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Abstract 

Diversity in the expression of ion channel proteins among neurons allows a wide 

range of excitability, growth and functional regulation. Ether-a-go-go (EAG), a member 

of the voltage-gated K+ channels, was characterized by spontaneous firing in nerve 

terminals and enhanced neurotransmitter release. In situ whole-cell patch-clamp 

recordings performed from the somata of Drosophila larval thoracic aCC motoneurons 

revealed spontaneous spike-like events in eag mutants. Spontaneous events were absent 

in wild type motoneurons. Spikes evoked by somatic current injection in to the cell body 

were not altered and comparable to wild type. Spontaneous spike-like events could be 

due to increased synaptic drive or altered intrinsic excitability of the motoneuron. 

Reduction of EAG function with selective expression of eag double stranded RNAi 

transgene in motoneurons only did not cause spontaneous spike-like events or alter 

evoked firing. This suggests increased synaptic drive contributes to spontaneous events. 

 

Both transient and sustained voltage-activated K+ currents, each with Ca++-

sensitive (IA(Ca) and IK(Ca)) and Ca++ -insensitive components (IA and IK), were isolated in 

thoracic aCC motoneurons. In wild type motoneurons, IA was larger than IA(Ca). 

Conversely, IK(Ca) was larger than IK. Both eag mutants and eag RNAi expression resulted 

in a decrease in IA , IK and a slow sustained K+ current. Further, EAG and Shal 

demonstrate a potential functional interaction and contribute to IA. The voltage sensitivity 

for inactivation was reduced in Shal only and EAG-Shal double knock down compared to 
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controls and EAG only knock down. In addition, a Ca++ sensitive EAG dependent K+ 

current was blocked by cAMP. Thus, both voltage-dependent and modulatory functions 

of EAG influence excitability in motoneurons. 

 

Firing properties and K+ currents distinguish aCC motoneurons in thoracic 

segments, T1 and T3. T3aCC had a shorter delay to spike, higher input resistance and 

were more easily recruited than T1aCC. T1aCC had a larger IA than T3aCC, but 

comparable IA(Ca). IK(Ca) was larger in T3aCC compared to T1aCC. These differences 

reflect cell-specific ion channel distribution that could contribute to patterned segmental 

motor output. 
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In the most simplistic view, perhaps, the only function of an ion channel is to 

bring about a small change in ionic conductance, when activated. Yet, the number and 

type of ion channels in any given cell far exceeds our understanding of their apparent 

function.  

The ion channels are broadly defined by 

1. The type of ionic conductance (calcium, potassium, sodium and chloride) 

2. Mode of activation (voltage-activated, ligand-gated, temperature, light, ATP, pH 

etc.) 

3. Localization in different compartments of the cell (somadendritic, axon initial 

segment and presynaptic terminal) 

4. Modulation (interaction with other ion channel subunits and signaling 

mechanisms) 

The localization of an ion channel within a neuron defines its role in maintaining 

excitability. Excitability is a consequence of the type of input a neuron receives and the 

timing and the intensity of firing patterns it exhibits. Neurons are constantly adjusting 

their excitability gradient to maintain constant network function. Thus studying the 

function of ion channels is necessary to understand intrinsic excitability and network 

function.  

 

The work described in this dissertation aims at understanding the function of a unique 

potassium channel, Ether-a-go-go, in maintaining excitability in neurons. In addition, we 
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provide information on the diverse composition of potassium currents that give 

motoneurons their unique electrical and segmental identity.  

 

1.1 Localization and function of ion channels 
 

In the following three sections, I summarize the role of ion channels in three 

broadly defined locations of the cell, the somadendritic region, the axon initial segment 

and presynaptic terminal. In addition, information on the localization of vertebrate and 

Drosophila ion channels is provided wherever available. 

 

1.1.1 Dendritic integration 
 
Na+ channels present in dendrites provide amplification of synaptic input and 

local action potential generation. Particularly in cat spinal motoneurons, low threshold 

persistent Na+ currents (INap) in dendrites provide a significant boost to synaptic input, 

which can then lead to plateau firing (Lee and Heckmann, 2000). Na+ channels are 

uniformly distributed in dendrites of pyramidal neurons. In mammals, 9 genes encode 

Nav channels – Nav1.1-1.9 and in Drosophila two genes, DCS1 and paralytic (para) 

encode Na+ channels. The discovery that dendrites receive back-propagating action 

potentials from the axon revolutionized the field of dendritic integration and dendritic ion 

channel physiology (Stuart and Sakmann, 1994). Subsequently, many voltage-gated ion 

channels have been identified in different regions of the dendrites.  

 



16 
 

Ca++ entry through voltage-gated Ca++ channels in dendrites is primarily responsible for 

the depolarization caused by excitatory synaptic input. Depolarization propagates along 

the dendrite opening more Ca++ channels resulting in a boost in the amplitude of synaptic 

input reaching the cell body. It has been demonstrated that similar to Na+ channels, Ca++ 

channels help in back propagation of action potentials (Schiller et al., 1995). Unlike Na+ 

channels, Ca++ channels show a non-uniform distribution, some channel isoforms are 

found near the proximal dendrites whereas others are found more distally. Ca++ channels 

are classified as T-type, P/Q, N-type, R-type and L type based on their voltage threshold 

for activation. In Drosophila, L-type Ca++ currents are present in the somadendritic 

region in larval motoneurons (Worrell and Levine, 2008). 

 

K+ channels are widely expressed in the nervous system and perform multiple 

functions. About 10 families of α subunit of Kv channels exist in mammals and 4 in 

Drosophila (Shal [Kv4], Shab [Kv2], Shaw [Kv3] and Shaker [Kv1]). The role of 

inactivating A-type K+ channels present in dendrites is now becoming clear. A decreasing 

gradient of expression is observed from distal to proximal dendrites in CA1 pyramidal 

neurons and is responsible for attenuation of back propagating action potentials 

(Hoffman, 1997; Johnston and Narayanan, 2008). When back propagating action 

potentials and synaptic potentials are time-locked, the resultant depolarization inactivates 

A-type K+ current and results in decreased attenuation of back propagating action 

potentials. Such “coincident detection” mechanisms are important in synaptic integration 

and plasticity (Schaefer et al., 2003).  
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Kv4 channels (Shal homolog in vertebrates) encode A-type K+ currents and are 

present in the dendrites, the soma and axon initial segment (Sheng et al., 1992; Bergquist 

et al., 2010). Shal/Kv4 sequences are the most conserved of ion channel sequences from 

nematode to humans. The presence of a 16 amino acid sequence containing di-leucine 

residues ensures dendritic localization of these channels in all organisms (Rivera et al., 

2003).  

 

1.1.2 Action potential generation and propagation 
 

Na+ and K+ channels are present in the axon initial segment where action 

potentials are initiated. Nav channels are distributed in the nodes of Ranvier to ensure 

proper saltatory conduction. In Drosophila, in situ hybridization reveals the presence of 

para and DSC1 mRNA in the ventrolateral, dorsolateral and medial neurons in the larval 

ganglion (Hoang and Ganetzky, 1994). Shal channels regulate the latency to first spike 

and spike frequency (Schaefer et al., 2010; Chapter 2, in this dissertation). Both Nav 

channels and Kv4 channels have endoplasmic retention signals, which prevent surface 

expression. The β subunits of both channels are necessary for efficient surface 

expression. Further, M-currents, encoded by KCNQ channels, operate at subthreshold 

membrane potentials and are responsible for maintaining the resting membrane potential 

of cells. These channels are also found in the axon initial segment and contribute to spike 

adaptation in spinal motoneurons of adult turtle (Lai and Jan, 2006; Alaburda et al., 

2002). SK channels encode a small conductance Ca++-activated K+ current, which is 

responsible for limiting repetitive firing by bringing about post spike hyperpolarization 



18 
 

(for review: Bond et al., 1999). In the crustacean stomatogastric ganglion (STG), 

serotonin increases Ca++ current and leads to plateau potentials (Zhang and Harris-

Warrick, 1995). Similarly, dopamine acts on the lateral pyloric neurons of the STG and 

increases hyperpolarization-activated Ih currents resulting in increased post inhibitory 

rebound (Harris-Warrick et al., 1995). In addition to these above-mentioned channels, 

Kv1 and Kv3 are also involved in regulating firing rate and in action potential 

repolarization. 

 

1.1.3 Synaptic release 
 

Two major types of ion channels have been implicated in synaptic transmission. 

First, Cav2 channels, and their Drosophila homolog cacophony, are found in presynaptic 

terminal, where they are crucial for synaptic release. The depolarization brought about by 

action potentials results in the opening of Cac channels in the presynaptic terminal, 

permitting Ca++ influx resulting in neurotransmitter release (Macleod and Zinsmaier, 

2006). Synaptotagmin, a calcium sensor associated with synaptic vesicles, ensures 

placement of synaptic vesicles close to Cac channels (Young and Neher, 2009). Cac has 

sequence motifs that guarantee proper localization in the presynaptic terminal (Kawasaki 

et al., 2000 and 2002). Second, K+ channels, Shaker and Shab, are also predominantly 

found in presynaptic terminal and perform different roles in regulating synaptic release. 

Shaker is involved in basal release of neurotransmitter, whereas Shab regulates repetitive 

neurotransmitter release (Ueda and Wu, 2006). 
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1.2 Modulation of ion channels and cellular signaling 
 

Few ion channels can perform both ion conduction and influence intracellular 

signaling cascades directly (see chapter 3 introduction). A majority of ion channels 

function as complexes with other proteins and participate in cellular signaling. Auxiliary 

subunits (α2, β and δ) of ion channels are important for proper cell surface expression 

and for modulation of the gating kinetics and interactions with signaling cascades. Two 

types of auxiliary subunits exist, the cytosolic versions bind to the C terminus region of 

the ion channel and the transmembrane versions get incorporated as a part of the channel 

pore of the α subunit. K+ channel β subunits (also called K+ channel interacting protein 

[KchIPs]) fall into the cytosolic class of auxiliary subunits. 4 identified KchIPs exist for 

Kv4 channels and perform multiple roles. First, KchIPs regulate inactivation kinetics and 

channel gating of Kv4 channels. Second, KchIPs are calcium-binding proteins and are 

important for regulation of presenilins, proteins involved in cleavage of the 

transmembrane domains of membrane proteins. Third, they serve as transcription 

regulators. It is yet unclear whether Kv4 -KchIPs complexes also perform all three above-

mentioned functions (for reviews: Kaczmarek, 2006; Jerng et al., 2004). For instance, 

increased excitability resulting in increased Ca++ entry can activate KchIPs and 

subsequent upregulation of Kv4 function to compensate for the change in excitability 

(Anderson et al., 2009, further discussed in Chapter 3, introduction). Such activity-

dependent interactions among ion channels would be beneficial to maintain short-term 

changes in excitability.  
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1.2.1 Structural changes and excitability 
 

Unlike KchIPs, β subunits of Na+ channels are cell adhesion molecules (CAMs), 

which are present on the cell surface and enable binding to other cells or to the 

extracellular matrix. The β subunits also bind to ankyrin, which are involved in binding 

of proteins to the cytoskeleton. Thus, there is a direct link between ion conduction and 

cell morphology. It is interesting to speculate whether changes in excitability mediated by 

Na+ channels lead to changes in cytoskeletal architecture leading to dendritic growth. 

  

1.2.2 Long-term regulation of excitability 

Calcium entry can activate multiple signaling pathways. Calmodulin is a Ca++ 

responsive protein capable of translocating to the nucleus. It also activates calcium- 

calmodulin dependent protein kinase (CAMKII). Ion channels have a CaM kinase 

binding domain and autophosphorylation of CaMKII has been studied in detail (further 

discussed in chapter 3, introduction). CaMKII activates the MAP kinase and Ras 

signaling pathways, which serve as another direct route to transcriptional activation. Both 

these mechanisms lead to activation of cAMP response element binding protein (CREB) 

leading to the transcription of c-fos, an immediate early gene. c-fos forms a part of the 

activating protein-1 transcription complex that brings about changes in synaptic strength, 

number, and changes in dendritic morphology (Hartwig et al., 2008; Sanyal et al., 2002). 

Although, c-fos expression has become a litmus test for changes in neuronal excitability, 

molecules downstream of c-fos expression are yet unknown.  
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1.3 Homeostatic regulation  

Homeostasis is a mechanism that produces constant output. Evidence exists in 

numerous systems. Experimental perturbations are counteracted by increase in expression 

of its counterparts. For the purposes of this dissertation, only intrinsic changes in 

excitability that leads to ion channel homeostasis are discussed. Network level 

homeostasis has been demonstrated in many systems and not discussed here (for reviews: 

Turrigiano and Nelson, 2004).  

 

1.3.1 Activity-dependent and activity-independent homeostasis 

Activity-dependent and activity-independent homeostatic mechanisms control 

expression of ion channels leading to invariant neuronal firing patterns. Inferior cardiac 

cells, in the lobster STG, show cell-to-cell variation in conductance of three ionic 

currents, IA, Ca++-activated K+ currents and delayed rectifier currents (Golowasch et al., 

1999). Modeling studies have later shown that multiple combinations of ionic 

conductance can bring about same neuronal firing patterns (Prinz et al., 2004). Activity- 

dependent changes can bring about compensatory alterations in ionic conductance to 

produce constant firing patterns. Maclean et al., demonstrated that activity-independent 

mechanisms also bring about alterations in ionic conductance. The authors showed that 

overexpression of Shal mRNA leads to increase in IA, without an effect on neuronal 

firing. An upregulation of hyperpolarization-activated cyclic-nucleotide gated channels 

(HCN) has been observed to compensate for the increase in IA. The compensatory 

increase is not due to activity-dependent changes, since mutant non-functional Shal 
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overexpression also resulted in increase in HCN expression. Activity-independent post-

transcriptional mechanisms regulate expression levels of these channels (MacLean et al., 

2003 and 2005).  

 

1.3.2 Maintenance of constant neuronal output 

Recently, increasing evidence has been accumulating to suggest that expression 

and function of certain pairs of ion channels are coupled. In Drosophila giant neuron 

culture system, cacophony mutations cause a decrease in Ca++-activated K+ current and a 

concomitant upregulation of IA to maintain the levels of K+ currents constant (Peng and 

Wu, 2007). In hippocampal CA1 dendrites, absence of Kv4 channels lead to reduced 

attenuation of back propagating action potentials, leading to increased dendritic 

excitability. Kv1 channels upregulated in the same neurons do not compensate for the 

increase in dendritic excitability but alter neuronal firing to bring about constant neuronal 

output (Chen et al., 2006). Recently, a similar mechanism has been shown to operate in 

Drosophila larval motoneurons. shal mutants result in decrease in IA (Bergquist et al., 

2010; Schaefer et al., 2010; Chapter 2, in this dissertation). Upregulation of Shaker 

mRNA levels in shal mutants do not compensate for IA currents in the soma, but greatly 

reduce synaptic release to prevent post synaptic perturbations caused by increased 

presynaptic neuronal firing (Bergquist et al., 2010). Shaker and Shal function in different 

regions of the cell and are transcriptionally and functionally coupled to maintain constant 

output. Cell autonomous homeostatic mechanisms are therefore higher in hierarchy than 

network level homeostasis. 



23 
 

1.3.3 Sensors of excitability 

Two different methods of maintaining excitability in a cell have been proposed.  

1. Each neuron has a target activity pattern and sensors can detect changes in excitability 

and bring about required homeostatic compensation. Ca++ and cAMP have long been 

thought to be global sensors for change in excitability (Liu et al., 1998). Intracellular 

Ca++ increase is a common platform for most cellular changes. The mechanism that 

distinguishes changes in homeostatic control through global increase in Ca++ remains 

unknown. Homeostatic control across cells cannot be explained by changes in Ca++ 

levels. Hence, intercellular signaling has received its due importance. Bone morphogenic 

protein (BMP) retrograde trans-synaptic signaling is thought to be one method of 

homeostatic control across cell types (Aberle et al., 2002; McCabe et al., 2003). 

2. Every cell has a predetermined set of ion channels and absence of one leads to 

homeostatic compensation by other channels. The above-mentioned examples of ion 

channel homeostasis support the second possibility (for reviews: Davis, 2006). 

 

1.4 Ion channelopathies 
 

Ion channel physiologists, especially those who work with genetic model systems, 

study the function of a particular ion channel by generating mutations leading to loss of 

function. Pharmacological blockers are also used to study the function of ion channels in 

vivo. Both these methods provide insight into the function of ion channels in maintaining 

excitability. Altered motor function has been frequently observed in ion channels 

mutants. 
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One of the landmark discoveries that brought resurgence in ion channel research 

was the discovery that mutations in Nav1.4 channel α subunit leads to hyperkalemic 

periodic paralysis (Cannon et al., 1991). A gain of function mutation leads to reduction in 

inactivation of Na+ channels leading to a constitutively open state of the channel. The 

resultant sustained depolarization leads to a refractory state of the muscle fiber. Since this 

discovery, at least 40 ion channel gene mutations leading to diseases have been 

discovered.  

 

1.4.1 Ion channels and brain disorders 
 

Multiple brain disorders are related to ion channel malfunction. Epilepsy is an 

example of one such disorder, where multiple ion channel mutations have been identified 

Epilepsy is characterized by synchronous excessive activation of populations of neurons. 

The severity in phenotype depends upon the regions of the brain affected. Gain of 

function Na+ channel α subunit mutations, similar to those seen in periodic paralysis, 

result in altered inactivation kinetics and increased excitability. A single base pair 

mutation in the β subunit of Na+ channels leads to defective channel gating resulting in 

febrile seizures. In addition to Na+ channels, mutations in KCNQ channels, acetylcholine 

and GABA receptors result in epilepsy (for reviews: Cannon, 2007; Mizielinska, 2007)   
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1.4.2 Ion channels as pharmaceutical targets 
 

K+ channels encoded by Human Ether-a-go-go related gene (HERG) have been 

shown to be responsible for the repolarization phase of a cardiac action potential. Long 

QT syndrome, is a genetically transmitted disorder characterized by the abnormally long 

QT interval seen in an ECG. The QT interval marks the repolarization phase of a cardiac 

action potential. Patients suffering from LQTS often experience cardiac arrest, which can 

result in ventricular fibrillation eventually leading to death. Genetic analysis of the 

disease trait loci identifies HERG as one of the candidate genes, making HERG a 

potential pharmacological target. Class III arrhythmic drugs have been demonstrated to 

potently block HERG channels. In addition, anti-histamine drugs that are commonly 

prescribed for allergic reactions have been shown in certain cases to prolong the QT 

interval leading to arrhythmia. Drugs such as terfandine and astemizole have been shown 

to interfere with action potential repolarization in cardiac tissue. Hence, HERG has also 

become a target for the test of anti-histamines (Taglialatela et al., 1998). 

 

1.4.3 EAG and cancer 
 

Apart from the voltage-gated K+ channel function, Ether-a-go-go (EAG) is also 

involved in cell proliferation (see Chapter 3, introduction for details). The recently 

discovered oncogenic potential of EAG1 has led researchers to identify cancers in which 

eag1 expression is upregulated. Consequently, EAG1 is found in most cancer cell lines. 

