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ABSTRACT 

The primary goal of this work was to examine the role of voltage-dependent Ca2+ 

channels in regulating the output of larval Drosophila motoneurons functioning within an 

intact network.  To accomplish this goal, two major aims were addressed: 1. To 

determine whether larval Drosophila motoneurons express voltage-dependent Ca2+ 

channels in their central processes, and further, to determine the genes responsible.  2. To 

determine the role of centrally expressed voltage-dependent Ca2+ channels in the 

regulation of motoneuron output as motoneurons receive behaviorally relevant input from 

the locomotor network.  To address these goals, genetic tools available in Drosophila 

were used along side in situ patch clamp techniques from larval motoneurons. 

 Using whole cell voltage-clamp techniques in situ, we have shown that two 

identified motoneurons, aCC and RP-2, carry voltage-dependent currents recorded from 

the soma.  Dmca1D, the L-type like channel in Drosophila, is primarily responsible for 

this current.  Expressing Dmca1D RNAi in aCC and RP-2, as the preparation displayed 

fictive bouts of locomotion, caused an increase in burst duration in both RP-2 and aCC as 

well as an increase in the number of action potentials fired per burst.  Additionally, the 

afterhyperpolarization between spikes was greatly reduced and spiking became less 

regular.  This work indicates a role for Dmca1D in the processing of synaptic information 

in Drosophila motoneurons aCC and RP-2.   
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CHAPTER 1. INTRODUCTION 

Voltage-dependent ion channels play a large role in tuning the activity of a neuron.  They 

shape the action potential, influence firing properties, and can interact with synaptic 

information to either enhance or reduce the effective synaptic current.  Further, voltage 

dependent channels can lead to the supra-threshold and sub-threshold oscillations in 

membrane potential observed in many neuronal types.  In addition to these roles, voltage-

dependent channels are known to link cellular excitability to signal transduction within 

the cell, affecting local phosphorylation states and influencing gene regulation.  Such 

changes in the internal state of a neuron can lead to further alterations in cell excitability 

by influencing voltage-dependent channel expression, channel function, synaptic 

strength, and cell morphology.  Understanding how these events interact in cells 

functioning within an intact neural network is crucial to our understanding of all 

behavior.  The aim of this work is to gain a better understanding of how voltage-

dependent Ca2+ channels interact with synaptic drive to influence the input output 

properties of cells functioning within an intact neural network.    

 

1.1 Voltage-Dependent Ca2+ channels 

 Voltage-dependent Ca2+ channels form as multimeric complexes, which conduct 

Ca2+ ions in response to depolarization of the cell membrane.  The alpha1 subunit (α1), 

which contains both the pore conducting region and the voltage sensing region of the 

channel, is usually found in association with a beta subunit (β), an alpha2delta subunit 
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(α2δ), and a gamma subunit (γ).  These auxiliary subunits can modulate the α1 subunit, 

influencing activation and inactivation kinetics, voltage-dependence of activation, and 

sensitivity to intracellular signals (Dolphin 2006).  In both vertebrates and invertebrates, 

the genome encodes a variety of α1 subunits as well as auxiliary subunits (King 2007).  

This diversity is increased by alternative splicing and RNA editing, endowing cells with a 

large variety of possible voltage-dependent Ca2+ channel function.  

 Voltage-dependent Ca2+ channels are typically classified by their voltage-

threshold for activation.  High voltage activated (HVA) channels require a relatively 

large depolarization for activation (approximately -30 mV) and inactivate slowly.  Low 

voltage activated (LVA) channels activate at more hyperpolarized membrane potentials 

(approximately -60 mV) and inactivate rapidly.  HVA Ca2+ channels are further 

distinguished by their pharmacological profiles into L, P/Q, R, and N-type channels.  L-

type channels are blocked by the pharmacological agent 1, 4-dihydropyridine (DHP), N-

type channels by w-contoxin (w-CTX), P/Q-type channels by w-agatoxin (w-AGA), while 

the R-type channel is resistant to all the above agents (Olivera et al. 1994, Dunlap et al. 

1995, Wicher et al. 2001, King 2007).  Using this classification profile HVA channels are 

often classified as DHP sensitive channels (L-type) and DHP insensitive channels (P/Q, 

R, N- type).  LVA channels are classified as T-type channels.  

Voltage-dependent Ca2+ channels are known to play a role in a wide range of 

cellular processes.  In skeletal muscle, calcium channels are responsible for the Ca2+ 

influx necessary for contraction, while in cardiac muscle these channels lead to the 

prolonged “plateau potential” observed during the cardiac action potential.  In the central 
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nervous system voltage-dependent Ca2+ channels are responsible for the calcium influx 

necessary for synaptic release, can aid in the rising phase of an action potential (Wicher 

et al. 2001), and are thought to interact with synaptic input to influence cellular 

excitability (Heckman 2003).  Further, Ca2+ ions entering the cell through voltage-

dependent Ca2+ channels interact with enzymatic processes to influence properties such 

as cellular excitability and gene regulation (Catterall 2000).  

 

1.2 Voltage-Dependent Ca2+ channels in Insect neurons  

Voltage-gated Ca+2 currents have been recorded in insect neurons (Laurent et al., 

1993; Wicher,1997, 2001; Hayashi and Levine, 1992; Baines and Bate, 1998, Worrell 

and Levine 2008), and in some cases have been found localized to dendritic processes 

(Haag and Borst, 2000; Duch and Levine, 2002).  Both LVA transient currents and HVA 

sustained currents have been identified in insect central neurons (David and Pitman 1995, 

Mills and Pitman 1997, Wicher and Penzlin 1994, Grolleau and Lapied 1996).  In 

addition, a current with an intermediate threshold for activation has also been identified 

in cockroach DUM neurons and Drosophila motoneurons and termed a medium-low 

threshold activated current (M-LVA) (Wicher and Penzlin 1997, Worrell and Levine 

2008).  The Drosophila genome, which has been entirely sequenced, contains three genes 

that share sequence homology with each of the major subtypes of voltage-dependent Ca2+ 

channels in vertebrates; (1) L-type channels, (2) P/Q,R,N-type channels, (3) T-type 

channels.  Two of these channels, the L-type and the P/Q,R,N-type are expressed in 

Drosophila larval motoneurons and share distinct localization patterns (Kawasaki 2000, 
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2002, 2004; Worrell and Levine 2008).  In embryonic motoneurons, a channel with T-

type Ca2+ channel properties has also been identified.  The conservation of these distinct 

Ca2+ channel subtypes, and their distinct localization patterns, suggests that they each 

play a unique and significant role in neuronal function.   

Invertebrate and vertebrate voltage-dependent Ca2+ currents are blocked by the 

general voltage-gated Ca+2 channel blockers Co2+ and Cd2+.  Differences arise between 

insects and vertebrates, however, when pharmacology is used to further distinguish 

voltage-gated Ca+2 currents in insects.  For example, dihydropyridines and w-conotoxin 

GVIA, are used to distinguish L-type Ca+2 channels and N-Type channels, respectively, 

from other HVA channels in vertebrates.  They do not, however, share the same 

consistent blocking effects in insect neurons (King, 2007).  While DHP’s do not appear to 

block the L-type like Ca2+ current in Drosophila motoneurons, they do block the L-type 

like current in Drosophila muscle, which is a product of the same gene, Dmca1D 

(Worrell and Levine 2008, Gielow et al. 195, Singh and Wu 1999).  This highlights the 

effects that post-transcriptional modifications can play in generating diversity of Ca2+ 

channel function.  Work to identify pharmacological agents that modulate voltage-gated 

Ca+2 channels of insects has identified an array of spider toxins.  Plectreurys toxin II 

(PLTX-II), a venom of the hunting spider Plectreurys tristis, has been shown to block 

DmcalA, the voltage-gated Ca+2 channel required for synaptic release at the NMJ of 

Drosophila (Kuromi et al., 2004).  w-ACTX-Hv1a, venom from the Australian funnel-

web spider, has been shown to block HVA Ca+2 currents within cockroach DUM neurons 

(Nicholson et al., 2007).  Additionally, Drosophila genetically constructed to express 
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inducible w-ACTX-Hv1a develop a phenotype similar to that of the hypomorphic 

mutation DmcalD, suggesting that this HVA L-type like channel expressed in muscle and 

neurons may be the target of w-ACTX-Hv1a (Tedford et al., 2006; Eberl et al., 1998).   

