – 3’ respectively. Six other internal primers
were produced using the sequencing application in the Primer3plus program. The
sequence for the open reading frame of LOC795942 with 68 nucleotides of pXT7
vector sequence added on either side was entered into the program. The program
produced an array of primers of which 6 were chosen. The names and sequences
of the three primers in the forward direction are:
629int2 5’ – GTAACCCAAAGAAGCGGATG – 3’;
629int3 5’ – TCGAATTGATAGTGCGCTTCT – 3’;
629int4 5’ – CATCGCTGGTGTGCTGAC – 3’.
The names and sequences of the three primers in the reverse direction are:
629int5 5’ – GAGGTCTCATCCATGTTGTCC – 3’;
629int6 5’ – TGACCATAACAGACACAATAGCAA - 3’;
629int7 5’ – GACGCCAATGAAGAGGAAGA -3’.
Sequencing results were blasted using NCBI then aligned to verify the sequence
of the open reading frame was correct before proceeding with mRNA synthesis.
Prior to mRNA synthesis, the pXT7/62942 plasmid was linearized using
the XbaI restriction enzyme in a reaction containing (in µl): 1.5 molecular grade
water, 2 10x Buffer D, 15 plasmid, 1.5 XbaI. The reaction was placed in a 37oC
water bath and left for 1.5 hours. The mix was then run on a gel and stained as
previously described. The band was cut out, extracted using the Qiagen extraction
kit and eluted in 30 µl of molecular grade water. 1 µl of purified product was run
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out on a 1% agarose gel alongside three standards which contained 0.1, 0.5 and
1.0 µg of linearized DNA.
The linearized plasmid was used as a template to produce mRNA using
the mMessage mMachine T7 polymerase kit. The reaction was set up at room
temperature with the following (in µl): 4 water, 10 T7 2x NTP/ARCA, 2 10x T7
reaction buffer, 2 linear plasmid, 2 T7 enzyme mix. The reaction was pipetted up
and down, microfuged then placed in a 37oC water bath for two hours.
RNA recovery was performed by lithium chloride precipitation. 30 µl of
lithium chloride and 30 µl of nuclease free water were added to the RNA
synthesis reaction then placed in the -20oC freezer for at least 2 hours. The
reaction was then centrifuged at max speed for 15 minutes at 4oC after which the
supernatant was aspirated off. The pellet was rinsed with 70% ethanol and
centrifuged again for 10 minutes at 8500 rpm. The ethanol was aspirated off and
the RNA was dissolved in 30 µl of molecular grade water. It was stored at -80oC
in 5 µl aliquots. To check for purity 1 µl of RNA was run on a 1% agarose gel.
Oocytes were injected with RNA, ranging in volume from 4.6 nl to 50.4
nl, then placed in a vial containing MBM or ND96 and stored at 18oC.

8.2 Expressing zebrafish voltage gated potassium channel 1.1 in Xenopus oocytes
No successful recordings of Kv1.1 currents were obtained from oocytes,
suggesting the channel was not able to be expressed. Several factors were altered
in an attempt to find the optimal conditions for the channel to be expressed. After
injections, most oocytes were incubated in MBM at 18oC while some were

168

incubated in ND96. I also tried to alter the volumes of mRNA injected into the
oocytes but this did not prove successful. A 1:10 dilution of the original RNA was
made, injected into the oocytes at different volumes and incubated in either MBM
or ND96 but to no avail. Procedural errors on my part were eliminated as I had
colleagues produce the RNA and inject the RNA into the oocytes but this did not
change the result. To rule out any problems associated with the plasmid the
sequence of the Kv1.1 open reading frame was double checked to ensure the
sequence was encoding a viable protein, in which case it was. There was a single
polymorphism detected within my cloned sequence but it produced a silent
mutation.
To record the currents of the zebrafish Kv1.1 a second expression system
may be necessary, such as HEK-293 cells. Another possibility would be to clone
out the open reading frame of G17108 and see if it would express in oocytes on its
own or in combination with G62942.
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10. Appendix III

Figure 10.1. Determining which exponential best fits the potassium
currents of the Mauthner cell
To determine the decay kinetics of the potassium current in the Mauthner cell,
the currents were fit with an exponential. Currents were fit with a single,
double or triple component function. To determine which best fit the current,
the sum of squared errors were statistically compared using a One Way
ANOVA. The exponential that gave the smallest sum of squared error value
and that was significantly different from the others was considered the best fit.
The graphs show that currents at -10 and 0 mV were best fit with a single
exponential while the currents elicited between 10 and 40 mV were best fit
with a double exponential. a denotes significantly different from the single
exponential (ANOVA, P < 0.05 , n = 8).
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