Introduction of EAG into immune deficient SCID mice resulted in aggressive tumors. 

EAG1 has now become a potential marker of cancerous cells and the eag mRNA is 
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expressed in all cervical cancers, in certain gliomas, melanoma and neuroblastoma 

(Camacho, 2006). 

 

1.5 Studying ion channel function in a genetic model system 
 

Investigating the role of an ion channel is accomplished through two methods.  

1. Pharmacological blockers are used to isolate particular ionic currents or block certain 

ionic currents. Blockers are not available for all ion channels and most blockers are not 

specific to one ion channel, thus complicating results. In addition, it is impossible to 

focally apply blockers only to the cell of interest without affecting neighbouring cells.  

2. In genetically tractable systems, mutants for ion channels are generated to test their 

function. Similar to the use of blockers, it is not possible to isolate network level effects 

from cell intrinsic effects in mutants. Hence, sophisticated genetic techniques need to be 

performed to study the function of ion channels only in the cells of interest. Drosophila 

offers this unique advantage. The following sections briefly summarize the array of 

genetic techniques available in Drosophila and its use in studying nervous system 

function. 

 

1.5.1 Genetics in Drosophila 
 

The Drosophila nervous system has become an attractive model to address 

questions related to neuronal excitability and behaviour. With the availability of the 

human and Drosophila genome, disease causing gene mutations in mammals are now 
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studied in flies. The simplicity of the fly nervous system compared to the vertebrate 

nervous system with fewer neurons, and the ability to score reliable behaviour have been 

looked upon as benefits. Homeodomain transcription factors and secreted proteins, such 

as sonic hedgehog sculpt the mammalian spinal cord in early development into rostra-

caudal and dorsal-ventral axes, have Drosophila homologs performing the same function 

in the ventral ganglion (for reviews: Jessell and Goodman, 1996 and Jessell, 2000). 

Sequence homology among ion channels, synaptic proteins, and developmental genes are 

useful to correlate information from mammalian nervous system to Drosophila nervous 

system.  

 

1.5.2 Obtaining mutations in the gene of interest 
 

Forward genetics has been classically used to obtain point mutations in genes. 

The effectiveness of obtaining a mutation with a chemical mutagen, Ethyl Methyl 

Sulphonate (EMS), results in about 50-80% of mutations in autosomes (second and third 

chromosomes out of four chromosomes). Extensive screening process is undertaken to 

select for mutations. The process is often laborious and the potential draw back with this 

approach is that mutations occur at random.  

 

The reverse genetic approach is to begin with a gene of interest and identify 

transposon P-elements (mobile genetic elements that are engineered in to flies to integrate 

in to the genome) around the gene of interest. Application of an enzyme, transposase, 

remobilizes the P-element. During the process of mobilization, the P-element is excised 
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from the genome. The excision process is either precise (only the P-element is removed) 

or imprecise (a part of a gene lying close to the P-element is removed), creating a 

deletion in the gene of interest. The caveat with this technique is that P-element can be 

integrated only in regions called hotspots; therefore, it is not possible to obtain deletions 

in other regions of the genome. The mobilized P-element can get integrated in to other 

regions of the genome causing secondary effects. With the availability of Drosophila 

genome, this basic technique has been tremendously advanced, and more efficient 

methods have been adopted to obtain deletions only in the gene of interest (for reviews: 

Venken and Bellen, 2005; see Chapter 3, introduction). 

 

1.5.3 GAL4-UAS system 
 

The binary expression system, GAL4-UAS system, has been a great advantage to 

Drosophila in identifying specific populations of neurons. Using this technique, it is 

possible to misexpress a lethal mutant gene in only a few cells without affecting the 

entire nervous system. Yeast transcription activation factor, GAL4, has been engineered 

and inserted in to flies early in the germline. When a GAL4 construct integrates in the 

enhancer region of a gene, tissue specific expression is obtained. For instance, integration 

of GAL4 in the promoter region of acetylcholine transferase gene results in GAL4 

expression only in cholinergic neurons. GAL4 binds to Upstream Activation Sequence 

(UAS) and brings about transcription of downstream genes. If green fluorescent protein 

has been engineered downstream of UAS, then cholinergic neurons will express GFP and 

can be visualized (Brand and Perrimon, 1993). 
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1.5.4 FLP-FRT systems 
 

Mosaic expression of cells labeled with the GAL4-UAS system can be further 

brought about by the use of a recombination strategy using flip recombinase and flip 

recombinase target sites (discussed in chapter 4, introduction). Spatial and temporal 

expression of flip recombinase can be induced by heat shock or by chemicals. The result 

is a conditional mosaic expression of the gene of interest in only a few neurons. Thus 

studying mutants in a wild type background is possible (Golic and Lindquist, 1989). The 

technique can be further extended to conditionally turn on GAL4 expression at desired 

time periods using yeast transcription factor GAL80, which blocks of GAL4 expression. 

Inducible expression, either through chemicals or temperature, provides a further 

temporal control over GAL4 expression (McGuire et al., 2003; see chapter 2 

supplemental image). 

 

1.5.5 RNAi strategy 
 

Small interference RNAs can be used to efficiently inhibit gene expression in 

selective cells of interest by combining the RNAi strategy with the GAL4-UAS system. 

With the availability of the Drosophila genome sequence, double stranded RNAs have 

been generated for most Drosophila genes (Dietzl et al., 2007). During the initiation 

phase, long double stranded RNA is found associated with ribonuclease III enzyme, 

Dicer, which is natively expressed in Drosophila. Dicer cleaves the double stranded RNA 

into 21-23 nucleotide small interference RNAs (si RNAs). Once cleaved, si RNAs 

become incorporated with the RNA-induced silencing complex (RISC). The complex and 
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siRNAs recognize, bind and cleave the native mRNA (Palmer et al., 2006). The cleavage 

of the mRNA results in the loss of gene expression. Currently, most of the Drosophila 

genes have corresponding double stranded RNAs available as UAS constructs. Thus, for 

example, ion channels mRNAs can be selectively knocked down in a few cells using 

GAL4-UAS system. 

 

1.5.6 Optogenetics 

The field of optogenetics has begun revolutionizing Drosophila neurobiology. 

Channel rhodopsins (ChR2) are monovalent cation channels used to induce excitability in 

the cell of interest. ChR2 are triggered by exposure to ~473 nm of light, leading to Na+ 

influx and resultant depolarization. Similarly, Halorhodopsins (NpHR) are chloride 

channels, which can be activated by ~580nm of light. The activation produces 

hyperpolarization of the cell. Hence, ChR2 and NpHR can be used to increase or decrease 

excitability in cells (Zhang et al., 2007). These proteins when engineered under UAS 

constructs and expressed through the GAL4-UAS system can be used to manipulate 

excitability in selective populations of cells. For instance, cholinergic GAL4 lines can be 

used to activate ChR2 only in cholinergic neurons and study their resultant change in 

excitability and contribution to behaviour. 

 

1.6 Larval nervous system of Drosophila 
 

The Drosophila larval central nervous system consists of a pair of brain lobes and 

a fused ganglion composed of the subesophageal, thoracic and abdominal ganglia. 
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Neurons in each ganglion control the function of the corresponding body wall segment, 

and are bilaterally symmetrical and segmentally repeated. Unlike the ganglion, the brain 

is divided into centers and each center performs a unique function. 

 

1.6.1 Interneurons in the larval ganglion 
 

Acetylcholine (Ach) is the predominant excitatory neurotransmitter in the larval 

ganglion similar to other insects. Expression of choline acetyl transferase is observed in 

the larval neuropile in both the thoracic and abdominal ganglia (Yasuyama and 

Salvaterra, 1999). Focal application of Ach evoked excitatory post-synaptic currents and 

strong sustained depolarizations to larval motoneurons. GABA is the inhibitory 

neurotransmitter in Drosophila. Focal application of GABA evoked inhibitory post 

synaptic chloride currents in larval motoneurons (Rohrbough and Broadie, 2002).  

Chloride channel blocker, PTx, sensitive currents have been identified in Drosophila 

culture systems (Lee and O’Dowd, 1999). Although, these experiments demonstrate a 

functional presence of GABA and acetylcholine receptors in motoneurons, the synaptic 

connections between GABAergic and cholinergic neurons and motoneurons still remains 

to be discovered (fig. 1.1) 

 

1.6.2 Aminergic neurons 
 

The larval ganglion has a wide expression of biogenic amines, serotonin, 

dopamine and octopamine. Serotonin is found in two bilateral interneurons in every 
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segment and serotonergic processes are found to envelope the neuropile region of the 

same segment (Vomel and Wegener, 2008; fig. 1.1).  

 

Dopamine plays multiple roles in Drosophila. It has been implicated in sleep and 

arousal (Foltenyi et al., 2007) and blocking dopamine function in Drosophila larva 

resulted in paralysis (Cooper and Neckameyer, 1999). Single dopaminergic neurons are 

found in the lateral part of each hemisegment and they send their processes to the 

ventromedial part of the neuropile (Vomel and Wegener, 2008). 

 

Octopamine is a prominent neurotransmitter and neuromodulator in insects and 

initiates fictive flight in Manduca (Vierk et al., 2009). In the larval ganglion, 

octopaminergic neurons are found in three groups, the first group consists of ventral 

unpaired median neurons (Vums). Vum axons project to the periphery and make type II 

contacts with muscles. The second group of neurons is found in between the 

subesophageal ganglion and the first thoracic segment. The third group of neurons is 

present in all thoracic segments and in the first abdominal segment (Monastirioti, 1999; 

Vomel and Wegener, 2008). Larvae that are mutant for tyramine β hydroxylase do not 

produce octopamine and demonstrate severe locomotor defects. Extracellular recordings 

from these mutants demonstrate the necessity for tyramine and octopamine in larval 

crawling (Fox et al., 2006; Saraswati et al., 2003).  
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1.6.3 Dorsomedial motoneurons 
 

Dorsomedial motoneurons in the larval ganglion are segmentally repeated and are 

made up of 5 distinct cells (MNISN-1s, MN6/7-1b, MN30-1b MN14-1b, MN1-1b*) in 

each abdominal hemisegment. The motoneurons are named according to their target 

muscle number and the type of synaptic connection (see below). MNISN-1s is the most 

anterior of the five cell cluster followed by a row of three cells, MN30-1b, MN14-1b and 

MN6/7-1b. Posterior to this row is MN1-1b. MN1-1b and MNISN-1s target dorsal body 

wall muscles and are specified by even-skipped, a transcriptional activator. MN1-1b has 

bilateral dendritic arborization and an ipsilateral axon that exits the CNS through the 

intersegmental nerve and targets muscle 1. MNISN-1s has an ipsilateral dendritic arbor 

and axon, which leaves the CNS through the intersegmental nerve and targets muscles 1, 

2, 3, 4, 9, 10, 19 and 20 in the same segment as MN1-1b. MNISN-1s use the same nerve 

as MN1-1b in the anterior segment and targets muscles in the anterior segment. MN6/7-

1b, MN30-1b and MN14-1b all target ventral muscles. MN30-1b and MN14-1b project 

contralaterally and exit the ganglion through the segmental nerve. MN14-1b targets 

muscle 14 and MN30-1b targets muscle 30. MN6/7-1b has a bilateral dendritic arbor and 

a contralateral axon that uses the segmental nerve to target muscles 6/7 (Hoang and 

Chiba, 2001; Choi et al., 2004).  

*For convenience, motoneurons targeting to dorsal muscles are indicated in red and 
motoneurons innervating ventral muscles are indicated in green. 

 

Thus, in the five-cell cluster, the middle row of three cells all target ventral 

muscles and the top and bottom cells target dorsal muscles. In addition to differences in 



34 
 

dendritic morphology and muscle targets, motoneurons in this five-cell cluster are also 

distinguished based on their electrical properties (Choi et al., 2004). 

 

The distinction of dorsal versus ventral motoneurons is brought about during 

development by the expression of certain genes. Transcription factor, even-skipped is 

expressed in dorsally projecting motoneurons. Lim3, Islet and HB9 are expressed in 

motoneurons that projects to lateral and ventral muscles (Fujioka et al., 2003; Thor and 

Thomas 1997; Thor et al., 1999).  

 

Drosophila muscles receive graded synaptic input and are classified based on the 

synapse type. They are broadly classified as, Type 1 – large (1b) and small (1s) boutons 

(nerve endings) and type II - small boutons and type III- insulin-releasing boutons 

(Atwood et al., 1993). Type 1b boutons, as the name suggests, have large synaptic 

terminals, their motoneurons have lower threshold for excitation and are similar to the 

vertebrate slow motoneurons. MN1, MN30 and MN14 make type 1b connections to a 

single muscle. Type 1s motoneurons have small boutons and their motoneurons have 

higher threshold for firing (Kurdyak et al., 1994; Lnenicka and Keshishian, 2000).  

 

Most of the research involving the neuromuscular junction (NMJ), motoneurons, 

dendritic morphology is from the abdominal segments due to their involvement in 

locomotion (discussed in detail in chapter 4). The location and function of the central 

pattern generator for crawling in the larval ganglion is still unknown. Ablation of 
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synaptic transmission in different cell types in the larval ganglion has demonstrated a 

requirement for dopaminergic, serotonergic and other peptidergic neurons for normal 

crawling behaviour. But no information on the requirement of distinct neuronal 

populations or spatial location of neurons for larval crawling in the ganglion emerged 

from this study (Suster et al., 2002). A dedicated effort to identify presynaptic neurons 

for motoneurons and post synaptic neurons of neuromodulatory neurons is essential to 

begin understanding larval crawling circuitry. 

 

1.7 Summary of specific aims 
 

In the recent years, new potential roles of K+ channels have been discovered. K+ 

channels not only regulate cellular excitability and maintain the resting membrane 

potential, but are also involved in intracellular signaling and in regulating cell 

proliferation. Ether-a-go-go (EAG), a voltage-gated K+ channel, has unique structural 

characteristics that enable it to perform as a voltage-gated channel and also influence 

intracellular signaling. Mutations in Drosophila eag lead to spontaneous, repetitive firing 

in motor terminals and enhanced neurotransmitter release at the neuromuscular junction 

(Ganetzky and Wu, 1983). EAG has multiple sites for modulation and results from in 

vitro experiments demonstrate many potential roles of EAG in regulating excitability, cell 

proliferation and gene expression. However, the role of EAG in the nervous system is not 

well understood. Hence, EAG serves as an ideal candidate ion channel for understanding 

the role of a single K+ channel in excitability. 
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The Drosophila larval nervous system serves as a good model to study functions 

of specific cells and role of individual ion channel proteins. In particular, individual 

dorsomedial motoneurons are segmentally repeated in the thoracic and abdominal 

neuromeres. It is now possible to perform in-situ whole cell patch-clamp recordings on 

these identified motoneurons. A combination of electrophysiology and genetics will be 

very useful in investigating the role of ion channels and contribution to excitability.  

 

Although, electrical properties of abdominal motoneurons have been documented 

to a certain extent, very less information on thoracic motoneurons is available. It is 

necessary to obtain information of electrical properties of both thoracic and abdominal 

motoneurons to better understand larval crawling behaviour.  

Hence, the aim of this dissertation is to  

1. Investigate the contribution of EAG to K+ currents and firing properties of 

thoracic motoneurons 

2. Study the contribution of different domains of EAG to excitability  

3. Provide a detailed description of different types of K+ currents in thoracic 

motoneurons 

4. Demonstrate a segmental difference in firing properties and K+ currents among 

thoracic motoneurons.          
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Figure 1.1  
GABAergic and serotonergic neurons in the larval ganglion 
a) Cell bodies of dorsomedial motoneurons, MN1-1b and MNISN -1s (green) are 
segmentally repeated in the larval ganglion. GABAergic neurons (red) are found lateral 
relative to the neuropile and dorsomedial motoneurons. b) Magnified view of the image 
in a, GABAergic processes are observed in the neuropile region along with motoneuron 
dendrites and axons. c) Anti- serotonin labeling in the larval ganglion (red). Serotonergic 
processes are found in the dorsal plane in close proximity to dendrites of motoneurons 
(green). White arrow indicates potential area of synaptic contact (yellow). d) Cell bodies 
of serotonergic neurons are found ventrally in the ganglion. A pair of neurons is found in 
each hemisegment. Immunocytochemistry was performed by J. Phillips-Portillo. 
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Chapter 2 
 

Contribution of EAG to excitability and potassium 

currents in Drosophila larval motoneurons 

 

 

 

 

 

 

 

 

* this work has been submitted and is in review at the Journal of Neuroscience as 

Srinivasan, S. and Levine, R.B. Contribution of EAG to excitability and potassium 
currents in Drosophila larval motoneurons.  
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2.1 Abstract 
 

Diversity in the expression of potassium channels among neurons allows a wide 

range of excitability, growth and functional regulation. Ether-a-go-go (EAG), a voltage-

gated K+ channel, was first characterized in Drosophila mutants by spontaneous firing in 

nerve terminals and enhanced neurotransmitter release. Although diverse functions have 

been ascribed to this protein, its role within neurons remains poorly understood. The aim 

of this study was to characterize the function of EAG in situ in Drosophila larval 

motoneurons. Whole-cell patch-clamp recordings performed from the somata revealed 

both transient and sustained voltage-activated K+ currents, each with Ca++-sensitive (IA(Ca) 

and IK(Ca)) and Ca++-insensitive components (IA and IK). A decrease in IA, IK and a slow 

sustained K+ current was observed in eag mutants and targeted eag RNAi expression. 

EAG and Shal demonstrate a potential functional interaction, with both contributing to IA. 

Cyclic-AMP blocked an EAG dependent K+ current. Spontaneous spike-like events were 

observed in eag mutants but absent in wild type motoneurons. Thus, our results provide 

evidence that EAG represents a unique K+ channel contributing to multiple K+ currents in 

motoneurons helping to regulate excitability.  Additional roles are possible in the 

presence of neuromodulators. 
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2.2 Introduction 
 

The wide variety, density, and distribution of K+ channels in neurons help to 

regulate the resting membrane potential, action potential shape, firing rate, and synaptic 

release from nerve terminals. In recent years, a wealth of information has emerged 

regarding the novel interactions among ion channels and their ability to influence 

signaling pathways (for reviews: Kaczmarek, 2006). Ether-a-go-go (EAG) is a member 

of the voltage-gated K+ channel family. EAG mutations bring about repetitive 

spontaneous firing of nerve terminals in the Drosophila larval neuromuscular junction 

(Ganetzky and Wu, 1983). DNA sequence and protein alignment analysis reveal a 

putative K+ channel subunit, which is similar to the Shaker family of K+ channels. Both 

form tetramers and each monomer has six putative transmembrane domains, including a 

voltage-sensing domain (S4) and a pore-forming domain that is selective to K+. 