Modulation of voltage-dependent Ca2+ channels in insects has also been observed.  

During development in Manduca sexta, voltage-dependent Ca2+ channels in motoneurons 

are under the control of the moulting hormone 20-hydroxyecdysone, which causes an 

increase in current levels (Grunewald and Levine, 1998).  In Manduca olfactory neurons, 

5-hydroxytryptamine (serotonin) reduces the magnitude of voltage-dependent Ca2+ 

influx.  Further, in motoneurons from the cockroach Periplaneta americana, McN-A-

343, a muscarinic Ach agonist, reduces the voltage-dependent Ca2+ current, while in 

cockroach DUM neurons neurohormone D and octopamine enhance the LVA current and 

redce the HVA current (David and Pitman 1995, Wicher and Penzlin 1994, Achenbach et 

al. 1997, Wicher et al. 2001).  The cAMP signaling cascade has been implicated as a 

source for modulation in response to many of the neuromodulators mentioned above, 

including 20-hydroxyecdysone, neurohormone D, and octopamine (Wicher et al. 2001).  

In Drosophila muscle, dunce mutants, which disrupt a gene encoding a 

phosphodiesterase, enhance the L-type like Ca2+ current, whereas mutants of rutabaga, 

which disrupt a gene encoding adenylate cyclase, reduce the L-type like current 

(Bhattacharya et al. 1999, Wicher et al. 2001), further implicating the cAMP pathway as 

a key regulator of insect voltage-dependent Ca2+ channels.  As in vertebrates, Ca2+ ions 

themselves may also act as modulators of insect voltage-gated Ca2+ channels, through 

Ca2+ induced inactivation of Ca2+ channels (Wicher and Penzlin 1997, Worrell and 
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Levine 2008).  The C-terminal loop of HVA Ca2+ channels contains a consensus 

sequence motif called the IQ domain, which contains a docking sight for calmodulin.  

Interaction of the IQ-calmodulin with Ca2+ causes a conformational change in the 

voltage-dependent channel restricting further Ca2+ conduction.  Lastly, auxiliary subunits 

may play a role in modulating the voltage sensing and pore forming α1 subunit.  

Expression of the β subunit from the house fly Musca domestica in Xenopus oocytes 

causes an increase in the endogenous Ca2+ current (Wicher et al. 2001), while a mutation 

in the gene encoding the α2δ subunit in Drosophila significantly impairs neuromuscular 

transmission at the NMJ, where the P/Q, R, N-type Ca2+ channel is responsible for 

synaptic release, indicating a role for α2δ in regulation of this channel (Dickman et al. 

2008) 

 

1.3 Voltage-dependent Ca2+ channels in Vertebrate neurons  

In vertebrate preparations whole cell patch clamp experiments have revealed voltage-

dependent Ca2+ channels in the central processes of a variety of neurons including 

hippocampal CA1 pyramidal neurons, cortical pyramidal neurons, and Purkinje neurons.  

In these cell types, voltage-dependent Ca2+ channels play a wide range of functions.  In 

CA1 pyramidal neurons, voltage-dependent Ca2+ channels interact with both synaptic 

input and back propagating action potentials to influence the formation of LTP and LTD 

(Johnston et al. 2003).  Voltage-dependent Ca2+ channels in cortical pyramidal neurons 

interact with locally generated dendritic Na2+ spikes to induce a persistent inward current, 

which can boost synaptic input, support burst firing (Larkum et al. 2001; Magee and 
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Johnston 2005), and induce a non-Hebbian form of synaptic plasticity; not dependent on 

association with action potential output (Goldberg et al. 2002; Holthoff et al. 2004).  

HVA Ca2+ channels in the proximal stem of apical dendrites in cortical pyramidal 

neurons have also been demonstrated to amplify distal EPSP’s, coupling distal input with 

spike initiation centers (Seamans et al. 1997).  In addition to these direct roles, Ca2+ 

influx through voltage-dependent Ca2+ channels can also interact with Ca2+-dependent K+ 

channels to regulate intersipke interval, spike frequency adaptation, and burst termination 

(McManus 1991; Grillner et al. 2001; Pedarzani and Stocker 2008).  

Dendritic patch clamp recordings from CA1 pyramidal neurons reveal a uniform 

density of voltage-dependent Ca2+ current, but the distribution of distinct channel 

subtypes is nonuniform.  Voltage-dependent L- and N-type channel expression is 

increased in the soma and proximal dendrites, while R- and T-type channels are increased 

in distal dendrites (Jonston et al. 2003).  These results suggest that the distinct 

localization of Ca2+ channel gene products are important for proper cellular function.  

This assumption is further supported by the specific localization of voltage-dependent 

Ca2+ channel subtypes to the presynapse, where precise function is necessary for proper 

synaptic release and plasticity. 

Voltage-dependent Ca2+ channels also reside in the central processes of vertebrate 

motoneurons, where they are thought to play a large role in coupling synaptic input to 

cellular excitability. The L-type Ca2+ channel, which has been localized to the dendritic 

and somatic membrane by immunolabeling studies (Carlin et al., 2000b; Simon et al., 

2003), is positioned in a key location to interact with synaptic input.  When synaptic 
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drive is sufficient to depolarize local membrane and activate these channels, persistent 

inward currents (PIC) may be induced (side note: voltage-dependent persistent Na+ 

currents also play a role in generating the PIC).  Because of the slow inactivation kinetics 

of these L-type channels, the PIC is capable of outlasting the initial synaptic drive, 

creating a prolonged depolarization of the cell (plateau potential).  PIC’s have been 

suggested to further interact with both excitatory and inhibitory synaptic input to 

influence the effective synaptic current (the synaptic current which reaches the spike 

initiating zone and is capable of influencing neuron output; Powers and Binder) 

(Heckman et al. 2008).  For example, excitatory input, strong enough to activate L-type 

channels, is boosted by the PIC.  Because the PIC amplifies synaptic current in both 

amplitude and time, this boosting of inward current is maintained after excitatory input 

ceases.  Subsequent inhibitory input, which is strong enough to hyperpolarize local 

membrane and shut off the PIC, is then boosted by the termination of the PIC 

(Hyngstrom et al., 2008). Various electrophysiological and computation studies have 

localized the PIC to the dendritic arbors of motoneurons (Carlin et al., 2000a; 

Hounsgaard and Mintz 1988; Hounsgaard and Kiehn 1989; Li and Bennett 2003; Perrier 

and Hounsgaard 2003; Booth et al., 1997; Elbasiouny et al., 2005; Bui et al., 2006).  This 

work is consistent with data localizing voltage-dependent Ca2+ channels to dendrites, and 

the theory that these channels interact with synaptic drive to induce the PIC.   

The induction of the PIC is dependent on neuromodulation, which primes 

channels for activation by synaptic drive.  Serotonin and norepinephrine, which are 

released by brain-stem centers into the spinal cord, have been demonstrated to play a role 
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in the generation of PIC’s in intact systems (Heckman et al. 2003).  In fact, early work on 

motoneuron function, which relied on severing the connections between the spinal cord 

and brain stem regions, did not recognize a PIC (Brownstone 2006).  It was not until 

connections between the spinal cord and the brain stem were left intact that PIC’s were 

elicited in motoneurons without influencing the activity of voltage-dependent channels 

through voltage or pharmacological manipulation.  In preparations where descending 

drive is severed, PIC’s may be induced by blocking K+ currents (Schwindt and Crill 

1980) and by the application of modulators such as serotonin or norepinephrine to the 

recording solution.  