Functionally, Drosophila shaker and eag double mutants display synergistic effects in 

increasing spontaneous activity at the neuromuscular junction. Recordings from Xenopus 

oocytes containing eag cDNA reveal outward K+ currents (Robertson et al.,, 1996). In 

addition, different allelic mutants of eag reduce different components of K+ currents in 

the Drosophila larval muscle (Zhong and Wu, 1991). Unlike the Shaker family, EAG has 

a cyclic-nucleotide binding domain in the carboxy (C) terminus similar to cyclic-

nucleotide gated channels (Warmke et al.,, 1991; Guy et al.,, 1991). In addition to 

functioning as a voltage-gated ion channel, EAG displays numerous non-ion conducting 

roles. At the molecular level, EAG binds to and activates calcium/calmodulin dependent 

protein kinase II (Sun et al.,, 2004). The voltage sensor of non-conducting EAG channels 
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has been shown to activate p38 mitogen-activated protein kinase (MAPK) signaling 

leading to cell proliferation (Hegle et al.,, 2006). eag transcripts are alternatively spliced 

to produce an 80kDa protein (EAG80), which contains N and C termini without the 

channel forming transmembrane regions. The C terminus of EAG has a nuclear 

localization signal that enables it to translocate to the nucleus (Sun et al.,, 2009). Higher 

levels of EAG are found in cancerous cells linking EAG to cell proliferation (for reviews: 

Camacho, 2006).  

 

Despite the varied potential functions of EAG, its role in the nervous system is 

poorly understood. We use in situ whole-cell patch-clamp recordings to investigate firing 

properties and isolate K+ currents in the dorsomedial motoneuron, aCC, in the first 

thoracic segment of the Drosophila larval CNS. EAG influences excitability in this 

motoneuron and contributes to diverse K+ currents, including voltage-activated A-type, 

delayed rectifier, and calcium-activated K+ currents. EAG and Shal function together by 

contributing to IA. In addition, cAMP modulates an EAG current to enhance excitability.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



42 
 

2.3 Methods 

2.3.1 Drosophila stocks 
 

even-skipped promoter GAL4 lines, w-;+;RRA-GAL4 (Fujioka et al.,, 2003) and 

w-;RN2-GAL4, UAS-CD8GFP/CyO; act<CD2< GAL4, UAS-flp (Hartwig et al.,, 2008) 

were used to identify aCC and RP2 motoneurons in the larval ganglion. Using these 

GAL4 lines, aCC motoneurons can be reliably identified in three thoracic segments (T1-

3) and the first six abdominal segments (A1-6). In cases where GFP expression could not 

be used, horizontal tracheal tracts and the presence of the first perisympathetic organ 

were used to recognize the first thoracic segment (Santos et al.,, 2006). Intracellular dye 

filling using rhodamine dextran 3000 in the internal recording solution was used to 

confirm identity. UAS-eag RNAi (Transformant ID: 9127), UAS-Shal RNAi 

(Transformant ID: 103363) and UAS-Dicer 1 (Transformant ID: 24667) were obtained 

from the Vienna Drosophila RNAi Center. ELAV-GAL4::UAS-GFP was used to 

misexpress RNAi in all neurons. w-; P{tubP-GAL80[ts]}20; TM2/TM6B, Tb[1] (7019, 

Bloomington stock center) was used block GAL4 expression. eag mutants, Df (1)eag x-

6/FM7a, lethal; Dp(1:2)X-6/Sm6b, Cy (hereafter, eag x-6) and In (1) sc 29, Wa (hereafter, 

eag sc 29) were obtained from Dr. B. Ganetzky (University of Wisconsin, Madison). 

Canton-S and w1118 were used as wild type control for mutants and appropriate parental 

GAL4 lines were used as controls for RNAi studies.  
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2.3.2 Electrophysiology 
 

Wandering third instar Drosophila larvae were dissected in Ca++-A solution 

(containing, in mM, 118 NaCl, 2 NaOH, 2 KCl, 4 MgCl2, 5 trehalose, and 5 HEPES, pH 

7.1-7.2 and osmolarity adjusted to 295mOSM using sucrose) and filleted dorsal side up 

with the CNS, segmental nerves, and muscles intact (Jan and Jan, 1976). The external 

sheath covering the ganglion was removed using Protease 14 (Sigma, 2mg/ml in the 

extracellular solution) focally applied to the dorsomedial ganglion by applying positive 

pressure in constant perfusion (Choi et al.,, 2004). To accomplish this, a micropipette was 

broken to a diameter of ~ 10µm and sheath and other debris surrounding the cells of 

interest were removed by applying alternate negative and positive pressure. Thin-walled 

borosilicate electrodes were pulled on PP-83 (Narishige) to a resistance of 2.5-5MΩ (in 

bath) and polished using a MF-35 microforge (Narishige). Electrodes were filled with 

internal electrode solution (containing, in mM, 120 K gluconate, 20 KCl, 1 MgCl2, 0.5 

CaCl2, 5 EGTA, and 10 HEPES; pH adjusted to 7.1-7.2 and osmolarity to 285-290 

mOSM using glucose).  

 

Once a giga ohm seal was established, whole cell configuration was achieved 

using an Axopatch 1D or Multiclamp 700B amplifier (Axon Instruments). We did not 

observe any difference in the amplitude and time course of currents between the two 

amplifiers. Voltage and current commands were initiated using Clampex software 

(Molecular Devices, pClamp 10). A current-clamp protocol was used to administer series 

of 10pA, 500ms current steps ranging from -10pA to 100pA. All cells were normalized to 
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-60mV membrane potential using bias current to obtain firing frequency. Extended 

periods of motor neuron activity were monitored using the gap-free protocol and bias 

current was used to hold the cell at different membrane potentials. Input resistance was 

measured using a -40mV hyperpolarizing step in voltage-clamp experiments. Series 

resistance was measured using the charging transient generated with a hyperpolarizing 

voltage step. 

 

To study degree of inactivation, the cells were held at -80mV and prepulse 

potentials ranging from -120mV to 0mV were provided for 1s followed by a test pulse of 

0mV for 200ms. Steady-state inactivation curves were fitted with the first-order 

Boltzmann’s equation, 

f(v) = Imax / 1 + e (Vmid
 -V)/ Vc + C 

where Imax is the maximum current elicited at -120mV, Vmid is the voltage at which 50% 

of the channels are inactivated, Vc is the parameter associated with the steepness of the 

sigmodial curve.  

 

2.3.3 Pharmacology 
 

Tetrodotoxin (Sigma, 1µM) was dissolved in external Ca++-A solution to block 

Na+ currents. Cadmium chloride (Acros organics, 500 µM) was used to block Ca++ 

currents. 8-Br-cAMP (Sigma, 0.1mM), a membrane-permeable cAMP analog, was 

dissolved in external Ca++-A solution to study modulation of K+ currents. 
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2.3.4 Temperature-sensitive experiments 
 

w-; P{tubP-GAL80[ts]}20;RRA-GAL4, UAS-CD8GFP females were crossed to 

UAS-eag RNAi; UAS-Dicer 1 males. For acute knockdown experiments, progeny were 

raised at 18ºC until the early third instar and then transferred to 30ºC. Recordings were 

performed 1.5 days later in wandering late third instar. In the chronic experiments, eag 

mRNA levels were reduced throughout development by raising the progeny at 30ºC until 

the wandering third instar stage. Parental line (w-; P{tubP-GAL80[ts]}20;RRA-GAL4, 

UAS-CD8GFP) reared at the same temperatures served as the control. GFP expression in 

the late third instar larvae was used as an indicator for GAL80 suppression (supplemental 

image 1). 

 

2.3.5 Immunocytochemistry 
 

Drosophila larvae were dissected in PBS (see preceding text for details) and fixed 

in 4% paraformaldehyde in PBS for 35 min at room temperature.  The preparation was 

washed four times for 15 min in PBS and three times for 3hr in PBS-Triton-X (0.5%). 

Primary antibodies, mouse anti-GFP (1:500, Invitrogen) and rabbit anti-EAG (1:1000, 

gift from Dr. L.C. Griffith, Brandeis University), were diluted in PBS-Triton X- BSA 

(0.3%, 3%) and applied to the preparation and incubated for 48hr at 4˚C. After a brief 

period of washing in PBS for 3hr, goat anti-mouse 488 and goat anti-rabbit-Cy5 

secondary antibodies (1:500, Jackson ImmunoResearch) were diluted in PBS and 

incubated overnight at 4˚C. The preparation was washed for 3hr in PBS the following day 
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and mounted in Vectashield (Vector laboratories). Images were taken on a Zeiss laser 

scanning confocal microscope. 

 

2.3.6 Statistical analysis 
 

Student t-test was used to recognize significance; paired t-test was used to 

compare potassium current before and after adding cAMP (Excel 4.0, Microsoft). Two- 

way analysis of variance was performed for comparing multiple genotypes. Least 

significant mean Tukey-Kramer Honestly Significant Difference (HSD) test was used to 

recognize significance for multiple comparisons (JMP statistical discovery software). 

Significance was assumed when p< 0.05. Standard error of mean is reported. 
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2.4 Results 
 

GFP expression in an even-skipped promoter line (RRA-GAL4, UAS-CD8GFP, 

hereafter RRA) labeled aCC and RP2 motoneurons in the ganglion (fig.2.1a). aCC (MN-

1b) motoneurons were identified based on their bilateral dendritic arborization in 

abdominal segments (A1-A6) and in thoracic segments (T2 and T3). In the first thoracic 

segment, even-skipped GAL4 lines labeled a large cell body with bilateral dendritic 

arborizations and an ipsilateral axon similar to aCC in more posterior segments (white 

box in fig.2.1a). We identify this cell as T1aCC, and have used it throughout this study.  

 

EAG protein was expressed in the cell bodies of several neurons in the larval 

ganglion of Drosophila (fig.2.1b), including aCC and RP2 motoneurons (fig.2.1b & c). In 

addition, the protein was widely expressed in the neuropile (fig.2.1e). Dense labeling was 

observed in the ventral midline probably corresponding to sensory terminals (fig.2.1d & 

e). Dendrites of aCC and RP2 were found in close proximity to EAG labeled processes in 

the ventral neuropile (white arrows in fig.2.1d). Therefore, motoneurons may receive 

direct and/or indirect synaptic input from neurons expressing EAG. EAG expression was 

reduced in eag mutants, eag sc 29 and eag x-6 (fig.2.1f & g). 

 

2.4.1 Voltage-dependent K+ currents in Drosophila larval motoneuron, aCC 
 

In the Drosophila flight motoneuron, MN5, and in the larval muscle, voltage- 

dependent K+ currents are classified into two major types, Ca++-independent K+ currents 

and Ca++-dependent K+ currents (Ryglewski and Duch, 2009; Zhong and Wu, 1991). In 
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situ whole-cell voltage-clamp experiments were performed on the cell body of larval 

T1aCC motoneurons to characterize K+ currents. Sodium channels were blocked with 

1µM tetrodotoxin (TTX) in the external solution. The cells were held at -80mV and 

20mV command steps were applied from -120mV up to 60mV to evoke voltage- 

dependent K+ currents. Prominent transient and sustained K+ currents were observed (fig. 

2.2a). To isolate sustained K+ currents, the cells were held at a depolarized membrane 

potential (-20mV) to inactivate the transient currents (fig.2.3a & d). Subtraction of 

sustained currents from total currents revealed the transient component (fig.2.2b & e). 

These records included a mixture of K+ and Ca++ currents (Worrell and Levine, 2008). To 

further isolate K+ currents, cadmium chloride (500µM) was added to the external solution 

to block voltage-dependent Ca++ current and to reveal Ca++-independent voltage-activated 

K+ currents. A fast inactivating transient A-type K+ current (IA; fig.2.2c & f) and a 

delayed rectifier K+ current (IK) were observed (fig.2.3b & e). Subtracting Ca++-

independent K+ currents from total K+ currents revealed the Ca++-dependent K+ currents, 

which contained a fast inactivating transient component, IA(Ca) (fig.2.2d & g), and a non-

inactivating sustained component, IK(Ca) (fig.2.3c & f). Inward Ca++ current may influence 

the apparent size of Ca++-dependent K+ currents, but the amplitudes are small (peak about 

200pA) compared to K+ currents (Worrell and Levine, 2008).  
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2.4.2 Contribution of EAG to K+ currents 
 

We tested the contribution of EAG to K+ currents using null mutants, eag x-6 and 

eag sc 29. In the Drosophila larval muscle, allele specific reduction of eag resulted in a 

decrease in IA, IA(Ca), IK and IK(Ca), with eag x-6 selectively reducing IA and IK (Zhong and 

Wu, 1991). In T1aCC, total transient K+ current was similar between wild type, Canton-S 

(CS), and eag x-6, but greatly reduced in eag sc 29 (fig.2.2e). IA was reduced in both 

mutants (fig.2.2f). IA(Ca) was reduced in eag sc 29, but a slight increase was observed in 

eag x-6 (fig.2.2g). Total sustained K+ current was also reduced in eag sc 29 (fig.2.3d). This 

reflected a reduction in the voltage-dependent delayed rectifier current (IK), but no 

change was observed in IK(Ca) (fig.2.3f). eag x-6 showed no clear reduction in the delayed 

rectifier K+ current in this set of experiments (but see below). 

 

Reduction in EAG function, either by eag mutants or eag RNAi, leads to 

increased excitability and perhaps other changes throughout development. Therefore, 

functional changes that are measured late in the larval stage may not reflect accurately the 

acute contribution of EAG protein in the larva. To investigate this possibility, eag RNAi 

was expressed under the control of RRA-GAL4, which restricts expression to aCC and 

RP2 motoneurons, only during the late larval stage. A temperature sensitive GAL80, a 

blocker of GAL4, was used to conditionally block expression of eag RNAi in embryonic 

and early larval stages. Temperature-sensitive GAL80 functions at lower temperatures 

(18°C) to prevent GAL4 expression, but is blocked at higher temperatures (30°C), 

thereby allowing GAL4 expression (McGuire et al.,, 2003). Thus, by controlling the 
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rearing temperature, eag RNAi expression was allowed only in the third instar larval 

stage and not in the embryonic, first and second instar larvae. GFP expression was absent 

at 18°C, confirming the activation of GAL80, and present at 30°C, confirming 

suppression of GAL80 (supplemental image 1). Total transient K+ current was reduced 

both in the chronic and acute eag RNAi knock down. This reflected a significant 

reduction in IA at 60mV, and no change in IA(Ca), suggesting that EAG contributes to IA in 

T1aCC (fig.2.4 left column). Total sustained K+ current was also reduced in both acute 

and chronic manipulations. IK was reduced only in the chronic but not in the acute 

manipulation, and IK(Ca) was reduced in both manipulations (fig.2.4 right column). Taken 

together, these results suggest that EAG contributes to diverse K+ currents in T1aCC. 

Failure to observe a reduction in IK in the acute manipulation suggests a requirement of 

EAG during development. IA and IK(Ca) were reduced in all manipulations, demonstrating 

that EAG contributes acutely to K+ currents in larval T1aCC. 

 

2.4.3 A-type K+ currents in motoneurons 
 

Our results demonstrate a significant reduction of IA in eag sc 29 and in eag RNAi 

manipulations. Whereas both Shaker and Shal encode IA currents in Drosophila, Shal has 

been shown to be the prominent IA carrier in the CNS (Ryglewski and Duch, 2009; 

Baines and Bate, 1998; Schaefer et al.,, 2010, in press). We hypothesized that EAG could 

either function as an independent A-type K+ channel or interact with Shal to form 

heteromultimers. To test this hypothesis, we first measured IA in aCC motoneurons 

expressing Shal RNAi. As expected, IA was reduced (fig.2.5a) and IK was unaffected 
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(fig.2.5c). A similar reduction in the size of IA was observed in eag sc 29 (fig.2.2f and 

2.5a). If Shal and EAG contribute to distinct populations of channels that carry IA, then 

reducing both should produce additive effects. We therefore measured IA in aCC 

motoneurons expressing Shal RNAi in an eag sc 29 mutant background (fig.2.5a). IA was 

significantly reduced in the double knock down compared to control. However, an 

additive reduction was not observed in the double knock down compared to Shal RNAi 

and eag sc 29 independently (fig.2.5a). These results suggest that both Shal and EAG 

contribute to IA and that the two proteins may interact.  

 

We then tested the degree of K+ current inactivation in all manipulations. A first-

order Boltzmann fit of inactivation curves revealed control and eag sc 29 showed similar 

levels of inactivation (fig.2.5b). However, Shal RNAi and EAG-Shal double knock down 

showed a significant decrease in the level of inactivation compared to control at 0mV 

(fig.2.5b and supplemental image 2). No difference in the half-maximal inactivation 

voltage (V1/2) was observed among genotypes (supplemental Table 1). The sustained 

current, IK, was reduced in the double knock down, as in eag sc 29, but not affected by 

Shal manipulation alone (fig.2.5c). Taken together, these results suggest that Shal 

encodes an inactivating IA current, whereas EAG contributes to both IA and IK. 
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2.4.4 Contribution of EAG to slow sustained K+ current 
 

eag mutants have a more depolarized resting membrane potential than wild type 

cells, perhaps causing the increase in excitability. We hypothesized that EAG could 

contribute to a low threshold sustained K+ current responsible for the resting membrane 

potential. Using a 4 second voltage-clamp protocol in the presence of TTX, the cells were 

held at -80mV and command steps of 10mV were provided from -90mV up to 0mV. No 

leak subtraction was performed. At hyperpolarized membrane potentials (-90 to -60mV) 

linear leak current was observed (fig.2.6a). Non- linear voltage-activated transient and 

sustained K+ currents were clearly visible from -40mV in control (w1118, fig.2.6a). eag x-6 

showed a reduction in the transient current at 0mV as observed in previous experiments 

(fig.2.2) and a reduction in the delayed rectifier component was also observed in this 

independent set of experiments. The slow sustained K+ current was measured 3.9s after 

the start of the protocol. w1118 displayed a slow sustained K+ current activating between -

50 to -40mV. Whereas, delayed rectifier current activated between -40 to -20mV (fig. 

2.3e). eag x-6 showed a significant decrease in the slow sustained current from -40 to 0mV 

(fig.2.6c). At a depolarizing holding potential of -40mV, the slow sustained K+ currents 

observed in w1118 were absent in eag x-6 (fig.2.6b). Chronic reduction of EAG also 

resulted in a decrease in the slow sustained K+ current. However, no significant 

difference in the slow sustained K+ current was observed between acute reduction of 

EAG (using temperature-sensitive GAL80) and control (fig.2.6d). It should be noted, 

however, that the sustained K+ current observed at depolarized membrane potentials (0 to 

60mV) is a mixture of delayed rectifier current (fig.2.3e) and the slow sustained K+ 
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current (fig.2.6). In summary, our results demonstrate that EAG contributes to diverse K+ 

currents. IA, IK, and a slow sustained K+ current are reduced in eag mutants and by eag 

RNAi manipulations. 

 

2.4.5 cAMP modulates EAG 
 

In addition to EAG functioning as a voltage-gated ion channel, its C terminus has 

a cyclic-nucleotide binding domain. A direct modulation of EAG channels by cAMP has 

been demonstrated in Xenopus oocytes (Bruggemann et al.,, 1993). We therefore 

investigated the modulatory function of cAMP on EAG. A membrane-permeable cAMP 

analog, 8-Br cAMP, was added to the external solution containing TTX, and K+ currents 

were measured using the voltage-clamp protocol previously described. After adding 

cAMP, the amplitude of transient K+ current was reduced by >50% (fig.2.7a). Subtraction 

revealed the K+ current that was blocked by cAMP (fig.2.7c). In eag x-6, the amplitude of 

the total transient K+ current was smaller compared to CS, as described above. After 

adding cAMP, the remaining K+ current was further reduced (fig.2.7b). Upon subtraction, 

the K+ current blocked by cAMP in eag x-6 was revealed. This current was significantly 

smaller in eag x-6 than in CS, suggesting that there is an EAG dependent component 

among the currents that were blocked by cAMP (fig.2.7c). 