It has been proposed that PIC’s are necessary for proper motoneuron function 

during behaviorally relevant tasks.  This claim has been supported by studies using 

physiologically constrained computational models (Cushing et al. 2005).   These models 

demonstrate that the reduction in the effective synaptic current, caused by simultaneous 

synaptic input which reduces driving force and membrane input resistance, is so great 

that even when all inputs onto motoneurons are driven at once they are incapable 

generating motoneuron output consistent with movement.  This suggests that 

motoneurons are equipped with intrinsic properties, such as PIC’s, which are needed to 

generate the depolarizing current necessary for repetitive firing.   

 The interaction of synaptic input with intrinsic cellular properties sets up a 

mechanism by which specific motor units, required for a particular behavior, may be 

recruited amid a highly active locomotor network.  Concomitant influence by synaptic 

input and neuromodulation allow for large groups of motoneurons to be recruited by the 



 20 

locomotor network.  In turn, inhibitory input can turn off the PIC, uncoupling the 

motoneuron from the locomotor circuit, sculpting the output of the system (Hyngstrom et 

al., 2008).  While such a hypothesis is appealing, it has been difficult to support using the 

traditional preparations that investigate such questions.  This is primarily due to the 

pharmacological techniques used to block voltage-dependent Ca2+ currents in vertebrate 

preparations.  This method essentially affects all cells in the motor network including 

sensory neurons, interneurons, and large groups of motoneurons. 

 

1.4 Studying Physiology in Drosophila central neurons  

Seymour Benzer established Drosophila as a model system for studying the role of 

genes on behavior (Konopka and Benzer 1971, Benzer 1971).  Because of the small size 

of the preparation, however, direct investigation of the electrophysiological processes that 

underlie behavior, lagged behind that in other insect preparations, with the notable 

exception of the giant descending neuron shown to be important for escape behavior 

(Tanouye et al. 1981).  This problem was solved by R. Baines and M. Bate (1998) with 

the establishment of an in vivo whole cell patch clamp preparation in Drosophila embryo 

(Baines and Bate, 1998).  The establishment of in vivo recordings from larva and adult 

Drosophila followed shortly (Rohrbough and Broadie 2002, Choi et al, 2004, Wilson et 

al. 2004).  Working with the genetic tools available in Drosophila, along with the ability 

to record in vivo using whole cell patch clamp, researchers are now able to address 

directly the physiological link between genes and behavior.   
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1.5 Drosophila Motoneurons  

The Drosophila larval ventral nerve cord, which contains the motoneurons and 

circuitry necessary for locomotion, is segmentally organized.  Each abdominal 

hemisegment contains roughly 36 motoneurons, which innervate the same set of 30 body 

wall muscles.  Motor axons project to the periphery through one of three nerves, the 

intersegmental nerve (ISN), the segmental nerve (SN) and the transverse nerve (TN).  

The choice of nerve root that a motor axon follows divides motoneurons into unique 

groups (Landgraf and Thor 2006).  Motoneurons that follow the ISN innervate internal 

muscles, while those that follow the SN innervate external musculature.  The TN carries 

axons from two motoneurons and projects along the segmental boarder (Landgraf and 

Thor 2006).  Motoneurons, which follow the ISN and the SN are further subdivided by 

their projection into either dorsal or ventral muscle groups.  This pattern of axon 

projection is regulated by a group of transcription factors unique to each set of cells.  

Motoenurons with axons projecting to ventral and lateral muscles express the LIM-

homeodomain transcription factors Lim3 and Islet as well as the transcription factor HB9, 

while those projecting dorsally express the homeobox gene even-skipped (eve) (Thor and 

Thomas 1997, Thor et al 1999, Fujioka et al 2003).  Mutations or deletions of these genes 

are sufficient to alter axon projection into the periphery.  The dendrites of Drosophila 

motoneurons also display a patterned organization.  They extend into discrete locations 

within in the neuropile, forming a central representation of the musculature in the 

periphery (myotopic map) (Landgraf et al. 2003).  Manipulation of isl, Hb9 or eve, 



 22 

however, does not affect gross dendritic morphology (Pym et al. 2006), indicating that 

the organization of dendritic morphology may be under a different control than that of the 

axon.    

 Drosophila embryonic and larval motoneurons display a full array of voltage-

dependent ion channels including; one voltage-dependent Na+ channel (para), four 

voltage-dependent K+ channels (Shal, Shaw, Shab, and possibly Shaker), and at least two 

voltage dependent Ca2+ channels (Dmca1D, Dmca1A, and possibly Dmα1G) (Baines and 

Bate 1998, Choi et al. 2004, Worrell and Levine 2008).  In addition, they also express a 

Ca2+-activated K+ channels (slowpoke).  In situ voltage-clamp experiments indicate that 

voltage-dependent currents are first evident around 13 to 14 hours after egg laying 

(AEL), beginning with a delayed-rectifying K+ current and followed by voltage gated 

Ca+2, Na+, and A-type K+ currents at 15 hrs, 16 hrs and 17 hrs AEL respectively (Baines 

and Bate 1998).  This sequence of expression is stereotyped among all dorsal abdominal 

motoneurons, suggesting that a “common developmental program” may be responsible 

for the onset of voltage-dependent currents (Baines and Bate 1998).  In fact, manipulation 

of the transcription factor even-skipped, which controls dorsal motoneuron axon 

projection, alters intrinsic properties of eve positive motoneurons, supporting evidence 

that development of excitability is in part under the control of genetic programs common 

to these cells (Pym et al. 2006).  By larval stages, however, individual dorsal 

motoneurons express unique voltage-dependent currents.  For example, recordings from 

two identified motoneurons that express eve embryonically, aCC and RP-2, indicate 

differences in both the A-type K+ current and the L-type Ca2+ current (Choi et al 2004, 
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Worrell and Levine 2008).  The difference in the A-type K+ current, lead to differences in 

the firing properties of aCC and RP-2 in response to somatic current injection (Choi et al. 

2004).  This indicates that further genetic and/or environmental regulation is necessary 

for the development of mature larval motoneuron identity. 

 Motoneurons first become responsive to the neurotransmitter acetylcholine (Ach) 

at approximately 13 hours AEL (Baines and Bate 1998).  Work from vertebrate 

preparations suggests that Ca2+ influx through these early expressing receptors may lead 

to gene regulation necessary during development (Greenberg et al. 1996, Baines and Bate 

1998). Functional Ach synapses form with presynaptic cells at approximately 15 to 16 

hours AEL, and the motoneurons themselves become capable of firing action potentials 

at approximately 17 hours AEL.  By 3rd instar larval stages, motoneurons receive both 

excitatory and inhibitory input from presynaptic neurons (Rohrbough and Broadie 2002).  

Ach is responsible for the primary excitatory input, while glutamate (Glut) and GABA 

are the primary inhibitory inputs (Rohrbough and Broadie 2002).  

When excitatory synapses onto embryonic Drosophila motoneurons are 

manipulated, these cells respond with compensatory changes in their intrinsic properties 

(Baines et al. 2001, Baines 2003, Murano et al. 2008). For example, two independent 

methods used to block evoked Ach release onto motoneurons resulted in an upregulation 

of both the voltage-dependent Na+ and K+ currents in these cells (Baines et al. 2001).  

These changes were accompanied by an increase in the number of action potentials fired 

in response to cell body injected current.  When synaptic transmission was blocked 

conditionally, intrinsic properties representing control animals were returned within hours 



 24 

of restoring normal synaptic transmission.  These results indicate that Drosophila 

embryonic motoneurons are capable of regulating their intrinsic excitability in response 

to changes in synaptic drive in a homeostatic manner (Baines 2003).   In further support 

of this claim, motoneurons respond with a reduction in excitability and a significant 

decrease in the voltage-dependent Na+ current when synaptic excitation is increased 

(Baines 2003).  These responses were mimicked when genetic techniques were used to 

increase PKA and cAMP in motoneurons, suggesting that these molecules play a role in 

linking synaptic drive to intrinsic excitability (Baines 2003).  

 

1.6 Locomotion in Drosophila Larvae 

 Locomotion in Drosophila larvae consists of a peristaltic wave of contractions 

propagating through body wall segments.  In forward crawling, locomotion is initiated by 

a contraction in posterior segments A8/9, followed by sequential contractions in each 

anterior segment A7-1.  The head and the thorax function differently, extending forward 

at the beginning of the wave, anchoring to the substrate with the mouth hooks, and then 

contracting at the end of the wave (Dixit et al. 2008).  In abdominal segments, focal patch 

recordings from the neuromuscular junction indicate that contractions in ventral muscle 

groups precede those of dorsal muscle groups, adding a layer of complexity to the 

locomotor behavior.   

It is believed that larval locomotion is produced by central pattern generating 

circuits (CPG).  When the ventral nerve cord is isolated by from the body of the larvae, 

by cutting all nerve branches, recordings from nerve roots indicate that the CNS is still 
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capable of generating patterned output, consistent with locomotion, though the pattern is 

less regular (Fox et al. 2006).  This indicates that the ventral nerve cord contains the 

circuitry necessary for locomotion, though, sensory feedback may play a role in shaping 

the regularity of the movement.  The role for sensory input in shaping the locomotor 

output is highlighted by experiments where input from sensory neurons (multidendritic 

and chordotonal organs) is reduced.  In these preparations, the larvae are capable of 

crawling, however, segments contract for longer than usual and the wave of contraction is 

slow to propagate from segment to segment (Hughes and Thomas 2007, Suster and Bate 

2002, Song et al. 2007).  Output from the central network, which affects muscle 

contraction, is first observed around embryonic stage 17 hours AEL, however, 

coordinated activity resembling forward peristalsis does not begin until around 18 hours 

AEL.  From this point until hatching at 21 hours AEL, output from the motor network 

becomes more patterned and responsive to sensory stimulation (Crisp et al 2008).  The 

gradual refinement of motor output suggests that activity occurring throughout 17 to 21 

hours AEL may be necessary for proper development of the CPG network (Crisp et al. 

2008) 

While the circuitry of the CPG is still unknown, certain aspects of its development 

have been identified.  For example, Hox genes, which play a role in segmental 

organization during embryogenisis, also play a role in the assembly of the neural circuits 

of locomotion (Dixit et al. 2008).  Hox genes Ubx and abdA are expressed in neurons and 

myocytes in abdominal segments of the developing embryo and are involved in the 

patterning of these segments.  When these genes are miss-expressed in thoracic segments, 
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the larvae not only displays morphological alterations of thoracic regions toward 

abdominal regions, these regions now display peristaltic waves of contraction resembling 

CPG output from the abdomen.  Conversely, when Ubx and abdA function are knocked 

out, larvae do not display peristaltic waves of contraction in abdominal segments.  

 Regulation of the CPG network by neuroamines also appears to play a role in the 

generation of certain behaviors.  In tyramine β-Hydroxylase mutants, where levels of 

octopamine (OA) are reduced and levels of are tyramine (TA) increased, larvae display 

significantly less time in forward crawling and display fewer peristaltic waves.  These 

larvae are capable of movement upon sensory stimulation, however, indicating that the 

relative levels of OA and TA are important for the initiation and modulation of crawling 

behavior (Fox et al. 2006, Saraswati et al . 2004).  Dopamine also appears to play a role 

in regulating CPG output, as inhibiting synaptic release from dopaminergic cells reduces 

crawling speed and initiates a circling behavior in larvae (Suster et al. 2003).  Further, 

when dopamine is inhibited pharmacologically larvae display paralysis.  While these 

observations indicate a role for neuroamines in the regulation CPG output, it is still 

unknown how and where these modulators are acting.  Preliminary work indicates that 

motoneurons may be one target of neuromodulation, as bath application of pilocarpine, 

an agonist of muscarinic Ach receptors, induces depolarization of these cells while 

neurotransmission is blocked by TTX (Unpublished data from Levine and Duch labs). 
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1.7 Summary 

Research in Drosophila locomotion has focused primarily on the development of 

motor systems and the characterization of behavior.  Relatively little work, however, has 

looked at the physiologic role of motoneurons in generating appropriate motoneuron 

output in behaving animals.  Research in this area has been limited by a lack of 

knowledge regarding the intrinsic properties of these cells and by a lack of techniques 

which allow the manipulation of proteins specifically in motoneurons, while leaving the 

remaining locomotor network intact.   

Genetics techniques now available in Drosophila, such as cell specific expression 

of RNAi transgene, and the ability to perform in situ patch clamp during fictive bouts of 

locomotion, offer a unique method to investigate these properties.  I plan to use this 

model system to study the role of voltage-gated Ca2+ channels in generating appropriate 

motoneuron output as these cells receive behaviorally relavent input from the locomotor 

network.  To address this question, it is necessary to first take a few steps back.  First, 

voltage-gated Ca2+ channels have not yet been identified in the central processes of 

Drosophila motoneurons and thus need to be characterized.  Next, it will be necessary to 

determine which genes are responsible for the Ca2+ current recorded from the soma of 

identified motoneurons. This will allow genetic techniques available in Drosophila to be 

employed to knockdown voltage-gated Ca2+ channel function specifically in the cells of 

interest without disrupting the locomotor network.  Finally, with this information it will 

be possible to examine the the consequences of removing central voltage-dependent Ca2+ 
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channel function, from identified motoneurons, on the ability of these cells to process 

behaviorally relavent input. 
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Abstract 

Voltage-dependent Ca2+ channels contribute to neurotransmitter release, integration of 

synaptic information, and gene regulation within neurons.  Thus, understanding where 

diverse Ca2+ channels are expressed is an important step towards understanding neuronal 

function within a network.  Drosophila provides a useful model for exploring the 

function of voltage-dependent Ca2+ channels in an intact system, but Ca2+ currents within 

the central processes of Drosophila neurons in situ have not been well described.  The 

aim of this study was to characterize voltage-dependent Ca2+ currents in situ from 

identified larval motoneurons.  Whole-cell recordings from the somata of identified 

motoneurons revealed a significant influence of extracellular Ca2+ on spike shape and 

firing rate.  Using whole cell voltage clamp, along with blockers of Na+ and K+ channels, 

a Ca2+ dependent inward current was isolated. The Drosophila genome contains three 

genes with homology to vertebrate voltage-dependent Ca2+ channels: Dmca1A, Dmca1D, 
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and Dmα1G.  We used mutants of Dmca1A and Dmca1D, as well as targeted expression 

of an RNAi transgene to Dmca1D to determine the genes responsible for the voltage-

dependent Ca2+ current recorded from two identified motoneurons. Our results implicate 

Dmca1D as the major contributor to the voltage-dependent Ca2+ current recorded from 

the somatodendritic processes of motoneurons, whereas Dmca1A has previously been 

localized to the presynaptic terminal where it is essential for neurotransmitter release.  

Altered firing properties in cells from both Dmca1D and Dmca1A mutants indicate a role 

for both genes in shaping firing properties. 

 

Introduction 

Voltage-dependent Ca2+ currents have a wide range of influence on neuronal 

function.   In addition to their requirement in presynaptic terminals for neurotransmitter 

release (Kawasaki et al. 2004), voltage-dependent Ca2+ channels segregate to 

somatodendritic locations where they associate cellular activity to localized Ca2+ influx 

(Christie et al. 1995; Magee and Johnston 1995).  Ca2+ channels in the somatodendritic 

processes of motoneurons may amplify postsynaptic current (Schwindt and Crill 1980; 

Heckman and Lee 1999; Lee and Heckman 2000; Simon et al. 2003; Hyngstrom et al. 