 

Since we observe a consistent reduction in IA in EAG mutants, we wanted to test 

the influence of cAMP specifically on this voltage-dependent component of the transient 

current. In an independent series of experiments, IA currents were isolated in the presence 
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of TTX and cadmium chloride in the external solution. In CS, cAMP significantly 

reduced IA (fig.2.7d). A similar reduction was observed in eag x-6, where IA was smaller 

than in CS (fig.2.7e).  Unlike the total transient K+ current, however, there was no 

difference between the IA blocked by cAMP in CS and eag x-6. Taken together, our data 

suggests that the voltage-dependent EAG current (IA) is not affected by cAMP. In the 

presence of Ca++, however, cAMP reduces an EAG dependent transient current. Similar 

results were obtained for sustained K+ currents. Although cAMP reduced the total 

sustained current, including an EAG dependent component, it did not affect the EAG 

dependent IK (fig.2.8). 

 

2.4.6 EAG influences firing properties in motoneurons 
 

In order to understand the influence of EAG on firing behaviour, we used a 

current-clamp protocol to obtain firing frequency plots from control lines and eag 

mutants. Depolarizing steps of current injection were administered to CS, to evoke action 

potentials. The voltage threshold for firing was -34.85 ± 2.5mV. The average resting 

membrane potential of T1aCC was -49.2 ± 1mV, the average input resistance was 383.16 

± 49MΩ (Table 1). A delay to the first spike was observed following current injection 

(fig.2.9a). Baseline synaptic activity was also observed (fig.2.9a). The average resting 

membrane potential in eag x-6 and eag sc 29 was more depolarized than in wild-type at -

34.5mV and -37.7mV respectively, but the average input resistance was not affected 

(396.73 ± 88MΩ and 378.79 ± 10MΩ; Table 2.1).  
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In the most striking phenotype of eag x-6 and eag sc 29, large spontaneous spike-

like events were intermittently observed with little or no current injection, in some 

recordings (Table 2.1; red box in fig.2.9b, c). These spontaneous events did not cause an 

increase in the frequency of evoked firing following current injection (fig.2.9d, current 

steps from 70-100pA). However, a decrease in the amplitude of spike after-

hyperpolarization and a decrease in the delay to first spike following current injection 

were observed when spontaneous spike-like events occurred in mutants (fig.2.9b & c). 

The spontaneous events in eag mutants were sometimes broader in shape, similar to those 

observed in fig.2.10b. Hyperpolarizing current injection increased the amplitude of the 

spontaneous events, and the rate decreased. In some recordings from the mutants, large 

EPSPs (Table 2.1) and an increased frequency of EPSPs were also observed (fig.2.11).  

 

Spontaneous spike-like events could reflect increased synaptic drive and/or 

altered intrinsic excitability of the motoneuron. We first attempted to phenocopy the eag 

mutants by using ELAV-GAL4 to express eag RNAi in all neurons. Similar to eag 

mutants, ELAV::eag RNAi displayed a more depolarized resting membrane potential of -

37± 3mV compared to control, but the average input resistance was not affected (286.93± 

8MΩ; Table 2.1). Spontaneous events, similar to eag mutants, were also observed in 

ELAV::eag RNAi manipulations (Table 2.1; red box in fig.2.10b). ELAV::eag RNAi 

motoneurons displayed an increased frequency of evoked firing compared to control 

(fig.2.10d).  
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To help distinguish the effects of synaptic input from intrinsic changes in 

excitability, eag RNAi was driven by RRA-GAL4. CS and RRA-GAL4 controls 

displayed identical firing frequency characteristics (fig.2.9d & 2.10d). No significant 

change in resting membrane potential or input resistance was observed between RRA-

GAL4 control and RRA::eag RNAi. Spontaneous spike-like events were not observed in 

RRA::eag RNAi motoneurons and evoked firing frequency was comparable to control. 

However, in both ELAV and RRA::eag RNAi manipulations large EPSPs were 

sometimes observed (Table 2.1, black box in fig.2.10c). Table 1 represents the variability 

in the frequency of physiological phenotypes. We did not observe any difference in the 

gross morphology of dendrites and cell body of aCC motoneurons with these 

manipulations (data not shown).  

 

To further test the contribution of synaptic input to the large spontaneous spike-

like events observed in eag mutants, cadmium chloride was used to block synaptic 

transmission. In the presence of cadmium chloride no synaptic activity was observed. The 

rate and amplitude of the spontaneous spike-like events were reduced at -60mV in the 

mutants, as compared to normal saline, and the events were absent when the membrane 

potential was hyperpolarized to -95mV. Evoked firing was increased in the presence of 

cadmium, probably due to the absence of Ca++-activated K+ currents (data not shown, see 

also Worrell and Levine, 2008). Taken together, these results suggest that increased 

synaptic input, in addition to the reduction of the intrinsic K+ currents in motoneurons, 

significantly influences the spontaneous spike-like events observed in eag mutants.  
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2.4.7 EAG mutants display increased frequency and amplitude of EPSPs during 
rhythmic activity 
 

In some recordings there were extended periods of rhythmic synaptic input to 

motoneurons (fig.2.11). In CS, bouts of rhythmic synaptic activity lasting 3-4s with 

compounding EPSPs of about 6mV in amplitude (black box), and baseline synaptic 

activity composed of small EPSPs roughly 2mV in amplitude (green box), were 

observed. The latter were also observed in the absence of rhythmic activity (as shown in 

fig.2.9a). In eag x-6, longer bouts of rhythmic activity (6-8s) with larger EPSPs (about 

12mV, black box) and a higher frequency of baseline synaptic input were observed 

(green box).  
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2.5 Discussion 

2.5.1 EAG contributes to diverse K+ currents 
 

Voltage and Ca++-activated transient and sustained K+ currents can be isolated in 

T1aCC. Both eag mutants and eag RNAi expression reduce Ca++ insensitive IA, probably 

contributing to the decreased delay to the first spike. We also observe a prominent 

reduction in A-type K+ current and a decreased delay to spike in Shal RNAi experiments.  

Shal also contributes to IA currents in the adult flight motoneuron, MN5, and is probably 

the predominant IA current in the central processes of embryonic and thoracic larval aCC 

and RP2 motoneurons (Ryglewski and Duch, 2009; Baines and Bate, 1998; Schaefer et 

al.,, 2010, in press). EAG and Shal subunits may function as heteromultimers, in addition 

to forming homomeric channels. Only a modest further reduction in IA was observed in 

our double knock down experiments, as compared to Shal and EAG single knock down. 

Evidence of EAG subunits interacting with other K+ channels has been demonstrated 

previously. In Xenopus oocytes, Shaker and EAG channels have been shown to interact 

functionally and this interaction is dependent on developmental time and expression 

levels (Chen et al.,, 2000; Tang et al.,, 1998). Hyperkinetic, a Shaker ß subunit 

homologue, and EAG show synergistic interactions in the Drosophila larval 

neuromuscular junction and also demonstrate a physical interaction (Wilson et al.,, 

1998). Interestingly, a decrease in the degree of voltage-dependent inactivation, as 

compared to control, was observed in Shal only and EAG-Shal double knock down, but 

not in EAG only knock down. This suggests that Shal subunits are important contributors 

to inactivation of the A-type K+ channel.  EAG may form heteromultimeric channels with 
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Shal but does not contribute to the inactivation kinetics. A context-dependent functional 

interaction may exist between Shal and EAG channels at different states of excitability of 

the cell (discussed below). 

 

The reduction of Shal and EAG could also result in upregulation of other K+ 

channels, such as Shaker. Shaker contributes to IA in the adult motoneuron, MN5 

(Ryglewski and Duch, 2009), but not in the central processes of larval abdominal 

motoneurons (Choi et al.,, 2004). Upregulation of Shal homologue, Kv4, in the lobster 

stomatogastric ganglion leads to an increase in hyperpolarization-activated cyclic 

nucleotide-gated channels (Maclean et al.,, 2003). In Drosophila larvae, reduction of Shal 

leads to upregulation of Shaker (Bergquist et al.,, 2010). If such an upregulation 

occurred, however, it did not restore normal firing, since we observed the spontaneous 

events and reduced delay to spike in EAG and Shal single and double knock downs.  

 

Reduction of K+ channels throughout development could lead to upregulation of 

other ion channels. Chronic, but not acute, eag RNAi manipulations showed a reduction 

in IK and slow sustained K+ currents, suggesting that expression of these EAG currents is 

required throughout embryonic and larval stages. By contrast, IA was reduced in both 

chronic and acute manipulations, suggesting contribution of EAG to the current in third 

instar motoneurons.  
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2.5.2 Modulation of EAG 

We provide evidence that cAMP reduces a non-EAG dependent IA, and, in the 

presence of calcium, an EAG dependent component.  It is unclear whether this K+ current 

is IA(Ca) or, alternatively, that the voltage-activated IA is modulated in the presence of Ca++ 

and cAMP.  Interestingly, in the absence of cAMP, we observed no reduction in IA(Ca) in 

eag x-6.  Direct modulation of EAG channels by cyclic-nucleotides has been demonstrated 

in oocytes (Bruggemann et al., 1993). In Drosophila larval muscles, cAMP increases the 

L-type Ca++ current.  Allele specific differences in modulation of IA and IK currents by 

cGMP have also been observed (Bhattacharya et al.,, 1999; Zhong and Wu, 1993). In 

addition to an increase in Ca++ current, cAMP could reduce K+ current to increase 

excitability. Blockage of the slow activating M-current and rat-EAG current by increase 

in intracellular Ca++ has been demonstrated (Alaburda et al.,, 2002; Stansfeld et al.,, 

1996). The muscarinic receptor agonist, pilocarpine, increases excitability in insect 

motoneurons and induces fictive crawling motor patterns in Manduca sexta (Johnston 

and Levine, 1996). It has been speculated that EAG could be a member of the M-type 

family of K+ channels (Mathie and Watkins, 1997).  Since, cAMP has several cellular 

targets and EAG is modulated by multiple signaling mechanisms, the effects observed 

may reflect an indirect modulation. 

 

2.5.3 EAG influences excitability in motoneurons by altering firing properties 

aCC motoneurons in eag mutants have a more depolarized resting membrane 

potential than wild type. Variable physiological phenotypes were observed in eag 
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mutants. Large spontaneous spike-like events were observed in mutants with little or no 

current injection. These events increased in amplitude and decreased in frequency upon 

hyperpolarization. The frequency was markedly reduced after addition of cadmium, 

suggesting that presynaptic input strongly influences them. The phenotype seen in eag 

mutants could result from both pre and postsynaptic absence of EAG. To distinguish 

these effects, eag RNAi was expressed in all neurons to mimic eag mutants. Large 

spontaneous events were also observed in ELAV::eag RNAi. EAG is found in the 

synaptic neuropile and is absent in the presynaptic terminals in mutants. Thus similar to 

eag mutants, ELAV::eag RNAi manipulation could also result in increased synaptic drive 

to motoneurons. Spontaneous events were not observed when eag RNAi was expressed in 

motoneurons only, further suggesting the contribution of increased synaptic drive. It 

should be noted, however, that ELAV-GAL4 is a stronger driver than RRA-GAL4.  

Therefore, the differences observed between the two eag RNAi manipulations could 

reflect differences in the degree of knock down.  Although RRA-GAL4 manipulation did 

not cause spontaneous spiking, large EPSPs were sometimes observed and there were 

clear effects on K+ current. A reduction in A-type K+ current in the dendritic region could 

be responsible for the large EPSPs. A decreased delay to the first spike was observed in 

eag mutants. A reduction in the density of K+ channels in the spike-initiating zone could 

account for this observation. Thus, the different phenotypes observed following EAG 

manipulations could reflect changes in the density and distribution of EAG in various 

regions of the neuron.  
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2.5.4 EAG senses and regulates neuronal excitability  

Given the wealth of information regarding the unique functions of EAG, it is 

possible that EAG could act as a sensor of excitability. Several lines of evidence support 

such speculations. The unique protein structure of EAG suggests it is an amalgam of 

inward rectifier, depolarization-activated and cyclic nucleotide-gated channels. The C 

terminus of EAG can be modulated by cyclic-nucleotides and CAMKII (Zhong and Wu, 

1993; Griffith et al.,, 1994, Wang et al.,, 2002; Sun et al.,, 2004). Synthesis of a non-ion 

conducting EAG80 splice variant is triggered by calcium influx and by activation of PKA 

or PKC. Translocation of EAG C terminus to the nucleus provides an interesting link 

between transcriptional regulation and excitability (Sun et al.,, 2009). Along with these 

results, we provide evidence that EAG regulates excitability and firing patterns in 

Drosophila larval motoneurons. EAG contributes to multiple K+ currents in T1aCC. In 

addition, we provide evidence to suggest a functional interaction between Shal and EAG. 

Sensory neurons in the vomeronasal organ in mice showed stimulus dependent regulation 

of Ether-a-go-go related gene expression (ERG). Depending upon the sensory stimulus, 

ERG expression levels and resultant K+ current were altered, providing the first in vivo 

evidence for EAG related genes as sensors of excitability (Hagendorf et al.,, 2009). The 

variability in firing phenotypes we report in eag mutants supports this possibility. EAG 

could function as a subunit and coassemble with other K+ channels depending upon the 

state of excitability of a neuron. Modulation of EAG by cAMP suggests another 

mechanism by which altered excitability could lead to persistent changes in neuronal 

function. 
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Dorsomedial motoneurons in the larval ganglion provide a distinct advantage in 

their accessibility to physiological recordings. Their exclusive transcription code and 

electrical signature enabled us to distinguish motoneurons and perform genetic 

manipulations to study the role of EAG. As demonstrated in this study, EAG represents a 

unique class of ion channels that performs multiple roles to regulate excitability. Unlike 

other K+ channels, mutations in EAG do not cause a single defect, but produce variable 

phenotypes. Participation of EAG in signaling mechanisms exacerbates these phenotypes. 

Translocation of EAG to nucleus provides yet another avenue for translating changes in 

excitability to gene expression.  Studies in oocytes and cell culture systems cannot fully 

test the potential function of EAG, since these systems lack the complete gamut of 

proteins, signaling systems, and external stimulus that neurons experience. It will be 

worthwhile to test these possibilities using high resolution in vivo imaging to monitor 

localization and translocation of EAG. 
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Figure 2.1 
EAG protein expression in the larval ganglion  
 
a) even-skipped promoter, RRA expressed in segmentally repeated aCC and RP2 
motoneurons in the Drosophila larval ganglion. aCC motoneurons were identified by 
their bilateral dendritic arborization and ipsilateral axon. White box denotes putative aCC 
homolog in thoracic segment 1 (T1). b) anti-EAG staining labeled cell bodies of 
dorsomedial motoneurons and other neurons in the larval ganglion. c) Merged image 
showing colocalization (yellow) of anti-EAG (b) and dorsomedial motoneurons (a). d) 
Magnified image of the ventral ganglion (c) in the first and second thoracic segment. 
Motoneuron dendrites were found in close proximity to EAG labeled processes (white 
arrows). White dotted line indicates the ventral midline. EAG was present in the synaptic 
neuropile, e) dense anti-EAG labeling was observed in wild type (WT). f & g) anti-EAG 
staining was reduced in eag sc 29 and eag x-6. h) No primary control showed no labeling. 
Scale bar denotes 20µm. 
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Figure 2.2 
Voltage-dependent transient K+ currents in T1aCC 
 
Voltage-clamp records from CS. a) Total K+ currents in T1aCC. Subtraction of sustained 
currents from total currents revealed transient K+ currents (b, c & d). Leak subtraction 
was performed in all recordings. e, f & g) Graph of command potential vs. peak transient 
K+ current in CS, eag x-6 and eag sc 29. e) Total transient K+ current was reduced in eag sc 
29 but not in eag x-6. c) Voltage-activated IA was isolated using cadmium chloride to block 
Ca++ channels. f) IA was reduced in eag sc 29 but only at 60mV in eag x-6. d) Ca++-
activated K+ current was revealed by subtracting voltage-clamp records in c from b. g) 
IA(Ca) was reduced in eag sc 29 at 40 and 60mV but not in eag x-6. Student t-test was used 
to recognize significance, * indicates p<0.05. 
 
Figure 2.3 
Voltage-dependent sustained K+ currents in T1aCC 

 
Voltage-clamp records from CS in a, b and c. Cells were held at -20mV holding potential 
and 20mV command steps were provided to obtain voltage-dependent sustained currents. 
Leak subtraction was performed in all recordings. d, e, & f) Graph of command potential 
vs. sustained K+ current in CS, eag x-6 and eag sc 29. d) Total sustained K+ current was 
reduced in eag sc 29 but not in eag x-6. b) Voltage-activated sustained K+ current (IK) was 
isolated using cadmium chloride to block Ca++ channels. e) IK was reduced in eag sc 29 

but not in eag x-6. f) Ca++-activated K+ current (IK(Ca)) was revealed by subtracting 
voltage-clamp records in b from a. f) No change in IK(Ca) was seen in any of the 
manipulations. Student t-test was used to recognize significance, * indicates p<0.05. 
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Figure 2.4 
Acute and chronic knock down of EAG in T1aCC. 
 
Temperature-sensitive GAL80 was used to reduce EAG levels in T1aCC. Temperature 
shift paradigm is shown in the top right corner. Transient K+ currents are shown in the 
left column. Total transient K+ current was reduced in chronic and acute manipulations. 
IA was significantly reduced in both acute and chronic manipulations compared to control 
at 60mV. No reduction was observed in IA(Ca). Total sustained K+ currents were reduced 
in both acute and chronic eag RNAi manipulations (right column). IK was reduced only in 
the chronic manipulation at 60mV but not in the acute manipulation.  IK(Ca) was reduced 
at 60mV in both manipulations. Two-way ANOVA was used to recognize significance, * 
denotes p<0.05. 
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Figure 2.5 
Shal and EAG contribute to IA current 
 
a) Graph of command potential vs. IA current in different manipulations. IA was reduced 
in Shal RNAi and eag sc 29 compared to RN2-GAL4 (control). IA was significantly 
reduced in EAG- Shal double knock down compared to control, but the effect was not 
additive. b) Graph of first-order Boltzmann fit of inactivation curves. EAG-Shal double 
knock down and Shal only knock down showed decreased inactivation. However, eag 
sc29 did not show a reduction. c) IK was reduced in eag sc 29 and EAG-Shal double knock 
down compared to control. No reduction in IK was observed in Shal RNAi experiments. 
Data for eag sc 29 is reused from fig. 2.2. Two-way ANOVA was used to recognize 
significance, * indicates p<0.05. 
 
Figure 2.6 
EAG contributes to a slow sustained K+ current 
 
a) Representative voltage-clamp recordings from T1aCC. Cells were held at -80mV and 
command potentials of 10mV steps were provided from -90 up to 60mV in a 4s duration 
to activate slow sustained K+ current (black arrow). No leak subtraction was performed. 
Recordings from eag x-6 reveal a reduced slow sustained K+ current (right panel in a). b) 
A -40mV holding potential inactivated the transient K+ current. Slow sustained K+ 
current in w1118 was revealed. This current was absent in eag x-6. Leak subtraction was 
performed in this example. c) Graph of command potential vs. sustained K+ current. Slow 
activating sustained K+ current (at 3.9s) was reduced in eag x-6 from -40 up to 0mV. 
Student t-test was used to recognize significance, * indicates p<0.05. d) Slow sustained 
current was measured in both acute and chronic eag RNAi manipulations. Slow sustained 
current was not reduced in acute manipulations, but was significantly reduced in chronic 
eag RNAi knock down. * indicates comparison between control and chronic 
manipulation, # indicates comparison between acute and chronic manipulations, Two-
way ANOVA was used to recognize significance, p<0.05. 
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Figure 2.7 
cAMP modulates transient K+ current 
 
K+ currents were measured in CS and eag x-6 before and after addition of 8-Br-cAMP to 
the external solution. a) cAMP significantly reduced total transient K+ current from -20 
up to 60mV, n= 6 . b) A similar reduction in total transient K+ current was observed in 
eag x-6 from -20mV up to 60mV, n= 5. c) Subtraction revealed total transient K+ current 
blocked by cAMP in CS and eag x-6. This current was significantly reduced in eag x-6 
from 0mV to 60mV. d) cAMP also reduced IA in CS, n= 5. e) A similar reduction in IA 
was observed in eag x-6, n= 7. f) Subtraction revealed IA blocked by cAMP. No significant 
differences were observed between CS and eag x-6. Paired student t-test was used to 
recognize significance, * denotes p<0.05 and ‡ denotes p<0.01. 
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Figure 2.8 
cAMP modulates sustained K+ current 
 
a) cAMP significantly reduced total sustained K+ current from 0 up to 60mV, n= 6. b) A 
similar reduction in total sustained K+ current was observed in eag x-6 from 20mV up to 
60mV, n= 5. c) Subtraction revealed total sustained K+ current blocked by cAMP in CS 
and eag x-6. This current was significantly reduced in eag x-6 only at 60mV. d) cAMP also 
reduced IK in CS, n=5. e) A similar reduction in IK was observed in eag x-6, n=7. f) 
Subtraction revealed IK blocked by cAMP. No significant differences were observed 
between CS and eag x-6. Paired student t-test was used to recognize significance, * 
denotes p<0.05 and ‡ denotes p<0.01. 
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Figure 2.9 
Influence of eag mutants on firing properties  
 
Representative current-clamp recordings from a) CS, b) eag x-6 and c) eag sc 29 in T1aCC 
from a normalized membrane potential of -60mV. Red box in b and c denotes 
spontaneous spike-like events. d) Firing frequency plots of eag mutants, * denotes 
significant difference between eag sc 29 and CS and ‡ denotes significant difference 
between CS and eag x-6. Student t-test was used to recognize significance, * indicates 
p<0.05. 
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Figure 2.10 
Influence of eag RNAi manipulations on firing properties 
 
Representative current-clamp recordings from a) RRA-GAL4 (control), b) ELAV::eag 
RNAi and c) RRA::eag RNAi in T1aCC from a normalized membrane potential of -
60mV. Black box in c denotes example of large EPSPs. Red box in b denotes 
spontaneous events. d) Firing frequency plots of ELAV and RRA::eag RNAi compared 
to RRA-GAL4 (control). ELAV::eag RNAi showed increased number of spikes at lower 
current injections (20, 30 and 40pA) compared to RRA::eag RNAi and RRA-GAL4.  
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Figure 2.11 
Rhythmic synaptic input in CS and eag x-6 
 
Extended periods of rhythmic motoneuron activity in CS and eag x-6. Black box denotes 
rhythmic synaptic input (expanded time scale in line 2) and green box denotes baseline 
synaptic activity (expanded time scale in line 3) in both CS and eag x-6. Black bar denotes 
-60mV in both sets of traces. 
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Table 2.1 Firing properties 
Summary of the resting membrane potential, input resistance (measured from voltage- 
clamp experiments) and frequency of physiological phenotypes in various genotypes 
tested. * denotes comparison between ELAV::eag RNAi and RRA, p<0.05 and ‡ denotes 
comparison between mutants and CS. Student t-test was used to recognize significance, 
p<0.01. ** indicate examples (red box) in fig.2.9 & 2.10 and # indicates examples (black 
box) in fig. 2.10. 
 
Supplemental image 1 

w-;TubpGAL80ts/UAS-eag RNAi; RRA,UAS-CD8GFP/UAS-Dicer1

Mid third instar larvae transferred to 30°C for 18hrControl larvae grown at 18°C

A B

Supplemental image 1 

a) Temperature-sensitive GAL80 blocks GAL4 expression leading to no expression of 
GFP in dorsomedial motoneurons at 18°C. b) GAL80 is blocked at higher temperatures 
(30°C) leading to expression of GFP in dorsomedial motoneurons. Examples of two 
larval ganglia raised at the same temperatures are shown. 
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Supplemental image 2 

Graph of prepulse potential vs. I/ Imax. Ratio of I/ Imax is reported here. Imax represents the 
maximal current at -120mV. Inactivation protocol used is described in the methods 
section. Shal-EAG double knock down and Shal single knock down showed a decrease in 
the degree of inactivation. eag sc 29 and control displayed similar inactivation kinetics. 
The raw data reported here was used for the Boltzmann fit of inactivation curves reported 
in fig. 2.5.  
 

 
Supplemental table 1 
 
Summary of half-maximal inactivation voltage (V1/2) obtained from Boltzmann fit of 
inactivation curves in different genotypes (fig.2.5). No significant difference was 
observed. 
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Chapter 3 
Analysis of transmembrane and C terminus domains of 

EAG in regulating cellular excitability in Drosophila larval 
dorsomedial motoneuron, aCC. 
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3.1 Introduction 
 

Ion channels, such as the voltage-gated Na+, Ca++ and K+ channels, play crucial 

roles in maintaining cellular excitability. As discussed in chapter 1, introduction, 

molecular studies have shown the distribution of ion channels in various compartments of 

the neuron to perform specific functions. For instance, in vertebrates voltage-gated Na+ 

channels are found in the axon initial segment along with specific voltage-gated K+ 

channels. Voltage-gated Ca++ channels (such as Cav2) are present in the nerve terminals 

to permit Ca++ influx and subsequent neurotransmitter release. A-type K+ channels are 

found along dendrites to limit propagation of EPSPs and back propagation of action 

potentials (For reviews: Lai and Jan, 2006). Two broad but overlapping mechanisms 

maintain ion channel distribution and excitability. 

 

3.1.1 Synthesis and transport of ion channels 
 

Various checkpoints exist to ensure proper placement and number of channels on 

the cell surface. In some cases, multiple genes encode the same type of ion channel. 

Expression of these genes is highly regulated and is based on cues such as, transcription 

factors, neuronal type, developmental stage and state of excitability of the cell. In 

addition, certain genes have multiple splice forms leading to expression of different 

protein products. mRNAs of ion channel genes undergo various stages of processing, 

most of which are still unclear.  The protein is either made in the endoplasmic reticulum 

(ER) or the mRNA is transported to site of action and translated when necessary. 
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Chaperons guide both proteins and mRNA through various stages of processing. 

Carbohydrates are added to proteins as signal tags and ensure proper folding in the golgi 

apparatus. Sequences within the channel protein also direct intracellular transport. For 

instance, certain sequence motifs present in Kv1.4 channels confer strong surface 

expression, but are absent in Kv1.5 leading to low surface expression. Other channels 

such as Kv1.2 require auxiliary subunits for surface expression. Swapping sequence 

motifs from Kv1.4 to Kv1.2 enables strong surface expression of Kv1.2, independent of 

auxiliary subunits (Li et al., 2000). Increasing the surface expression of channels ensures 

increased conductance to maintain excitability. Thus, multiple levels of regulation are in 

place for appropriate localization of ion channels making investigating ion channel 

disorders more challenging. 

 

3.1.2 Activity-dependent regulation of ion channels  
 

Surface expression of channels provides both feed forward and feedback signals 

resulting in changes in excitability. Short term enhancement or reduction of ionic 

conductance is brought about by binding of cyclic-nucleotides, such as cAMP, cGMP, 

and protein kinases to ion channels. Long-term changes are brought about by both 

transcriptional and translational regulation. Levels of para (a Drosophila Na
+ 

channel) in 

the Drosophila CNS has been shown to be upregulated or down regulated depending 

upon decrease or increase in synaptic excitation. pumilio, a transcriptional regulator, 

controls the expression of para (Mee et al., 2004). NMDA receptor mediated increase in 
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Ca++ influx results in increased surface expression of A-type K+ channels to compensate 

for any overt change in excitability (Yuan and Chen, 2006).  

 

3.1.3 Modulation of EAG 

Apart from the well-studied function of ion channels to maintain intrinsic 

excitability, certain ion channels play diverse non-ion conducting functions. In this 

chapter, I discuss multiple functions of EAG, in addition to serving as a K+ channel 

subunit. EAG is involved in maintaining short and long-term changes in excitability in 

neurons by its ability to be modulated. Binding of cGMP and cAMP brings about fast 

modulation of EAG function by an increase in K
+ 

current amplitude (Zhong and Wu, 

1993; Bruggemann et al., 1993). Such modulations are particularly beneficial when a 

neuron has to make a sudden local change in firing rate to reduce excitability. Long-term 

changes involve participation of kinase signaling systems. EAG serves as a scaffolding 

protein to calcium-calmodulin dependent protein kinase II (CaMKII), which regulates 

neuronal excitability by binding to ion channels. Ca
++ 

or calmodulin is necessary for 

binding of CaMKII to EAG. Phosphorylation of EAG by CaMKII then regulates EAG 

function. In turn, the binding domain of CaMKII in EAG dislodges the autoinhibition of 

CaMKII, resulting in a stably bound form of CaMKII with EAG, even in the absence of 

substrates. Thus, by short and long term modulation, electrical excitability can be 

adjusted in response to external input (Griffith et al., 1994; Wang et al., 2002).  
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3.1.4 Ion conduction independent signaling 

Traditionally, ion channels have been considered as passive mediators of 

excitability. In recent years, this view has been altered to accommodate intriguing 

observations. Deletion of an ion channel leads to increase in cell proliferation, adhesion, 

and upregulation of other ion channels. These changes are not a direct consequence of a 

change in excitability, because mutant non-ion conducting channels also lead to the 

above-mentioned changes. In addition, the voltage-sensing domain of an ion channel is 

linked to a signal transduction cascade. In particular, the voltage sensor of non-

conducting EAG channels has been shown to activate p38 mitogen -activated protein 

kinase (MAPK) signaling. Activation of the MAP kinase pathway in NIN 3T3 cells 

results in DNA synthesis leading to cell proliferation. Mutations that change the voltage 

dependence resulting in a constitutively open state did not lead to increase in MAPK 

signaling. Hence, the channel has to be in a closed configuration to increase MAPK 

activity (Hegle et al., 2006). Transfection of eag into cell lines made cells oncogenic with 

properties such as contact inhibition and the ability to grow in reduced serum media. 

These cell lines when transferred into immune deficient mice resulted in tumors (Pardo et 

al., 1999). Interestingly, eag transcripts are found in cancerous cells and not in their wild 

type counter parts. Subsequently, EAG has been shown to regulate cell cycle progression 

and cell proliferation (Camacho, 2006 for reviews).  

 

3.1.5 Transcriptional regulation 
 

In Drosophila, eag transcripts are alternatively spliced to produce an 80kDa 
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protein (EAG80), which contains N and C termini leaving the channel forming 

transmembrane regions of the protein. Synthesis of EAG80 can be triggered in vitro by 

Ca++ influx, and by activation of PKA or PKC bringing about changes in cell 

morphology. The C terminus of EAG has a nuclear localization signal that enables it to 

translocate to the nucleus. The nuclear translocation of the C terminus, although 

necessary for MAPK signaling, does not serve directly as a transcriptional activator (Sun 

et al., 2009). The mode of transport of the C terminus to the nucleus is still unknown. 

Translocation of ion channel fragments to the nucleus has also been observed in L-type 

Ca++ channel, Cav1.2, which regulates transcription. An increase in intracellular Ca++ 

activates the calcium channel associated transcription regulator (CCAT). CCAT binds to 

a nuclear protein activating a promoter leading to transcriptional regulation of proteins 

involved in excitability and signaling (Gomez-Ospina et al., 2006). Hence, activity 

dependent changes in the cell activate soluble ion channel fragments to translocate to the 

nucleus, and in turn regulate transcription and excitability. Such novel roles of ion 

channels provide an important link in understanding how excitability is mediated to the 

nucleus.  

 

3.1.6 Unanswered questions 
 

Although multiple roles of EAG have been described in vitro, very little is known 

about its function in vivo. As discussed in the previous chapter, EAG mutants produce 

various physiological phenotypes and EAG contributes to multiple K+ currents in 

Drosophila larval neurons. eag mutants used in the previous chapter are duplications and 
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inversions randomly generated due to X-ray irradiation of wild type flies. Some regions 

of the protein still remain, although, we do not know if they are capable of forming a 

functional channel. Double stranded EAG RNAi should remove all the eag mRNA, 

resulting in absence of protein expression. But the degree of knock down is variable in 

each cell. Neither strategy sheds light on the functions of specific domains of EAG. It 

will be useful to test some of the potential functions of EAG described in cell culture 

systems, in vivo. 

 

The unique function of EAG is represented by its protein structure. The N 

terminal region of the protein is similar to inward rectifier K+ channel with the presence 

of PAS domain, which serves as an oxygen sensor. The transmembrane domains are 

similar to Shaker voltage-gated K+ channel. The C terminus has a cyclic-nucleotide 

binding domain, CaM kinase binding domain, nuclear localization and nuclear export 

signals providing multiple sites for modulation. EAG probably functions as a bifunctional 

protein having both voltage-gated ion channel function and a modulatory role. 

Investigating the function of the specific domains of EAG will be useful in deciphering 

the role of these domains in maintaining cellular excitability. 

 

3.1.7 PiggyBac deletion strategy in Drosophila 
 

PiggyBac transposon elements are baculovirus transposons that have been 

engineered and inserted in to Drosophila germline where they stably integrate in to the 

genome. These insertions occur randomly in the genome. The collection of piggyBac 
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insertions covers 56% of the entire Drosophila genome allowing researchers to obtain 

deletions in previously inaccessible regions of the genome (discussed in Chapter 1, 

introduction). To obtain a mutation in the gene of interest, two compatible piggyBac 

transposon insertions located in or very close to the gene are chosen. Each piggyBac 

transposon insertion contains a Flip Recombinase Target sites (described below) and a 

mini white transgene, to select for red eye color in the resultant progeny. Specific genetic 

crosses are performed to obtain both piggyBac insertions in opposing arms of a 

homologous chromosome. Application of heat shock in the germline leads to synthesis of 

the enzyme, flip recombinase. In the presence of flip recombinase, trans-recombination 

occurs between FRT sites present in the two transposon insertions on homologous 

chromosomes. The end result is a precise deletion of the native DNA in between the 

transposon insertions. A residual element containing a hybrid of the left over transposon 

insertions is present at the deletion site. Amplifying the residual hybrid element using 

Polymerase Chain Reaction (PCR) is used to confirm deletions in the progeny. 

Depending upon the design of the cross strategy, progeny are also screened for the 

presence or absence of eye color. Once the progeny lines are stabilized, PCR and 

sequencing are performed to confirm the region of deletion. Depending on the distance 

between the piggyBac insertions, the deletions thus produced will result in mutant 

phenotypes. The progeny obtained from this deletion strategy have isogenic backgrounds 

and can be used for comparisons between the multiple lines generated (Thibault et al., 

2004; Parks et al., 2004). In this chapter, I use deletions generated using the piggyBac 
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excision strategy in specific regions of the eag gene to study the role of N, C and 

transmembrane domains.  
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3.2 Methods 

3.2.1 Drosophila stocks 
 

PiggyBac excision strategy was used to obtain eag mutants, eag∆ full, eag∆N and 

eag∆C (Dr. P. Bronk and Dr. L. Griffith, Brandeis University). Canton-S (CS) and w1118 

were used as the wild type control.  

 

3.2.2 Electrophysiology 
 

Wandering third instar Drosophila larvae were dissected in Ca
+ +

A solution 

(containing, in mM, 118 NaCl, 2 NaOH, 2 KCl, 4 MgCl
2
, 5 trehalose, and 5 HEPES, pH 

7.1 -7.2 and osmolarity adjusted to 295mOSM using sucrose) and filleted dorsal side up 

with the CNS, segmental nerves, and muscles intact (as described in chapter 2). The 

external sheath covering the ganglion was removed using protease applied focally to the 

region of interest. aCC motoneurons in the first thoracic segment were used throughout 

this study. T1aCC were identified using Rhodamine Dextran 3000 in the internal 

electrode solution. The position of the cell in the ganglion remains consistent across 

genotypes and preparations. Landmarks such as the horizontal tracheal tracts and 

presence of the first perisympathetic organ were used to identify T1aCC.  

 

In- situ whole-cell patch-clamp recordings were performed using an Axopatch 1D 

(Axon instruments). Thin walled borosilicate electrodes were filled with internal solution. 

Once a giga ohm seal was established and whole cell configuration was achieved, voltage 
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and current commands were provided using Clampex 10 (Axon instruments). Detailed 

description of protocol is available in Chapter 2, methods. 

 

3.2.3 Protocols 
 

A current-clamp protocol was used to administer series of 10pA, 500ms current 

steps ranging from -10pA to 100pA. All cells were normalized to -60mV membrane 

potential to obtain firing frequency plots. A gap-free protocol was used to observe 

extended periods of motoneuron activity. 

 

Voltage-clamp protocols were used to isolate voltage dependent currents. To 

isolate K+ currents, cells were held at -80mV and command steps of 20mV were provided 

from -120mV up to 60mV. Ca++ currents were isolated by holding the cell at -70mV and 

command steps of 10mV were provided from -90mV up to 50mV. The most 

hyperpolarizing voltage step in voltage-clamp experiments was used to calculate input 

resistance, which was then used to perform leak subtraction. The charging transient 

generated in the most hyperpolarizing voltage step was used to calculate capacitance and 

current density. Series resistance remained between 12-15MΩ throughout the recording. 

Only cells with a giga ohm seal were used for recordings. Recordings where series 

resistance and input resistance were not consistent were not used for quantification.  
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3.2.4 Pharmacology 
 

Tetrodotoxin (Sigma, 1µM) was dissolved in external Ca++ A solution to block 

Na+ currents. Cadmium chloride (Acros organics, 500 µM) was used to block Ca++ 

currents. For isolating Ca++ currents, barium was used as a charge carrier. Tetraethyl 

ammonium (Sigma, 50mM) was used in the external solution to block K+ currents. KCl 

was replaced with CsCl2  in the internal solution to block K+ currents. 