2008; Seamans et al. 1997; Johnson et al. 2003), or regulate action potential firing 

frequency through Ca2+ activated K+ channels (McManus 1991; Vergara et al. 1998).  On 

a somewhat longer time scale, voltage-dependent Ca2+ influx may drive activity 

dependent gene regulation (Catterall 2000; Hardingham et al. 1997), mediating, for 

example, adjustments in intrinsic excitability (Peng and Wu 2007).  Thus, determining 
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the cellular mechanisms required for the appropriate localization of voltage-gated Ca2+ 

channels, and the integrative consequences of Ca2+ channel activation are necessary steps 

in understanding how the activity of neural circuits is maintained at the level of the single 

cell.   

Techniques available in Drosophila, such as cell specific genetic manipulation 

and the ability to record in situ from identified neurons, make it an ideal system to study 

the influence of voltage-gated Ca2+ influx on neuronal function within an intact system.  

Thus the role of a particular channel type in determining the activity pattern of an 

identified neuron can be addressed rigorously through targeted genetic manipulation.  

Unfortunately, voltage-gated Ca2+ currents have not been well defined in Drosophila 

neurons in vivo.  Our goal in the present study, therefore, was to verify that the 

somatodendritic processes of Drosophila motoneurons include these currents and to take 

advantage of genetic approaches to determine the genes responsible.   

 The Drosophila genome contains three genes with known homology to voltage-

gated Ca2+ channel α1 subunits in vertebrates; Dmca1A, Dmca1D, and Dmα1G (Smith et 

al. 1996; Zheng et al. 1995; Littleton and Ganetzky 2000; King 2007).  Dmca1A, also 

known as cacophony (cac), shares sequence homology with vertebrate N, P, and Q-type 

channels and is expressed at the Drosophila neuromuscular junction where it contributes 

to the Ca2+ influx responsible for synaptic release (Kawasaki et al. 2000, 2002, 2004), 

synaptic growth (Rieckhof et al. 2003), and regulation of the neuromuscular junction 

(Xing et al. 2005).  Additionally, in the Drosophila giant neuron culture system, derived 

from cytokinesis-arrested embryonic neuroblasts, cac contributes the major Ca2+ current 
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and plays a role in the homeostatic regulation of the A-type K+ current (Peng and Wu 

2007).  While the role of cac has been well described at the NMJ, as well as in cell 

culture, the contribution of cac to voltage-dependent Ca2+ currents in the central 

processes of neurons in situ has not been determined.  Dmca1D shares homology with 

vertebrate L-type channels (Zheng et al. 1995) and is responsible for the major 

dihydropyridine sensitive current recorded from Drosophila larval muscle fibers (Ren et 

al. 1998).  Whether Dmca1D plays a role in the central nervous system is not known.  

Dmca1A and Dmca1D appear to play non-redundant roles in Drosophila as null alleles of 

both genes are independently embryonic lethal (Smith et al. 1996; Eberl et al. 1998).  

Dmα1G shares homology with vertebrate LVA T-type channel.  While the function of 

this gene has not been characterized in Drosophila, a current with steady state 

inactivation at membrane potentials of -30 mV has been identified in embryonic 

motoneurons aCC and RP-2 (Bate and Baines 1998) as well as in larval body wall muscle 

(Ren et al 1998; Gielow et al. 1995).  These currents are sensitive to amiloride, a known 

blocker of vertebrate T-type currents.   

 We used in situ whole cell patch-clamp techniques to record voltage-dependent 

Ca2+ currents from identified motoneurons aCC and RP-2 in 3rd instar Drosophila larvae.  

Motoneurons aCC and RP-2 were chosen based on their accessibility for recording and 

known influence on muscle function.   We further recorded isolated voltage-dependent 

Ca2+ currents from larvae carrying mutant alleles of Dmca1A and Dmca1D.  In both aCC 

and RP-2, Dmca1D carried the major component of the voltage-dependent Ca2+ current 

recorded from the cell body.  To support these findings we drove the expression of 
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Dmca1D RNAi specifically in aCC and RP-2 and found a significant reduction in 

somatically recorded voltage-dependent Ca2+ current.  Whereas Dmca1D contributed the 

major voltage sensitive current recorded at the cell body, mutations of both Dmca1A and 

Dmca1D, as well as RNAi knock-down of Dmca1D, had an influence on the firing 

properties of aCC and RP-2.  

 
 

Methods 
  
Drosophila stocks.   

Wild-type strains used were Canton-s and W1118.   The GAL4 line, RRA, in which a 

transgene containing a region of  the even skipped (eve) promoter drives GAL4 

expression in specific neurons (Fujioka et al. 2003), was used to drive expression of GFP 

and other transgenes in aCC and RP-2 motoneurons in each thoracic and abdominal 

hemisegment.   A recombinant was made that included RRA-GAL4 and UAS-GFP on the 

same chromosome [w-; Sco/SM6a; RRA-Gal4, UAS-mCD8-GFP].  The two 

motoneurons were identifiable based on dendritic morphology and target innervation 

(Hoang and Chiba 2001; Choi et al. 2004) (Fig. 1).   Due to a decrease in the level of eve 

expression by the end of third instar (Fujioka et al. 2003) there was a mosaic pattern of 

GFP labeling, such that both cells were not always visible in each hemisegment.   The 

homozygous viable allele of Dmca1D, AR66 (Eberl et al. 1998; obtained from Dr. D. 

Eberl, University of Iowa, Iowa City, IA), contains a point mutation causing a 

hypomorphic phenotype (Ren et al. 1998).  To obtain the AR66W1118 line, AR66 was 

crossed into a White background with a GFP-tagged balancer (W/W ; L(2) 35fa / Cyo 
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P[W+,Act:GFP]; +/+) so that the wild-type strain W1118 could be used as a control to examine 

the contribution of Dmca1D to somatically recorded Ca2+ current.  Additionally, 

AR66W1118 allowed for the selection of homozygous mutants by deselection for GFP in 

the gut of heterozygous animals.  Dmca1A (cacophony (cac)) temperature sensitive 

alleles cacts2, cacts3, and cacts5 (Kawasaki et al. 2000; Rieckof et al. 2003) and a 

hypomorphic, hemizygous viable allele, cacS (Smith et al. 1996; obtained from Dr. CF. 

Wu, University of Iowa, Iowa City, IA) were used to determine the influence of Dmca1A 

on somatically recorded Ca2+ current.  The UAS-RNAi-51491 line (RNAi91), targeted to 

Dmca1D, was obtained from the Vienna Drosophila RNAi Center (VDRC).    Note that it 

was important to use appropriate control lines for each genotype, since current densities 

varied among genotypes. 

For imaging purposes, crosses were performed to create homozygous AR66 

(W1118; l(2)35fa/l(2)35fa; RRA-GAL-4, UAS-mCD8-GFP/+) and hemizygous male cacS 

(cacS/y; +/+; RRA-GAL-4, UAS-mCD8-GFP/+) animals carrying one copy of the RRA-

GAL4 driver and UAS-GFP.  Additionally, RNAi91 was crossed to RRA (+/+; +/+; 

RRA-GAL-4, UAS-mCD8-GFP/UAS-RNAi91) and Canton-S to RRA (+/+; +/+; RRA-

GAL-4, UAS-mCD8-GFP/+).  Images were obtained using a Zeiss LSM 510 confocal 

microscope. 

Preparation: 

All experiments were performed on wandering late 3rd instar Drosophila larvae.  Larvae 

were placed on ice for approximately 2-3 hours prior to dissection.  Larvae were pinned 

dorsal side up and bathed in Ca2+ free A solution: NaCl 118 mM, NaOH 2 mM,  KCl 2 
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mM, MgCl2 4 mM, sucrose 25 mM, trehalose 5 mM, and HEPES 5 mM, pH 7.1-7.2, 295 

mOsm (Jan and Jan 1976).  The CNS, segmental nerves, and body wall muscles were left 

intact.  The preparation was visualized using an upright fixed stage Olympus microscope.  