 

3.2.5 Statistics 
 

Microsoft Excel software was used for statistical analysis. Standard error of mean 

is reported. Significance was assumed when p<0.05. 
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3.3 Results 
 

A 39kb eag gene sequence is reported in Flybase, a Drosophila genes and 

genomes database, and four annotated transcripts and four polypeptides are predicted 

(fig. 3.1). piggyBac deletion strategy was used to obtain deletions in the eag gene. 

Multiple piggyBac insertions exist in this region. Three piggyBac insertions were chosen 

based on their position in and very close to the gene and their compatibility for 

recombination. piggyBac-e03618 (here after, P1, fig. 3.1, green triangle) was located in 

the 5’ end of the gene. piggyBac –f06369 (here after, P2, fig. 3.1, brown triangle) was 

located in the intron between exons 13 and 14, which encode a part of the C terminus 

region of the EAG protein. piggyBac-f02960 (here after, P3, fig. 3.1, blue triangle) is 

located in between genes, eag and hiwire. The full length deletion removed ~53kb 

between the piggyBac insertions, P1 and P3, which covers the entire eag gene (region 

deleted is indicated in line 1 in fig. 3.1). N terminal (Channel) deletion removed ~46kb 

between piggyBac insertions, P1 and P2, removing all the transmembrane domains, 

leaving only a small portion of the C terminus (line 2, fig. 3.1). C terminus deletion 

removed ~7kb region between piggyBac insertions P2 and P3, which includes the 

terminal sequences and 3’ region of eag, leaving the rest of the gene intact (line 3, fig. 

3.1). PCR results confirmed the region of deletion in full length and C terminus deletion. 

In the N-terminus or channel deletion, no band was detected on the Western blot that 

corresponds to the size of the remaining C-terminus (personal communication with Dr. P. 

Bronk). 
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3.3.1 Firing properties of EAG mutants 
 

A current- clamp protocol was used to study the influence of EAG on firing 

behaviour. A bias current was injected to bring the cell to -60mV. 10pA steps of 

depolarizing current were injected in a 500ms interval to obtain a frequency versus 

current plot. The average resting membrane potential in Canton-S (CS) was -49.2 ± 1mV 

and average input resistance was 383.16± 49MΩ. At lower levels of current injection 

EPSPs of ~2mV in amplitude were occasionally observed. Upon reaching the voltage 

threshold for firing, CS responded steadily to current injection steps (fig. 3.2a). A short 

delay to spike was observed.  

 

In the eag full length deletion (here after, eag ∆ full) the average resting 

membrane potential was -38 ± 1.3mV and the average input resistance was 472.9 ± 

22MΩ. Spontaneous spike-like events were observed intermittently in current-clamp 

recordings (fig. 3.2b). These events were initiated without current injection in to the cell 

body. Hyperpolarizing the membrane increased the amplitude of these events, but their 

rate became slower. Frequency of evoked firing was normal in these mutants. Delay to 

spike was reduced in recordings when spontaneous spike-like events occurred. In some 

recordings, large EPSPs were observed. eag ∆ full fired at lower levels of currents 

injection absent in wild type ( fig. 3.2e and f). The physiological phenotypes seen in eag 

∆ full were similar to existing mutants, eag sc 29 and eag x-6 (see chapter 2, fig. 2.9). 
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eag ∆ C is a C-terminus deletion of EAG. Current-clamp recordings were obtained in this 

mutant to observe the influence of C terminus region of EAG in excitability. The average 

resting membrane potential was -40.9 ± 1.2mV. Spontaneous spike-like events were also 

observed in the C terminus deletion similar to those seen in eag ∆ full (fig. 3.2c). These 

events also increased in amplitude upon hyperpolarization. In addition, evoked firing 

frequency was increased in eag ∆ C not seen in eag ∆ full (fig. 3.2e). Delay to spike was 

reduced in cells, which displayed spontaneous spike –like events. In addition, large 

EPSPs were also observed in certain cells.  

 

eag ∆ N was used to study the influence of transmembrane domains of EAG in 

cellular excitability. The average resting membrane potential was -38.5 ± 1.1mV. 

Spontaneous spike-like events were observed in eag ∆ N (fig. 3.2d and 2e). The 

frequency of these events was much lower in eag ∆ N compared to eag ∆ C and eag ∆ 

full (fig. 3.2f).  

 

Intracellular recordings were also obtained in Drosophila larval muscles in these 

three mutants. Spontaneous action potentials were observed in eag ∆ C and eag ∆ full, 

and were similar to eag sc29, but never seen in CS. Spontaneous action potentials were 

lower in frequency in eag ∆ N compared to eag ∆ C and eag ∆ full (personal 

communication with Dr. P. Bronk). In summary, all three deletion mutants of EAG 

showed spontaneous-spike like events observed in existing mutants. Increase in 

frequency of evoked firing was observed in eag ∆ C but not in eag ∆ N and eag ∆ full.  
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3.3.2 Influence of synaptic input on spontaneous events 
 

Spontaneous events seen in all deletion mutants could be due to lack of EAG in 

both presynaptic neurons and motoneurons. To distinguish between influence of synaptic 

input and intrinsic change in excitability in eag mutants, baseline synaptic input was 

observed in CS and eag mutants. A bias current was injected to bring the cell to various 

hyperpolarized membrane potentials to observe baseline synaptic activity. In CS, small 

amplitude EPSPs ~ 2mV in amplitude were occasionally observed in the recordings (fig. 

3.2a and fig. 3.3a).  Upon hyperpolarization, EPSPs became slightly larger in amplitude 

compared to -60mV, due to the increased driving force of EPSPs. In eag ∆ full, EPSPs of 

~ 2mV in amplitude compared to CS were occasionally observed, but were higher in 

frequency (fig. 3.3a, bottom traces). Upon hyperpolarization, the frequency of these 

inputs did not change but their amplitudes became larger (similar to CS). eag mutants had 

increased frequency of baseline synaptic input, probably due to increased presynaptic 

release.  

 

We tested if synaptic input contributes to spontaneous events. At -40mV, regular 

evoked firing was observed in eag ∆ N. At -60mV, spontaneous spike-like events (as 

observed in fig. 3.2d) were intermittently observed. Hyperpolarizing the same cell to -

95mV increased the amplitude of spontaneous spike-like events, but their frequency was 

reduced suggesting spontaneous events could be cell intrinsic events (fig 3.3b, before 

cadmium traces). Cadmium chloride, used to block synaptic transmission, was added to 

the same preparation. At -40mV, the shape of evoked spikes was reduced relative to 
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before cadmium application, and no after spike hyperpolarization was observed (compare 

-40mV trace before and after addition of Cd++ in fig. 3.3b). At -60mV, the amplitude of 

spontaneous spike-like events was reduced in size and the frequency decreased. At -

95mV, these events were completely absent (fig. 3.3b, after cadmium traces). A 

subsequent current-clamp recording obtained from the same cell showed increased 

frequency of evoked firing, compared to before addition of cadmium (data not shown).  

 

3.3.3 Contribution of EAG to K+ currents 
 

Since, spontaneous events were observed in eag ∆ full, similar to existing 

mutants, we wanted to test the contribution of EAG to K+ currents in eag ∆ full. In the 

previous chapter, IA, IK and slow sustained K+ currents were reduced in eag mutants and 

eag RNAi manipulations. Some amount of EAG protein remained in the mutants used in 

chapter 2 (chapter 2, fig. 2.1). No protein expression has been observed in eag ∆ full. 

Hence, we hypothesized that eag ∆ full was a stronger mutant than eag x-6 and eag sc29. A 

voltage- clamp protocol was used to isolate K+ currents in the presence of TTX, to block 

Na+ channels. A prominent transient peak was observed in eag ∆ full (fig. 3.4a, see 

methods). Holding the cell at -20mV inactivated transient currents and sustained K+ 

currents were isolated (fig. 3.4ai). Both these currents were a mixture of K+ and Ca++ 

currents. To further isolate K+ currents, cadmium chloride was used to block Ca++ 

channels. The resultant current is an A-type K+ current (IA, fig. 3.4b) and a delayed 

rectifier component (IK, fig. 3.4bi). Subtraction of currents in fig. 3.4b from fig. 3.4a 

revealed calcium-activated K+ transient (IA(Ca)) and sustained (IK(Ca)) components (fig. 
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3.4c , 4ci). A voltage versus current density plot was obtained for all the K+ currents 

measured. No difference was observed between eag ∆ full and CS (fig. 3.5).  

 

3.3.4 Contribution of EAG to calcium currents 
 

Apart from K+ currents, reduction in Ca++ currents can lead to increase in 

excitability (see discussion). We hypothesized that EAG may contribute to Ca++ currents 

or lead to compensatory changes. The presence of L-type voltage- gated Ca++ currents 

has been reported in dorsomedial larval motoneurons (Worrell and Levine, 2008). Using 

barium as the charge carrier, calcium currents were measured in w1118 and in eag ∆ full. 

L- type voltage activated Ca++ currents were isolated in both genotypes (fig. 3.6a) but no 

consistent difference was observed between them (fig. 3.6b).  

 

 

 

 

 

 

 

 

 

 



96 
 

3.4 Discussion 
 

Deletions in different regions of the gene were obtained to study the role of 

transmembrane and C terminus domains of EAG in regulating excitability. The C 

terminus region has numerous sites for modulation and the transmembrane domain 

maintains properties of a voltage-gated ion channel. Spontaneous spike-like events were 

observed in eag ∆ full, eag ∆ C and eag ∆ N. It is intriguing that spontaneous spike-like 

events were seen in eag ∆ C deletion, which lacks only the C terminus of the protein. It is 

possible that the C terminus is an essential component of EAG to function as an ion 

channel. Alternatively, the C terminus and not the transmembrane domain is responsible 

for regulating excitability. Further, the EAG80 splice variant contains the N and C 

terminus but lacks the transmembrane domain and its expression is triggered by increase 

in Ca++. C terminus of EAG80 cleaves and goes to the nucleus, and this region is 

probably essential for signaling within the cell and its absence in the eag ∆ C leads to 

increased excitability.  

 

Spontaneous events were also observed in eag ∆ N, which lacks the 

transmembrane domain. Presence of the C terminus in this deletion is yet to be 

confirmed. Non-ion conduction but voltage-sensing EAG channels have been shown to 

be involved in changes in cell morphology (Hegle et al., 2006). In eag ∆ N, both ion 

conduction and voltage-sensing domains are absent. It is possible that both the voltage-

sensing domain and the C terminus are necessary for regulating excitability. Absence of 

either leads to increased excitability, as observed in eag ∆ N and eag ∆ C deletions. 
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Taken together, results from both these mutations suggest that the aberrant phenotype 

seen in eag mutations is probably not due to direct ion channel conduction but through 

the regulation of intracellular signaling.  

 

Intracellular signaling cascades modulate most ion channels either directly or 

indirectly through auxiliary subunits. It is also possible that the EAG serves as a 

modulatory subunit for other K+ channels and the lack of the EAG C terminus region in 

eag mutants disrupts the function of other ion channels. Auxiliary β subunits regulate 

gating kinetics of the α subunits of K+ channels. It is possible that EAG functions as an 

auxiliary subunit to other K+ channels (see Chapter 1, introduction).  

 

In the previous chapter, we demonstrate a potential functional interaction between 

Shal and EAG. The C terminus of EAG could serve as a modulatory domain for Shal 

channels. It will be useful to test this hypothesis in eag ∆ C and Shal double knockdown. 

In addition to serving as a modulatory subunit for other ion channels, EAG could 

function as a sensor for excitability (see Chapter 2 discussion). One possible way this 

could be accomplished is by interaction of the C terminus of EAG with MAP kinase 

signaling leading to alteration in gene expression.  Although, C terminus of EAG80 does 

not directly serve as a transcription factor, its transport to the nucleus provides clues for 

gene regulation.  
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3.4.1 Spontaneous events- cell intrinsic events vs. synaptic input  
 

From the previous chapter, it is evident that eag mutants and ELAV::eag RNAi 

manipulations alone lead to spontaneous events. RRA::eag RNAi manipulation does not 

cause spontaneous events. These results suggest that altered intrinsic excitability alone 

does not cause spontaneous events. In the presence of cadmium, spontaneous events 

observed in eag mutants were reduced in amplitude and were absent at hyperpolarized 

membrane potentials. The drawback in using cadmium to block synaptic transmission is 

that voltage gated Ca++ channels present in motoneurons are blocked, in addition to 

blocking synaptic release. However, lack of Ca++ entry through voltage-gated Ca++ 

channels in motoneurons should reduce excitability, but increased evoked firing has been 

observed (Worrell and Levine, 2008 and results from this chapter). It has been speculated 

that this increase in evoked firing is due to lack of activation of Ca++-activated K+ 

currents, which are responsible for after-spike hyperpolarization. If spontaneous events 

were action potentials that are initiated in the axon and back propagated into the cell body 

then addition of cadmium should have increased their frequency, but the converse was 

observed. It is premature to assume that spontaneous events are only due to increased 

presynaptic release. It is likely that both increased presynaptic input and decreased K+ 

current in motoneurons in eag manipulations contribute to these events. 

 

3.4.2 K+ currents 
 

Although, EAG mutations affect multiple K+ currents (see chapter 2), no 

reduction in K+ currents were observed in eag ∆ full. The reason for this result is 
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currently unclear, although, there are possible explanations. First, the eag mutants used in 

the previous chapter still produced a protein product (see fig. 2.1 in Chapter 2) that is 

absent in eag ∆ full (personal communication with Dr. P. Bronk). It is likely that eag 

mutants, eag sc 29 and eag x-6, make malfunctioning proteins that can serve as dominant- 

negative subunits for other K+ channels, leading to the reduction of multiple K+ currents. 

Since, no EAG protein is present in eag ∆ full this possibility does not arise. Second, the 

absence of EAG protein leads to homeostatic upregulation of other K+ channels, restoring 

K+ currents in the soma of motoneurons. As discussed in chapter 2, this possibility is less 

favorable, since spontaneous events were observed in eag ∆ full. Finally, spontaneous 

events were seen in all eag mutants, but K+ current was unaltered in eag ∆ full. It is 

possible therefore that the modulatory role and not the ion conduction of EAG is critical 

in maintaining excitability.  

 

3.4.3 Future experiments 
 

In eag x-6, eag sc29, eag ∆ C and eag ∆ N some amount of EAG protein remains.  

It will be useful to measure K+ currents in eag ∆ C and eag ∆ N to test whether the 

reduction observed is similar to eag x-6and eag sc29. If K+ currents are reduced in eag ∆ C 

and eag ∆ N but not in eag ∆ full, then the hypothesis that dominant negative subunits in 

eag mutants lead to reduction in multiple K+ currents is supported. The appearance of 

spontaneous events in all mutants suggests the possibility that EAG participates in 

signaling cascades in addition to functioning as a subunit.  
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Figure 3.1

 

Figure 3.1  
Diagram of the genomic region of eag.  
 
Solid red line represents the eag gene. Green, blue and brown triangles indicate three 
piggyBac insertions located in different genomic regions. hiw, stands for hiwire, a 
neighbour of eag. Line 1 indicates the extent of the full length deletion, deletion between 
two piggyBac elements are indicated in the right. Line 2 indicates the N terminal 
(channel) deletion. Line 3 indicates the C terminus deletion. Image obtained and modified 
from Dr. P. Bronk. 
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Figure 3.2 
Influence of different domains of EAG on firing frequency 
 
a, b, c, d . Representative current- clamp recordings of CS, eag ∆ full, eag ∆ C and eag ∆ 
N in T1aCC from a normalized membrane potential of -60mV. e) Firing frequency plot of 
eag mutants. # indicates comparison between CS and eag ∆ full. * indicates comparison 
between CS and eag ∆ N, p<0.05. f) Graph of current injection steps from -10 up to 
50pA. eag mutants fire at lower levels of current injection never observed in CS. Evoked 
firing is observed in CS at 40pA. The frequency of spontaneous events observed in eag 
∆N was much lower compared to eag ∆ full and eag ∆ C.  
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Figure 3.3  
Synaptic input influences spontaneous events 
a) Extended periods of motoneuron activity in CS and eag ∆ full. Baseline synaptic 
activity is observed in CS and eag ∆ full at -60 and -80mV.b) Extended periods of 
motoneuron activity in CS and eag ∆ N before and after addition of cadmium is shown at 
-40, -60 and -95mV. 
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Figure 3.4 
Voltage-dependent K+ currents in eag ∆ full. 
 
Voltage-clamp protocol was used to elicit voltage-dependent K+ in eag ∆ full. Leak 
subtraction was performed. a) Total K+ currents in T1aCC. Transient and sustained K+ 
currents are indicated. ai) Recording from the same cell as in A. Holding the cell at -
20mV inactivates transient currents and sustained K+ currents are revealed. b) Voltage-
activated K+ currents were isolated using cadmium chloride to block Ca++ channels. 
Transient (IA) and sustained (IK) are revealed. bi) Holding the cell at -20mV inactivates 
IA currents and IK currents are revealed. c) Calcium-activated K+ currents are revealed by 
subtracting voltage-clamp records in 4b from 4a. Transient (IA(Ca)) and sustained (IK(Ca)) 
K+ (ci) currents are seen. 
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Figure 3.5   
K+ currents in T1aCC 
 
Graph of command potential vs. current density  
Comparisons of transient, sustained, IA, IK , IA(Ca), IK(Ca) in eag ∆ full, eag x-6 and CS. 



105 
 

Figure 3.6 
Voltage-gated Ca++ currents in T1aCC 
 
a. Voltage-clamp protocol was used to elicit voltage dependent Ca++ in w1118 and eag ∆ 
full. Leak subtraction was performed. b. Graph of command potential vs. current density.  
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Chapter 4 
Segmental difference in electrical properties among 

identified thoracic motoneurons 
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4.1 Introduction 
 

Drosophila larvae crawl by rhythmic waves of peristalsis initiated in the posterior 

abdominal segments that help move the animal forward. The posterior segment contracts 

and temporarily lifts from the surface and relaxes moving the segment forward. 

Concurrently, anterior segments are anchored to the substrate providing support. The 

wave of contractions then proceeds through the entire length of the animal. The head is 

capable of forward and lateral movements. In addition to forward movements, larvae can 

move backwards and turn in many directions. Neural networks in the CNS and 

participant body wall muscles bring about these simple, yet intricate, sequential 

activations. Although sequential activation suggests that different segments perform 

similar functions, there are distinct differences in the involvement of muscles among 

segments during behaviour. The development and organization of motoneurons and 

muscles may contribute to segment specific differences in function. 

 

Few studies describe the function of neural networks that give rise to the crawling 

behaviour in Drosophila. In contrast, a wealth of information is available regarding the 

development of neurons and muscles. In the following sections, I focus on the 

development and targeting of a single bilaterally symmetrical, segmentally repeated 

motoneuron. In addition, the role of homeotic genes and their differential expression in 

the CNS and body segments is discussed. 
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4.1.1 Development of the central nervous system in Drosophila 
 

Embryonic development in Drosophila occurs with precise timing as the embryo 

undergoes visible morphological changes that correlate with gene expression. Stage 1 

begins minutes after fertilization and embryogenesis continues for 21-22hr until the final 

stage, 17, leading to larval hatching (Campos-Ortega and Hartenstein, 1985).  