To access motoneurons in the ventral nerve cord, Protease 14 (2mg/ml extracellular 

solution- Sigma-Aldrich, St. Louis, MO) was focally applied to the ganglionic sheath by 

applying positive pressure to a recording electrode with the tip broken to a diameter of 

approximately 10 µM (adapted from Choi et al. 2004).  Treatment of the sheath was 

performed with constant laminar superfusion and the debris removed by applying 

negative pressure to the electrode.  In experiments requiring temperature regulation of the 

bathing solution, a Warner TC-324B in-line bath heater was added to the perfusion 

system.  Motoneurons RP-2 and aCC in thoracic and anterior abdominal segments were 

targeted in all experiments.  

Electrophysiology: 

Motoneurons aCC and RP-2 were identified though the expression of GFP under the 

control of RRA-GAL4 or, in wild type or mutant strains that did not carry the driver and 

the UAS-GFP transgene, through intracellular dye fills using Rhodamine Dextran 3000 

added to the intracellular recording solution.  Recordings were obtained from abdominal 

segments and from thoracic segments T2 and T3.  The extracellular recording solution 

contained: NaCl 118 mM, NaOH 2 mM, KCl 2 mM, MgCl2 4 mM, CaCl2 1.8 mM, 

sucrose 25 mM, trehalose 5 mM,  and HEPES 5 mM (Jan and Jan 1976).  The pH was 

adjusted to 7.1-7.2 and the osmolarity to 295 mmol/kg.  Since the CNS was partially 

desheathed in our preparations, it was deemed appropriate to approximate intraganglionic 
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Ca2+ concentrations as opposed to higher Ca2+ levels that are used in salines that are 

designed to mimic Ca2+ concentrations in the hemolymph.  To facilitate measurements 

through voltage-dependent Ca2+ channels, and to reduce Ca2+ activated K+ currents, 1.8 

mM Ba2+ was exchanged for 1.8 mM Ca2+ in select experiments.  The intracellular 

solution contained: KCl 144 mM, MgCl2 1 mM, CaCl2 0.5 mM, EGTA 5 mM, HEPES 

10 mM (Peng el al. 2007). The pH was adjusted to 7.1-7.2 and the osmolarity to 290 

mmol/kg.  To isolate voltage-dependent Ca2+ currents, KCl was replaced with CsCl in the 

intracellular recording solution and 1 µM tetrodotoxin (TTX), 50 mM (TEA), and 1.5 

mM 4- aminopyridine (4-AP) were added to the recording solution (all ion channel 

blockers were purchased from Simga-Aldrich).  A small outward current remained under 

these conditions.  Thin walled borosilicate electrodes were pulled on a PP-83 (Narishigie) 

to a resistance of 2.5-5 MΩ and fire polished using an MF-35 microforge (Narishigie). 

Whole cell patch clamp was performed in situ using an Axopatch 1D amplifier (Axon 

Instruments).  Clampex software (Molecular Devices- pClamp 10.1) was used to generate 

voltage and current commands and for data acquisition.  Motoneurons with resting 

membrane potential less that -50 mV or seals less than 1 GΩ were not used for 

experiments.  For current clamp experiments, resting membrane potentials were brought 

to -60 mV through current injection to the cell body.  Spike and after-hyperpolarizing 

potential (AHP) amplitudes were measured (see Fig. 7) from traces in which depolarizing 

current injection brought the membrane potential to -30 to -20 mV.   

In voltage-clamp experiments a holding potential of -70 mV was used.  The linear 

leakage current was subtracted from all records.  The series resistance averaged 28+/- 
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1.44 MΩ and was not well-corrected.   The largest currents injected in current clamp 

experiments (100 pA) would, therefore, have caused a voltage error of about 2.8 mV.  

The largest Ca2+/Ba2+ currents measured in voltage clamp experiments (about 350 pA) 

would have caused a series resistance error of about 10 mV.  In most cells the maximal 

current was less (see figures 3-6).  Current amplitude was normalized to whole cell 

capacitance and values reported as current density in voltage vs. current experiments.  

Whole cell capacitance was determined from the charging transient following a 20 mV 

hyperpolarizing voltage command and used to calculate current density.   

 In most cells (66 %; 44/67 cells) from all genotypes examined except for the 

cacts2 mutants (see below), the current amplitude increased gradually with increased 

depolarizing voltage command steps, indicating good voltage control.  However, two 

observations suggested that the space clamp or voltage control was not adequate in some 

cells, which were not used for voltage vs. current plots.  In 14/67 cells a current with 

delayed onset was evoked with moderate depolarization, suggesting that it arose from a 

poorly-clamped region, whereas with larger depolarizing commands in the same cell the 

onset of current was immediate.   In 5/67 cells, rather than having a gradual increase in 

current with increasing depolarizing command steps, the first current observed was the 

maximal current, suggesting inadequate control of the membrane potential.  In 4/67 cells 

both problems were observed.  Both of these problems were observed more frequently in 

the cacts2 mutants.  In these experiments, perhaps because of the temperature shift 

protocol, 10/13 cells had evidence of imperfect voltage control, as reflected in the voltage 

vs. current plot of figure 4C.   
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Pharmocology: 

Nifedipine (Sigma) was dissolved in 95% ETOH and added to the extracellular solution 

for a final concentration of 10µM (final concentration of ETOH was < 0.01%).   PLTX-II 

(Alomone Labs) was added to the extracellular solution for a final concentration of 40-

300 nM.  Bay K 8644 (Alomone Labs) was used at a concentration of 1 µM. 

Statistical Analysis: 

Statistical analyses were performed using a standard t-test with Excel software 

(Microsoft).  Standard error values are reported.  Significance was assumed when p < 

0.05. 

Results 

External Ca2+ influences the firing properties of identified motoneurons aCC and 

RP-2.  

Our first goal was to determine whether extracellular Ca2+ plays a role in shaping 

the firing properties of two identified Drosophila larval motoneurons; MN1-1b (aCC) 

and MNISN-Is (RP-2) (Fig. 1).  These cells were chosen based on their accessibility to 

recordings and because they have been well characterized in previous experiments (Choi 

et al. 2004; Bate and Baines 1998; Rohrbough and Broadie 2002).   Whole cell current 

clamp experiments were performed in situ on motoneurons aCC and RP-2.  

In extracellular solution containing 1.8 mM Ca2+ the resting membrane potentials 

of aCC and RP-2 were -58 + 1.38 mV and -66 + 1.71 mV respectively and the input 

resistances were 699 + 85.4 MΩ and 930 + 91.0 MΩ respectively (RRA-GAL4 line: aCC 

n=10, RP-2 n=9).  Removing Ca2+ from the extracellular recording solution caused a 
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reduction in the after-hyperpolarizing potential between spikes and a decrease in the 

inter-spike interval (Fig. 2A and B).  The resting membrane potential and input resistance 

values were not altered in either aCC (-60 + 2.77 mV, 533 + 50.8 MΩ; n=5) or RP-2 (-66 

+ 2.95 mV, 910 + 94.1 MΩ ; n=5) by the removal of Ca2+ from the recording solution .  

Additionally, the action potential threshold was reduced by approximately 10 mV and 

there was a significant increase in action potential firing frequency in response to somatic 

current injection in both aCC and RP-2 (Fig. 2A and C).  Similar results were obtained 

when recordings were first generated in the absence of Ca2+ and subsequently 1.8 mM 

Ca2+ was added to the recording solution.  Motoneurons aCC and RP-2 responded in a 

similar manner to the removal of Ca2+ from the recording solution (Fig. 2C).  To 

summarize, removing Ca2+ from the recording solution caused a significant reduction in 

the spike after-hyperpolarization, a significant reduction in the inter-spike interval, a 

decrease in action potential threshold, and an increase in action potential firing frequency 

in response to somatic current injection.  These observations suggest that aCC and RP-2 

motoneurons express voltage-sensitive Ca2+ currents that influence the intrinsic firing 

properties of these cells.  However, the removal of Ca2+ from the extracellular recording 

solution may also have influenced the function of additional voltage-dependent channels by 

altering membrane charge shielding effects, and the reduction in synaptic activity with 

reduced Ca2+ may have contributed to the observed alterations in firing properties.   