 

After gastrulation, each segment of the CNS (neuromere) originates from the 

ventral neuroepithelium. All the neurons in a given neuromere arise from the left and 

right neurogenic regions; the midline region separating the neurogenic regions generates 

few small cells and glia. The neuromere is bilaterally symmetrical and is composed of 

identical precursor cells and neurons on either side. Each hemisegment has a sheet of 

neuroectodermal cells, out of which ~25 cells enlarge and delaminate from the 

neuroectoderm to become three sets of neuroblasts (SI, SII and SIII). The remaining 

neuroectodermal cells remain superficial and form the ventral epidermis. Proneural 

genes, such as Notch, control the process of delamination (Campos-Ortega, 1993).  

 

Each neuroblast can be identified by its stereotyped spatial and temporal 

expression of genes. Neuroblasts divide assymetrically to give rise to another neuroblast 

and a ganglion mother cell (GMC). Typically each neuroblast gives rise to ~ 5 GMC. 

Each GMC divides just once to give rise to two post mitotic neurons. Therefore, 25 

neuroblasts give rise to approximately 200 neurons, subdivided into 30-40 motoneurons, 

150 interneurons and 5 neurosecretory cells in each hemisegment. So far, 20 post-mitotic 
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neurons can be reliably identified based on the molecular markers, their position in the 

hemisegment and dendritic and axon targets (Goodman and Doe, 1993). 

 

4.1.2 Neuroblast, NB1-1 
 

Neuroblasts can be distinguished from each other based on the unique set of 

proteins expressed. At embryonic stage 9, SI neuroblast, NB1-1 expresses mirror, a gene 

involved in blastoderm development, along with a pair rule gene, odd-skipped (odd). 

NB1-1 divides to give rise to GMC 1-1a. At stage 10, odd is transiently expressed in 

GMC1-1a before the expression of even-skipped (eve). GMC 7-1a also expresses eve in 

addition to gooseberry, a segment polarity gene. Absence of gooseberry distinguishes 

GMC 1-1a from GMC 7-1a. By stage 11, GMC1-1a divides to produce two post mitotic 

neurons, neuron 1-1a1 and 1-1a2. These neurons migrate to the posterior part of the 

adjacent anterior segment and are positioned in the dorsal surface of the CNS. At stage 

13, eve expression continues in these neurons. The presence of two eve positive neurons 

in the posterior part of the segment and their axon scaffolds are used to reliable identify 

these neurons as anterior corner cell (aCC) and its sibling, posterior corner cell (pCC). 

aCC is a motoneuron with an ipsilateral axon and a small contralateral dendritic arbor 

projecting to the posterior neuromere. pCC is an interneuron lying posterior and ventral 

to aCC and extends an anterior process to atleast two neuromeres. Their position and 

dendritic arborization and presence of eve expression (and absence of other molecular 

markers) help reliable identification of these cell types in every segment (Doe 1992; 

Broadus et al., 1995).  
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At late stage 12, aCC motoneuron sends a pioneering axon to the periphery through the 

intersegmental nerve. The growth cone of this axon exits the CNS and extends along a 

tracheal substrate. At early stage 14, it encounters afferent sensory axons in the dorsal 

body wall and leaves the trachea to follow the sensory axons. At stage 15, the aCC axon 

leaves the sensory axon and begins making filopodial connections with guidepost cells, 

eventually forming a target with dorsal body wall muscle. Thus aCC axon acts as a 

pioneer for other motor axons to exit the CNS through the intersegmental nerve. Multiple 

axon guidance molecules aid axon targeting to muscles (Goodman and Doe,1993). 

 

4.1.3 Development and organization of larval muscles 
 

At stage 12, small syncytia (cytoplasm shared among multiple nuclei) composed 

of two or three fused myoblasts (precursors of muscles) are found in the ventral 

mesoderm close to the developing CNS. As the germ band shortens, a process resulting in 

multiple morphological changes, several syncytia appear in the dorsal, ventral and lateral 

body wall close to the epidermis. Each myoblast fuses with its neighbours and grows in 

size. Fusion is complete by end of germ band retraction and newly formed muscles 

migrate to their respective attachment sites in the epidermis. At stage 15, the migration of 

newly formed muscles is complete to coincide with the arrival of motor axons (Bate 

1993). 
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4.1.4 Segmentation in Drosophila 
 

Drosophila larva is composed of three thoracic segments (T1-T3) and 8-9 

abdominal segments (A1-A8/9) both in the CNS and in the body wall. Expression 

patterns of homeotic genes differ among segments providing segment identity (discussed 

below). In abdominal segments, A2-A7, 30 abdominal body wall muscles are present. 

They are divided into dorsal, ventral, longitudinal, transverse, oblique (running dorsal-

anterior to ventral-posterior) and acute (ventral-anterior to dorsal-posterior) 

(nomenclature adopted from Bate, 1993). A similar arrangement is seen in A1, but with 

only 29 muscles. In thoracic segments, muscles similar to the abdominal muscles are 

present, but their position is adjusted to accommodate the CNS, imaginal discs and head 

structures. In addition, muscles controlling the mouthparts are also present. (Campos-

Ortega and Hartenstein, 1985; Bate 1993) 

 

4.1.5 Segmental differences among thoracic and abdominal segments 
 

In Drosophila, Hox genes composed of homeodomain transcription factors, play 

key roles in the diversification of anterior-posterior axis in the CNS and the body. In the 

embryonic CNS, Antennapedia-complex genes (antp) specify segments of the head and 

thorax. In the embryonic CNS, antp expression is seen strongly in the posterior half of 

the labial segment (anterior to T1) to the anterior half of A8 with the strongest expression 

is seen in T1 and T2. Bithorax complex genes specify the thorax and abdominal 

segments. Ultrabithorax (ubx) is expressed from the posterior half of T2 to the anterior 

half of A7. ubx is strongly expressed in T3 and A1 (Rogulja-Ortmann et al., 2008).  
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Segmental differences in neuroblast NB1-1 differentiation have been observed previously 

(Udolph et al., 1993). In both thoracic and abdominal segments, NB1-1 produces aCC 

motoneuron. In thoracic segments, in addition to aCC, a second motoneuron, cousin of 

aCC (CoA) is found posterior and lateral to pCC and projects to muscles 12 and 13 

through the segmental nerve (SNb). In addition to these three cell types, NB1-1 clones 

also produce 2 or 3 large cell bodies in thoracic segments not found in abdominal 

segments (Udolph et al., 1993; Bossing et al., 1996; Broadus et al., 1995). It is unclear if 

these extra cells are due to expression of different Hox genes in these segments. 

 

4.1.6 Hox genes and crawling behaviour 
 

A recent study (Dixit et al., 2007) demonstrated the requirement of Hox genes for 

proper execution of crawling behaviour (described earlier). The authors show a 

requirement of bithorax complex genes, ubx and abdominal A (abdA), in the abdominal 

segments for proper peristaltic contraction. Conversion of abdominal segments to 

thoracic segments by expression of antp in abdominal segments resulted in no peristalsis. 

Similarly, misexpressing ubx and abdA in anterior thoracic segments resulted in 

abdominal peristaltic behaviour in thoracic segments. The authors suggest that abdominal 

segments are necessary for the propagation of peristaltic waves of contraction seen in 

larvae. It is unclear if the neural architecture is altered in these segmental 

transformations. 
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4.1.7 Studying segmental differences in the larval ganglion 

The larval ganglion of Drosophila has been a relatively unexplored area in 

neurophysiology until recently. The larval crawling behaviour has been documented 

extensively and abdominal muscles and the neuro-muscular junctions have been studied 

in great detail. The reason for this apparent discrepancy is due to the easily accessible 

arrangement of larval abdominal body wall muscles. Repeated arrays of muscles are 

readily visible in abdominal segments A2-A6, their position, number and types of neuro-

muscular junctions (NMJ) remain unchanged across preparations. Therefore, intracellular 

muscle recordings and nerve root recordings can be reliably performed, making the 

Drosophila NMJ a pioneering model system for the studying synapse development and 

function. In contrast, the larval ganglion is considerably smaller in size and is composed 

of densely packed neurons and glial sheath that surround them. Accessing individual 

neurons presented a formidable challenge. However in recent years, this barrier has been 

overcome and whole-cell patch-clamp recordings can be performed on identified 

dorsomedial motoneurons (In the embryonic ganglion: Baines and Bate, 1998; In the 

larval ganglion: Rohrbough and Broadie, 2002; Choi et al., 2004; Worrell and Levine 

2008; Schaefer et al.,,2010). The emphasis has been in deciphering the physiological 

properties of abdominal motoneurons that could be used to compare with the already 

existing literature on corresponding abdominal muscles. Except for casual references, no 

information is available about the electrical properties of thoracic motoneurons and their 

muscle targets (exceptions: Worrell and Levine 2008, Schaefer et al., 2010). 
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Functional differences do exist between thoracic and abdominal body segments. 

Crawling is initiated in abdominal segments and the head and thorax are involved in 

anchoring and in lateral movements. The head is also involved in feeding, digging and 

olfaction. Given the functional differences in behaviour, muscle organization and Hox 

gene expression between thoracic and abdominal segments, it is likely that motoneurons 

in the larval ganglion also demonstrate segment specific differences.  

 

Dorsomedial motoneuron, aCC, is segmentally repeated in thoracic and 

abdominal segments. In abdominal segments, aCC targets dorsal muscle 1 forming a type 

1b synaptic connection (discussed in Chapter 1, introduction). Studying the electrical 

properties of a single segmentally repeated motoneuron in thoracic and abdominal 

segments will be useful in understanding the functional differences in properties of 

motoneurons in different segments. In this chapter, I perform in situ whole-cell patch-

clamp recordings on identified aCC motoneurons in thoracic segments and isolate K+ 

currents to study segmental difference in motoneuron properties.  

 

 

 

 

 

 
 

 



115 
 

4.2 Methods 
 

even-skipped promoter GAL4 line (RRA) was used to identify aCC motoneurons 

in different segments. Canton- S was also used to obtain information on electrical 

properties of aCC motoneurons in different segments. 

 

4.2.1 Identification of aCC 
 

aCC motoneurons in different segments were identified using 1. even-skipped 

promoter GAL4 lines driving green fluorescent protein (GFP). 2. Rhodamine dextran 

3000 was used in the intracellular recording electrode to dye fill the neurons. 

 

Electrophysiology was performed and data analyzed as described in Chapter 2, methods. 

Images were obtained using a Zeiss laser scanning confocal microscope. 
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4.3 Results 
 

Segment identity in the Drosophila larval ganglion was confirmed using median 

nerves that exit from the dorsal midline of the larval ganglion. Median and transverse 

nerves were clearly visible from segments A1 up to segment A6. Perisymphathetic 

organs, storage sites of neuropeptide hormones, were present in all three thoracic 

segments in the same region as the median nerve in the abdominal segments. This 

arrangement was observed in all third instar larvae and used to reliable identify segments. 

In addition, horizontal tracheal tracts run along the segment border in thoracic segments 

and putative aCC was found at the base of the segment border. 

 

even –skipped promoter line (RRA GAL4, UAS-CD8GFP, hereafter RRA) 

labeled MN1-1b and MN1SN-1s motoneurons in the ganglion (fig. 4.1, courtesy E.Sells).  

MN1-1b, is the larval name for embryonic aCC, referring to its target muscle 1 and type 

of synaptic nerve ending (similarly embryonic RP2 is MNISN-1s). MN1-1b motoneurons 

were identified based on their bilateral dendritic arborization in abdominal segments (A1- 

A6) and in thoracic segments (T2 and T3). In the first thoracic segment, even-skipped 

GAL4 lines labeled a large cell body in the posterior half of T1 at the base of the 

horizontal tracheal tract in the dorsal midline. The cell had bilateral dendritic 

arborizations and an ipsilateral axon similar to MN1-1b in lower segments (white arrow 

in fig. 4.1). Based on position, dendritic morphology, and even-skipped promoter 

expression we identify this cell as aCC in the first thoracic segment (hereafter T1aCC). In 

addition to the putative aCC, 2-4 motoneurons were variably labeled in the anterior half 
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of T1 segment. These motoneuron axons exit the ganglion through the nerve anterior to 

the T1 nerve. Putative targets of the T1aCC axon were seen in the head lateral to the 

mouth hooks and below the spiracles. We are yet to confirm if the T1aCC axon also 

targets muscle 1 in the first thoracic body wall segment. MN-1b in the third thoracic 

segment targets muscle 1, similar to abdominal segments (red arrow fig. 4.1). For 

convenience we refer to this cell by its embryonic origin as T3aCC. At times, MN1-1b in 

the abdominal ganglion is referred to as abdominal aCC in this chapter. 

 

We performed in situ whole-cell current-clamp recordings from T1 and T3aCC to 

study their intrinsic properties. A series of 10pA current injections starting from -10pA 

up to 100pA were provided from a normalized membrane potential of -60mV with a 

500ms pulse duration (fig. 4.2). Parameters that are used to study passive membrane 

properties such as, input resistance, whole cell capacitance, voltage threshold for firing, 

and current threshold for firing were measured. In addition, delay to spike and the firing 

frequency were also obtained. T1aCC had a lower input resistance (383.16 ± 49 MΩ) 

compared to T3aCC (765.49 ± 135 MΩ). Whole cell capacitance was higher in T1aCC 

(29.26±1.3 pF) compared to T3aCC (24.7±1.2 pF). Voltage threshold for firing in T1aCC 

was -34.85± 2.5mV comparable to T3aCC (-36.27mV). T3aCC required less current 

injection to reach spike threshold than T1aCC (fig. 4.2a and 2b). T3aCC also displayed a 

higher firing rate than T1aCC for the same amount of current injection (fig. 4.2c). Delay 

to spike was observed in T1aCC from 60pA up to 100pA current injection. At higher 
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current injection steps, the delay to spike was reduced in T1aCC (fig. 4.2d). A much 

shorter delay to spike was observed in T3aCC (fig. 4.2d).  

 

Values of input resistance, capacitance, delay to spike and firing frequency in 

T3aCC were comparable to those observed by Schaefer et al., 2010. In addition, these 

parameters were compared to existing information available about aCC motoneurons in 

abdominal segments (Choi et al., 2004 and Schaefer et al., 2010). Input resistance 

reported for abdominal aCC was 1028.74±127.95 MΩ (Schaefer et al.,) and 977±89MΩ 

(Choi et al., 2004). Abdominal aCC motoneurons do not display a visible delay to spike, 

similar to T3aCC (Choi et al., 2004). Taken together, input resistance of aCC 

motoneurons is lowest in first thoracic segment and increases sequentially in third 

thoracic and in abdominal segments. A prominent delay to spike was observed in aCC in 

the first thoracic segment and not in third thoracic and abdominal segments. 

 

4.3.1 Potassium currents 
 

In addition to passive membrane properties, active properties such as the 

distribution of ionic currents could be different in aCC motoneurons in different 

segments. In particular, delay to spike and firing frequency are generally attributed to the 

presence of voltage-gated K+ currents. We tested whether there is a segmental difference 

in voltage-gated K+ currents in thoracic aCC motoneurons. Voltage-gated K+ currents 

were isolated using protocols and blockers described in Chapter 2. Whole-cell voltage-

clamp experiments were used to isolate voltage-dependent outward K+ currents. Both T1 
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and T3aCC displayed prominent transient and sustained K+ currents (fig. 4.3a, b). The 

total transient K+ current density was larger in T1 compared to T3aCC (fig. 4.3c). But 

total sustained K+ currents were comparable between them (fig. 4.3d). 

 

Four macroscopic K+ currents can be isolated in Drosophila. These include the A- 

type voltage-activated transient K+ current (IA), delayed rectifier K+ current (IK), calcium-

activated transient K+ current (IA(Ca)) and calcium-activated sustained K+ current (IK(Ca)). 

Therefore, two types of transient K+ currents and two types of sustained K+ currents can 

be distinguished. Voltage-activated currents were isolated from Ca++ activated currents 

by using cadmium chloride to block Ca++ current.  

 

4.3.2 Transient inactivating K+ currents 
 

Prominent voltage-activated IA and IA(Ca) were isolated in both T1 and T3aCC. 

Both these currents undergo significant inactivation, since holding the cell at -20mV 

inactivated most of these currents (fig. 4.5). T1aCC displayed a noticeably prominent 

peak current, IA, compared to T3aCC (fig. 4.4a and c). The amplitude of IA was 

significantly larger in T1aCC compared to T3aCC (fig. 4.4e). Prominent IA(Ca) was also 

observed in T1aCC compared to T3aCC (fig. 4.4b and d), but the amplitude of IA(Ca) was 

not significantly different between T1 and T3aCC (fig. 4.4f).  
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4.3.3 Sustained K+ currents 
 

Voltage-activated and calcium-activated sustained K+ currents were measured in 

both T1 and T3aCC (fig. 4.5). Voltage-activated IK was similar in both T1 and T3aCC 

(fig. 4.5a and 5c), but the amplitude of IK in T1aCC was larger than T3aCC (fig. 4.5e). 

IK(Ca) was also similar between T1 and T3aCC (fig. 4.5b and 5d). Interestingly, IK(Ca) was 

larger in amplitude in T3aCC than T1aCC (fig. 4.5f). 
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4.4 Discussion 
 

even-skipped promoter expression labeled MN-1b (aCC) in the third thoracic 

segment and a putative aCC homolog in first thoracic segment. Both these cells displayed 

bilateral dendritic arborization identical to aCC motoneurons in abdominal segments.  

 

Electrical properties distinguish T1 and T3aCC, despite their identical embryonic 

origin. T1aCC had a lower input resistance and higher whole cell capacitance and 

required more current injection to reach spike threshold than T3aCC. The difference in 

recruitment of these cells could be due to differences in passive membrane properties. 

The Henneman size principle states that small cells have a higher input resistance 

(smaller cell surface area), and therefore reach higher level of depolarization for a given 

amount of current than large cells (Henneman and Mendell, 1981). The size principle 

holds true for aCC motoneurons present in different segments. The decreased gradation 

in input resistance observed in aCC motoneurons from abdominal to the thoracic 

segments, suggests that abdominal aCC motoneurons are recruited first. These properties 

may provide advantages during forward crawling as the wave begins from lower 

abdominal segments and proceeds to anterior segments. During forward crawling, 

neurons in T3 will be activated before neurons in T1. It is, therefore, possible that both 

cells receive similar synaptic input but T1aCC responds later than T3aCC due to 

differences in the intrinsic properties of these motoneurons (see below). 

 

Within a given abdominal segment, MN1-1b forms a type 1b synaptic connection 
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with abdominal muscle 1. MNISN-Is (embryonic RP2) forms a type 1s connection and 

innervates multiple muscles in the same segment (Hoang and Chiba, 2001). 