 

Motoneurons aCC and RP-2 display voltage-dependent Ca2+ currents in late 3rd 

instar larvae.   
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Whole cell voltage-clamp experiments were performed in situ to identify voltage-

dependent Ca2+ currents within the central processes of aCC and RP-2 motoneurons in 3rd 

instar larvae.  Ca2+ currents were isolated by the addition of 1 µM TTX, 50 mM TEA, 

and 1.5 mM 4-AP to the extracellular recording solution and by replacing intracellular K+ 

with Cs+.  With 1.8 mM Ca2+ in the extracellular recording solution a depolarizing 

voltage command to -10 mV, from a holding potential of -70 mV, elicited an inward 

current, which underwent rapid reduction over the initial 20 ms of a 200 ms voltage 

command (Fig. 3Ai, Aii).  In a subset of cells, no inward current remained after 20 ms 

(Fig. 3Ai).  In another subset, however, a reduced inward current persisted throughout the 

200 ms voltage command (Fig. 3Aii). 

Replacing 1.8 mM Ca2+ with 1.8 mM Ba2+, known to have a higher conductance 

than Ca2+ through voltage-gated Ca2+ channels (Byerly and Leung 1988), caused a 

substantial increase in current amplitude and reduced current decrement (Fig. 3Ai, Aii).  

The latter may reflect Ca2+-dependent inactivation of Ca2+ channels.  The addition of 500 

µM Cd2+, a general blocker of voltage-gated Ca2+ currents, completely eliminated all 

inward current (Fig. 3Ai).  The voltage-dependent Ca2+ current first became prominent at 

membrane potentials between -40 and -30 mV in both aCC and RP-2, and peak currents 

were elicited at approximately -10 mV (Fig. 3D).  Motoneuron aCC displayed a 

significantly larger current density than RP-2 (Fig. 3 C, D).   RP-2 displayed a larger 

variability in peak current amplitude than aCC, but the variability was reduced when 

currents were normalized to cell size (Fig. 3C).  Similar differences in current density 

between aCC and RP-2 were observed in all wild type strains including W1118 and 
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Canton-S, and the RRA-GAL4 line.  There was relatively little steady state inactivation 

of the Ba2+ current.  In both aCC and RP-2, long depolarizing prepulses (1 sec) caused 

partial reduction in current during a test pulse to -10 mV (Fig. 3E).   

 To determine whether the voltage-dependent Ca2+ currents recorded somatically 

from aCC and RP-2 were sensitive to traditional pharmacological modifiers of voltage-

dependent Ca2+ channels, we applied nifedipine, Plectreurys toxin-II (PLTX-II), and Bay 

K 8644 to the recording solution.  Nifedipine has been shown to block the voltage-

dependent Ca2+ current carried by Dmca1D in larval Drosophila muscle (Gielow et al. 

1995; Ren et al. 1998), but did not block the Ca2+ current in aCC or RP-2, whether the 

holding potential was set at -70 or -40 mV.  Similarly, Bay K 8644 enhances tail current 

amplitude of the Dmca1D dependent Ca2+ current in larval muscle (Gielow et al. 1995), 

but did not have an effect on currents recorded in aCC and RP-2.  PLTX-II blocks 

synaptic transmission at the Drosophila neuromuscular junction where cacophony (cac) 

channels support synaptic release (Branton et al. 1987; Kawasaki et al. 2000, 2004), 

suggesting that cac is PLTX-II sensitive.  PLTX-II did not reduce the voltage-dependent 

current recorded somatically in aCC and RP-2.   

 

Mutant alleles of cacophony (Dmca1A) did not reduce the voltage-dependent Ba2+ 

current recorded in either aCC or RP-2.   

To determine which genes contribute to the voltage-dependent Ca2+ current 

recorded from the cell bodies of aCC and RP-2, mutant alleles of Dmca1A (cacophony; 

cac) and Dmca1D were examined. cacophony mutants have been well characterized at 
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the larval neuromuscular junction and include temperature sensitive alleles cacts2, cacts3, 

cacts5 (Kawasaki et al. 2002; Rieckof et al. 2003) and a hypomorphic, hemizygous viable 

allele cacs (Smith et al. 1998; Peng and Wu 2007).  Whole cell voltage-clamp recordings 

were generated in situ from cacs 3rd instar larvae using 1.8 mM Ba2+ as the charge carrier. 

In hemizygous cacs mutant males the peak current density generated was not significantly 

different from those generated in Canton-S control (Fig. 4A).  Furthermore, the kinetics 

and voltage sensitivity of the current were similar in both cacs and control (Fig. 4B). 

To confirm the results generated from the cacs mutants, recordings were obtained 

from cacts2 temperature sensitive mutants.  At permissive temperatures (<26°C) cacts2 

mutant channels conduct Ca2+/Ba2+ current similar to wild-type channels, however, at 

restrictive temperatures (>32°C) cacts2 mutant channels no longer conduct Ca2+/Ba2+ 

current (Kawasaki et al. 2002).  In hemizygous male cacts2 larvae, we recorded voltage-

dependent Ba2+ currents from the same aCC and RP-2 motoneurons at permissive and 

restrictive temperatures.  Threshold for current activation, peak Ba2+ current density, and 

reversal potential were indistinguishable between recordings generated at permissive vs. 

restrictive temperatures in both aCC and RP-2 (Fig. 4C).  Further, these values were not 

significantly different between permissive and restrictive temperatures in two additional 

temperature sensitive cac alleles, cacts3 and cacts5 (data not shown).  Current activation 

and inactivation kinetics were also similar in recordings generated at permissive and 

restrictive temperatures (Fig. 4D).  Despite the lack of effect on currents recorded from 

the cell body, neuromuscular transmission was abolished reversibly at restrictive 

temperatures (data not shown), consistent with earlier reports and the known role of cac 
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in synaptic release (Kawasaki et al. 2000, 2002, 2004).  In summary, cac mutants cacs 

and cacts2 did not significantly reduce the voltage-dependent Ba2+ current recorded at the 

cell body of aCC and RP-2 motoneurons even though the cacophony protein is known to 

be localized in the axon terminals of these cells. 

 

Hypomorphic mutation of Dmca1D (AR66) significantly reduced voltage-dependent 

Ba2+ current recorded in both aCC and RP-2.   

The contribution of Dmca1D to the voltage-dependent Ca2+ current in Drosophila 

neurons has not been determined.  We used a homozygous viable mutant allele of 

Dmca1D, AR66, to determine the role played by Dmca1D in generating the somatic 

voltage-dependent Ca2+ current recorded in aCC and RP-2.  AR66 is a hypomorphic 

mutation of Dmca1D which reduces the ability of the channel to carry current (Ren et al. 

1998).  Viability was reduced in AR66 homozygous mutants as evident by the reduced 

number of larva reaching the wandering 3rd instar stage.  Nevertheless, in 3rd instar larvae 

that could crawl from the food both aCC and RP-2 displayed healthy membrane 

potentials, were of normal size (as determined by whole cell capacitance), and maintained 

the ability to generate action potentials in response to current injection.  Additionally, 

dye-filling or GFP labeling of the cells did not indicate gross changes in cell morphology 

(Fig. 1), although we did not perform a quantitative analysis of dendritic branching 

complexity for this study.    

 Larvae homozygous for the AR66 mutation displayed a significant reduction in 

voltage-dependent Ba2+ or Ca2+ current density compared to wild-type control (W1118) in 
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both aCC and RP-2 (Fig. 5 A, B).  Further, larvae heterozygous for the mutation 

displayed a current phenotype intermediate to that of the homozygote and wild-type (Fig. 