Electrophysiological recordings from type 1b axon terminals demonstrate a tonic release 

of neurotransmitter and synaptic facilitation, whereas type 1s axon terminals demonstrate 

phasic release and synaptic depression (Lnenicka and Keshishian, 2000). Both in 

abdominal segments and T3, MN1-1b motoneurons are more easily recruited than 

MNISN-1s motoneurons. Their dendrites target the same region of the neuropile and 

receive common synaptic input (Landgraf et al., 1997; Schaefer et al., 2010). It is yet to 

be determined whether the same intrasegmental recruitment order exists in putative aCC 

and RP2 in the first thoracic segment. Both of these motor neurons are similar in function 

to the tonic and phasic motoneurons studied in crustaceans (Kurdyak et al., 1994). Tonic 

motoneurons are thought to be involved in postural movements, whereas phasic 

motoneurons are thought to be involved fast and intense movement needed during escape 

responses (Atwood, 2008).  

 

Intersegmental co-ordination has been studied extensively in leech and lamprey 

swimming. A 20° phase lag exists between adjacent body segments during swimming in 

leech. Interneurons present in a segment send processes to adjacent segments to maintain 

co-ordination. They can “prime” the follower segment in advance of an incoming 

sequence of activation and can inhibit the follower segment from concurrent activation. 

In addition to interneurons, sensory feedback also contributes to the necessary phase lag 

(for reviews: Hill et al., 2003).  
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In the Drosophila larval ganglion, interneurons that connect multiple segments 

have yet to be discovered. pCC (the sibling of aCC) axon projects to two anterior 

hemisegments and could function as an intersegmental interneuron contributing to 

sequential activation (Doe, 1992 and personal observations). Excitatory and inhibitory 

synaptic inputs have been observed in larval motoneurons although, the source of these 

inputs have yet to be discovered (Rohrbough and Broadie, 2002; Schaefer et al., 2010; 

see chapter 2, fig. 2.11). 

 

Extracellular recordings from motor axons in Drosophila larvae demonstrate a 

necessity for sensory input in coordinating and maintaining locomotor activity (Fox et al., 

2006). Although the locomotor CPG develops in the absence of sensory input, forward 

locomotion is affected (Suster and Bate, 2002).  

 

4.4.1 Voltage -gated K+ currents in aCC motoneuron 
 

Four different K+ currents can be isolated in T1 and T3aCC motoneurons. 

Multiple genes encode voltage-gated transient and sustained K+ currents. A-type transient 

K+ currents are encoded by Shaker, Shal and EAG channels. Inactivating A-type currents 

contribute to the delay to spike. T1aCC had a longer delay to spike than T3aCC and IA 

currents were larger in T1 than T3aCC. Shal and EAG both encode for IA currents in 

T1aCC (see chapter 2). Shal also encodes a portion of IA in T3aCC (Schaefer et al., 

2010). The distribution of A-type K+ currents could be different in these two cell types. 

In the abdominal ganglion, MNISN-1s displays a prominent delay to spike and 
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inactivation of A-type currents happens at a depolarized voltage compared to MN1-1b 

from the same segment (Choi et al., 2004). It is possible that T1 and T3aCC also display 

a difference in the voltage sensitivity of inactivation.  

 

Shab and Shaw encode for delayed rectifier K+ currents. Shaw is a non-

inactivating K+ channel and Shab is a slowly inactivating K+ channel (Singh and Singh, 

1999). T1 had a larger IK than T3aCC. Similar to A-type K+ currents, the distribution and 

composition of sustained currents could be different in thoracic segments. 

 

4.4.2 Calcium-activated K+ currents 
 

Calcium-activated K+ currents have been shown to be important for post-spike 

hyperpolarization. Two genes, slowpoke and SK, encode calcium-activated K+ channels 

in Drosophila. slowpoke has multiple splice variants resulting in the formation of both 

big and small conductance channels (Atkinson et al., 1991; Elkins et al.,,1986). T1 and 

T3aCC had the same proportion of calcium-activated K+ currents. It should be noted that 

L-type Ca++ currents were found in both T1 and T3aCC (Worrell and Levine, 2008; fig. 

3.6).  

 

T1 and T3aCC show differences in both the passive membrane properties and in 

the proportion of K+ currents. These differences in properties of motoneurons in different 

segments could arise due to distinct expression of Hox genes in thoracic and abdominal 

segments during early development. It is unclear if electrical properties of motoneurons 
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are directly affected by Hox gene expression. The segmental difference between 

motoneurons could reflect the performance of different functions. T3 has the same 

muscle arrangement as A1 and is very similar to lower abdominal segments. Whereas, T1 

has additional muscles from the mouthparts, and the arrangement of muscles are 

reorganized to accommodate head structures. It is therefore conceivable that the 

motoneurons targeting these different muscle arrangements have different electrical 

properties, to allow participation in different behaviours. For example, in addition to its 

participation in locomotion, T1 motoneurons could be involved in feeding.  

 

4.4.3 Unanswered questions 
 

It is likely that aCC motoneurons in different segments share a common 

developmental code, but incorporate diverse electrical properties to suit their local 

environments and resultant behaviour. Scant electrophysiological evidence exists to 

demonstrate the role of the first thoracic segments in locomotion or feeding behaviour. It 

will be useful to obtain simultaneous nerve recordings from thoracic and abdominal 

segments during locomotion. Similarly, forward locomotion is initiated in the posterior 

segments, A7 and A8, yet their muscle arrangements are strikingly different from A2-A6. 

It will be useful to obtain information on the electrical properties of posterior abdominal 

motoneurons. Therefore, even within the well-studied abdominal segments, it is unclear 

whether motoneurons with the same embryonic identity share similar electrical 

properties.  
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The dendritic architecture of these motoneurons remains fairly constant across 

segments. Interestingly, dendrites of motoneurons are found in the same region of the 

neuropile as longitudinal axonal tracts that travel through the midline. This arrangement 

may accommodate descending input from the brain. Studying the properties of 

motoneurons in different segments will provide valuable information on the organization 

and function of the CPG. 
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Figure 4.1 even-skipped promoter expression in the larval ganglion 

Image of the larval ganglion of Drosophila using, RRA-GAL4, UAS-CD8GFP. 
Segmentally repeated aCC and RP2 motoneurons are shown. White arrow indicates aCC 
in the first thoracic segment. Red arrow indicates aCC in the third thoracic segment. 
Segments (T1-T3 and A1-A6) are indicated. Image courtesy, E.Sells. 
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Figure 4.2 
Firing properties of T1 and T3aCC 
 
a and b) Representative current-clamp recordings performed in T1 and T3aCC. Cells 
were normalized to -60mV and steps of -10, 40, 70, 100pA are shown. c) Firing 
frequency plot between T1 and T3aCC. A higher firing frequency was seen in T3 
compared to T1aCC. d) Delay to spike distinguishes T1 and T3aCC, ‡ indicates p<0.01 
and * indicates p<0.05. 
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Figure 4.3 
Total K+ currents in T1 and T3aCC 
 
a and b) Representative voltage-clamp recordings of T1 and T3aCC from a -80mV 
holding potential. Both transient and sustained K+ currents are visible.  
c) Graph of command potential vs. total transient current density in T1 and T3aCC. d) 
Graph of command potential vs. total sustained current density in T1 and T3aCC, * 
denotes p<0.05. 
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Figure 4.4 
Transient K+ currents in T1 and T3aCC. 
 
a,b,c and d) Representative transient K+ currents. Black traces denote K+ currents in 
T1aCC and red traces denote K+ currents in T3aCC. 
a and c) Representative voltage-clamp recordings revealing voltage-activated IA in T1 
and T3aCC. e) Graph of command potential vs. IA current density in T1 and T3aCC. b 
and d) Representative voltage-clamp recordings revealing voltage-activated IA(Ca) in T1 
and T3aCC. f) Graph of command potential vs. IA(Ca) current density in T1 and T3aCC, * 
denotes p<0.05. 
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Figure 4.5 
Sustained K+ currents in T1 and T3aCC. 
 
a,b,c and d) Representative voltage-clamp experiments revealing sustained K+ currents 
from a holding potential of -20mV to inactivate transient K+ currents. Black traces denote 
K+ currents in T1aCC and red traces denote K+ currents in T3aCC. a and c) 
Representative voltage-clamp recordings revealing voltage-activated IK in T1 and T3aCC. 
e) Graph of command potential vs. IK current density in T1 and T3aCC. b and d) 
Representative voltage-clamp recordings revealing voltage-activated IK(Ca) in T1 and 
T3aCC. f) Graph of command potential vs. IK(Ca) current density in T1 and T3aCC. * 
denotes p<0.05. 



132 
 

 

 

 

 

 

 

 

Chapter 5 
Conclusions 
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5.1 Summary of results 
 

The goals of this work were to provide information on the variety of K+ currents 

that are expressed in Drosophila thoracic motoneurons. Many different types of K+ 

currents exist each performing a unique function in regulating firing behaviour. In turn 

multiple K+ channel genes are responsible for a particular type of K+ current. Hence, it is 

useful to understand the contribution of a single K+ channel gene and its influence on 

excitability.  

 

The Drosophila larval ganglion has segmentally repeated arrays of dorsomedial 

motoneurons in the thoracic and abdominal segments. Although, these motoneurons share 

a common embryonic identity they could perform different functions during behaviour. 

Hence, it is essential to investigate the electrical properties of motoneurons to understand 

their segmental contribution to behaviour. Whole-cell patch-clamp recordings were 

performed on identified thoracic motoneurons in the larval ganglion to study electrical 

properties and isolate K+ currents. The intact preparation also helped us obtain 

information on the influence of synaptic input to intrinsic excitability (see below). 

Therefore four specific aims were carried out.  

1.  Provide a detailed description of different types of K+ currents in thoracic 

motoneurons 
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Four macroscopic K+ currents were isolated in thoracic aCC motoneurons, namely 

voltage-activated transient K+ current (IA), delayed rectifier current (IK), Ca++-activated 

K+ current (IA(Ca)) and Ca++-activated K+ current (IK(Ca)). All four K+ currents activated at 

around -40mV. The transient currents, IA and IA(Ca) showed significant inactivation at 

depolarized membrane potentials. Both IA(Ca) and IA activated within ~4ms but IA(Ca) was 

faster than IA. In addition to macroscopic K+ currents, a slow sustained K+ current that 

could be responsible for the resting membrane potential of cells was also isolated. These 

currents activated at sub threshold membrane potentials and did not inactivate upon 

depolarization. 

 

2. Demonstrate a segmental difference in firing properties and K+ currents 

among thoracic motoneurons 

aCC motoneuron in thoracic segments 1 and 3 (T1aCC and T3aCC) can be distinguished 

based on their input resistance, whole cell capacitance and evoked firing frequency.  

T1aCC demonstrated a prominent delay to first spike compared to T3aCC. T1aCC had a 

larger IA current than T3aCC, probably contributing to the delay to spike. IA(Ca) was 

comparable between the two cells. In contrast, T3aCC had a larger IK(Ca) than T1aCC. 

The varied distribution of K+ currents in these cells could contribute to the difference in 

firing patterns observed, in addition to passive membrane properties. 

 

3. Investigate the contribution of EAG to K+ currents and firing properties of 

thoracic motoneurons 
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To further investigate the influence of K+ currents on excitability, Ether-a-go-go K+ 

channel was chosen. EAG has been studied in detail in cell culture systems and in 

Drosophila larval neuromuscular junction. Although, the aberrant electrical phenotypes 

observed in EAG mutants are due to defects in the nervous system, very little information 

of the role of EAG in nervous system excitability has been studied. Hence this study 

served two purposes. The first was to investigate the contribution of a single K+ channel 

gene to excitability. The second aim was to provide a thorough analysis of the function of 

EAG in the nervous system, which was lacking. 

 

aCC motoneurons revealed spontaneous spike-like events in eag mutants. 

Additional spikes were evoked by somatic current injection. Spontaneous firing was 

absent in wild type motoneurons but evoked firing was comparable to eag mutants. 

Reduction of EAG function with selective expression of an eag RNAi transgene in aCC 

motoneurons did not cause spontaneous firing or alter evoked firing. This suggests that 

synaptic input contributes significantly to spontaneous events seen in eag mutants.  

 

IA, IK and a slow sustained K+ current were reduced in eag mutants and in eag 

RNAi manipulations. Normal EAG expression was required throughout embryonic and 

larval stages for IK and slow sustained K+ current expression, whereas, EAG function in 

the third instar larva was required for IA.  
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Shal K+ channels also encode a portion of IA in T1aCC motoneurons. Shal and 

EAG double knockdown resulted in a similar reduction in IA as compared to single knock 

down. In addition, decreased voltage sensitivity for inactivation was observed in Shal 

only and Shal-EAG double knock down, but not in EAG only knock down. Taken 

together, these experiments suggest a potential functional interaction of EAG and Shal K+ 

channels. In addition, Shal undergoes significant inactivation, whereas EAG does not. It 

is possible the EAG functions as an auxiliary subunit to Shal channels and contributes to 

IA currents but does play a significant role in inactivation gating of Shal. 

 

Cyclic nucleotides modulate EAG function. A Ca++-sensitive EAG-dependent current 

is blocked by cAMP. It is possible that in a normal quiescent state, in the absence of 

cAMP, EAG contributes to voltage dependent currents, such as IA. When cellular 

excitability is altered in presence of cAMP, however, there is increased Ca++ entry 

through voltage -gated Ca++ channels into cells. This in turn can activate a Ca++-sensitive 

EAG current to reduce excitability. cAMP blocks this current directly to maintain an 

increased state of excitability. In human embryonic kidney cells transfected with rat EAG 

channels, elevation in intracellular Ca++ levels by addition of muscarine resulted in 

blockage of EAG currents (Stansfeld et al., 1996). It is possible that a similar mechanism 

operates in T1aCC. A non-EAG dependent IA current is also blocked by cAMP. It is 

interesting to speculate whether Shal contributes to this current. 

 

4. Study the contribution of different domains of EAG to excitability  
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The variable firing phenotypes and multiple K+ currents affected in eag mutants could be 

due to the function of EAG as a voltage-gated K+ channel or as a K+ channel whose 

primary role is in intracellular signaling. To separate these two different functions, 

mutations in the transmembrane region of the protein and the C terminus region of the 

protein were obtained.  

 

Spontaneous spike- like events was observed in the full length deletion mutant, 

the transmembrane deletion and the C-terminal deletion. Increased evoked firing was 

observed in the C-terminal deletion and not in the others. The presence of spontaneous 

spike like events in the C terminal deletion suggests that this domain is essential for 

maintaining excitability.  

 

K+ currents isolated in the full length deletion were not different from wild type 

K+ currents. It is intriguing that multiple currents were affected in other mutants, but no 

change in K+ was observed in the full length deletion.  

 

5.2 Future directions 
 

Dorsomedial motoneurons in the larval ganglion provide an excellent model 

system for studying ion channel physiology. These motoneurons can be reliably 

identified across preparations and genetic manipulations can be performed only in these 

motoneurons without affecting the entire nervous system. Further, the motoneuron- 
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muscle unit is easily identifiable and the contribution of motoneurons to rhythmic 

patterned output can be studied. 

 

5.2.1 Segmental differences  
 

The diversity seen in K+ channel expression and resultant firing properties 

observed in thoracic motoneurons, lead us to believe that a segmental difference exists. 

Further information on electrical properties and K+ current distribution of motoneurons in 

abdominal segments is necessary to confirm the segmental difference between abdominal 

and thoracic segments. Simultaneous extracellular recordings performed on thoracic and 

abdominal nerves are necessary to further test the functional significance of segmental 

differences observed in motoneurons. These recordings will also provide insight in to the 

role of different segments in crawling and feeding behaviours. 

 

5.2.2 Source of synaptic input 
 

Bouts of rhythmic synaptic activity have been observed in thoracic motoneurons 

(Schaefer et al., 2010; Chapter 2, in this dissertation). Synaptic currents evoked by focal 

application of acetylcholine and GABA have been observed in dorsomedial motoneurons 

(Rohrbough and Broadie, 2002). Multiple potential sources of synaptic input have been 

proposed but no direct evidence exists to demonstrate the location of neurons presynaptic 

to motoneurons. Application of modulators to the external bath solution does not test the 

direct contribution of presynaptic input to motoneurons. Hence a combination of 
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genetics, electrophysiology and optical manipulations are necessary. For instance, 

channel rhodopsins (see chapter 1 for details) can be expressed only in cholinergic 

neurons using GAL4-UAS system. The advantage of using ChR2 to induce excitability is 

that ChR2 is activated at a specific wavelength using a laser beam, which provides both 

temporal and spatial control. Simultaneous activation of cholinergic neurons and patch-

clamp recordings on motoneurons will be useful to identify the neurons presynaptic to 

motoneurons. A similar use of this technique has produced tremendous success in 

understanding the contribution of brain stem command centers to locomotor circuitry in 

the spinal cord. Hägglund and colleagues have used channel rhodopsins to selectively 

activate populations of glutamatergic excitatory neurons in the brainstem of mouse to 

activate the locomotor CPG in mice (Hägglund et al., 2010). Long periods of whole-cell 

patch clamp recordings are difficult to perform, since dorsomedial motoneurons are small 

and are very sensitive to mechanical perturbations (Personal communication with J. 

Worrell and personal observations). Alternatively, loose patch recordings during 

rhythmic periods of activity can be obtained without having to access the interior of the 

cell and “dialyze” its contents. 

 

5.2.3 Studying ion channel function in motoneurons 
 

Using patch-clamp recordings and genetics, we have been able to study the 

contribution of EAG (and Shal) to excitability in motoneurons. These studies need to be 

extended to further test the role of EAG in in vivo systems. Our results strongly indicate 

EAG could function as subunits for other K+ channels. To further test this hypothesis, it 
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is essential to obtain the information on localization of EAG and other K+ channels 

within motoneurons. Tagging EAG channels to fluorophores will help visualize the 

localization of EAG to different compartments of the cell. The drawback so far in testing 

these reagents is that engineered channels do not traffic to the right location of the cell 

and remain clustered within the cell body. It is first essential to understand if EAG has 

sequence motifs that aid in proper targeting of the channel. This information will be 

useful in generating channels that can traffic to the right location. FRET based assays can 

be used to study subunit interactions among different channel types.  

 

In chapter 2, we hypothesize EAG could act as a sensor of excitability. One method of 

testing this hypothesis would be to modulate activity of motoneurons by externally 

applying neuromodulators or increasing external Ca++ concentrations. Ca++ or activation 

of PKA and PKC signaling systems has been shown to activate the splice variant, EAG80 

(Sun et al., 2009). Using fluorophore tagged EAG channels it will be possible to observe 

the trafficking of EAG in response to external stimulation. 

 

Multiple lines of evidence demonstrate that transcription of different ion channels is 

coupled; reduction in one ion channel results in a concomitant increase in the expression 

of the other. Therefore, it is essential to test if other K+ channels are upregulated in eag 

mutants. Single cell RT-PCR is necessary to compare levels of mRNA in a motoneuron. 

Neurons in the nervous system are heterogenous and express different combinations of 

ion channels to suit their individual function. Within a hemisegment, there are 150 
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interneurons and only 30 motoneurons, each class expressing a unique transcriptional 

code (see chapter 4, introduction). Therefore performing analysis of mRNA regulation in 

the whole ganglion will produce biased results. A combination of genetics, 

electrophysiology and imaging is necessary to study the role of ion channels and their 

contribution to behaviour. 
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