5C), consistent with recordings generated from body wall muscle of AR66 mutants (Ren 

et al. 1998).  The voltage sensitivity of steady state inactivation was similar for AR66 

mutants and wild-type larvae (Fig. 5D).  To summarize, the AR66 mutation of Dmca1D 

significantly reduced the ability of aCC and RP-2 to generate a Ba2+ or Ca2+ current, 

implicating Dmca1D as a major contributor to the voltage-dependent Ca2+ current 

recorded from the central processes of aCC and RP-2 in situ.   

 

RNAi knockdown of Dmca1D expression reduced the voltage-dependent Ba2+ 

current recorded at the cell body.   

 The GAL4-UAS system available in Drosophila allows for the expression of 

RNAi transgenes in a cell specific manner.  The expression of Dmca1D RNAi was driven 

in aCC and RP-2 motoneurons to determine if it would reduce the Ba2+/Ca2+ current 

recorded somatically in these cells.  Drosophila lines carrying UAS-RNAi-51491 

(RNAi91), an RNAi to Dmca1D, were crossed to the RRA-GAL4 line, driving 

expression of RNAi91 in aCC and RP-2 motoneurons.  The expression of RNAi91 in 

aCC and RP-2 did not affect the development or the viability of the animals, and both 

aCC and RP-2 maintained normal resting membrane potentials.  The overall morphology 

of these neurons within the CNS was normal (Fig. 1). 

   In aCC and RP-2 motoneurons expressing RNAi91, isolated Ba2+/Ca2+ currents 

were significantly reduced compared to control (RNAi91 not crossed to RRA-GAL4) 
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(Fig. 6A). This result further implicates Dmca1D as the major contributor to voltage-

dependent Ca2+ current recorded somatically in aCC and RP-2 motoneurons.  The range 

for current activation was similar between RNAi91 expressing cells and control. 

 

Hypomorphic mutations of Dmca1D and Dmca1A, as well as RNAi91 expression, 

alter the firing properties of aCC and RP-2 in response to somatic current injection.  

To determine whether Dmca1D and Dmca1A (cac) play a role in shaping the 

firing properties of aCC and RP-2, somatic current injections were administered to AR66 

and cacs hypomorphic mutants and to cells expressing the RNAi91 transgene.  Action 

potential shape was variable in both hypomorphic mutations (Fig. 7 A, B, D).   The mean 

spike amplitude was reduced significantly in AR66 mutants as compared with 

motoneurons from the control line (AR66, 5.54 +/- 1.3 mV; n = 5; W1118, 10.24 +/- 1.2 

mV; n=5; p =.03).  The AHP amplitude was not significantly different (AR66, 11.28 +/- 

1.9 mV; n = 5; W1118, 14.67 +/- 1.7; n=5; p = 0.22).  Spike amplitude in the cacs line 

was not significantly different from the Canton-S control line (cacs, 13.89 +/- 1.6 mV; 

n=4; Canton-s, 11.22 +/- 1.1 mV; n=4; p = 0.2).  Similarly, the AHP amplitude was not 

significantly different (cacs, 12.43 +/- 2.0 mV; n = 4; Canton-s, 13.73 +/- 1.0 mV; n=4; p 

= 0.59).  Spike frequency was increased in both AR66 and cacs mutants compared to their 

respective controls and there was a reduction in spike threshold in both mutants (Fig. 8).  

Unlike control lines (see Fig. 2), removing Ca2+ from the recording solution did not cause 

a significant increase in spike frequency in either AR66 or cacs mutants (Fig. 8).   
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Motoneurons expressing RNAi91 also displayed altered action potential shapes 

(Fig. 7C).  RNAi91 expressing motoneurons displayed spontaneous, spike-like, events 

that were not influenced by current injection, and were clearly of a different shape from 

the spikes evoked by depolarizing current injected into the same cells (Fig. 7C).   The 

spontaneous spike-like events did not increase in frequency or change amplitude with 

increased membrane potential depolarization (Fig. 7C and 8B).  As current injection 

depolarized the membrane potential beyond -30 mV, however, the spontaneous events 

were replaced by evoked spikes with a shape and frequency resembling those of control 

motoneurons (Fig. 7C and 8B).  Perhaps the spontaneous spike-like events are initiated at 

a more distant site that is not within the influence of current injected into the cell body, 

and are blocked by evoked spikes traveling orthodromically. 

There was a significant reduction in the AHP in the evoked spikes of RNAi91 

expressing cells (RNAi91, 6.49 +/- 0.4 mV; n=6; control, 12.41 +/- 1.6 mV; n=5; p=.02), 

and a reduction, although not significant, in the amplitude of evoked spikes when 

compared with control (RNAi91, 3.42 +/- 0.4 mV; n=6; control, 6.71 +/- 1.6 mV; n=5; 

p=0.1).  The frequency of evoked spikes was not altered by RNAi91 expression (Fig. 8).  

In the absence of Ca2+ in the extracellular solution, motoneurons expressing RNAi91 

displayed a high frequency of spontaneous spike-like events (Fig. 7C), such that it was 

difficult to obtain frequency vs. current relationships for the evoked spikes. 
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Discussion 

Multiple genes encode the α1 subunit of voltage-dependent Ca2+ channels and 

each may experience alternative splicing (Lipscombe et al. 2002) and posttranslational 

modifications.  In addition, the voltage sensing and current conducting α1 subunit is 

usually found in association with auxiliary subunits (Dickman et al. 2008).  These 

processes ensure that each cell is equipped with the assortment of voltage-dependent Ca2+ 

currents needed to function appropriately.  The Drosophila genome contains three genes 

with homology to each class of voltage-dependent Ca2+ channel found in vertebrates 

(Smith et al. 1996; Zheng et al. 1995; Littleton and Ganetzky 2000; King 2007).  While 

the Drosophila Ca2+ channel genes share sequence homology with their vertebrate 

counterparts, classification of currents by voltage threshold and pharmacology is not as 

clear-cut.  In Drosophila, all three gene products generate whole-cell currents that 

activate at membrane potentials approximating -40 mV (Leung and Byerly 1991; Gielow 

et al. 1995) and vertebrate Ca2+ channel blockers have varied effects (King 2007).  

Genetic tools available in Drosophila have been used to dissect voltage-dependent Ca2+ 

currents in larval muscle (Ren et al. 1998), at the neuromuscular junction (Kawasaki et al. 

2000, 2002, 2004), and in the giant neuron culture system (Peng and Wu 2007). 

To determine which of the genes encoding voltage-dependent Ca2+ channels was 

responsible for the current observed in aCC and RP-2, we examined mutant alleles of 

Dmca1A and Dmca1D.  Whole cell voltage-clamp revealed a significant reduction in 

current amplitude in the Dmca1D mutant AR66.  In support of these findings, targeted 

expression of a Dmca1D RNAi transgene (UAS-RNAi-51491) in aCC and RP-2 
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significantly reduced the voltage-dependent Ca2+ current.  Together, these results 

implicate Dmca1D as the major contributor to the voltage-dependent Ca2+ current 

recorded somatically in aCC and RP-2 motoneurons.   In both experiments, however, a 

relatively small residual inward current remained.  Because AR66 is a hypomorphic 

mutation, which reduces but does not abolish current (Eberl et al. 1998), and Dmca1D 

RNAi expression may not completely eliminate Dmca1D protein, it was not possible to 

determine whether the residual current was through Dmca1D encoded channels or 

through channels encoded by Dmca1A or Dmα1G.  The residual current in AR66 mutants 

was relatively insensitive to voltage-dependent inactivation.  This suggests that the 

residual current may not reflect Dmα1G expression, as this putative T-type current 

displays rapid voltage-dependent inactivation (Ren et al. 1998; Gielow et al. 1995).  As 

mentioned above, the pharmacological tools used to classify vertebrate Ca2+ channels 

have varied effects in Drosophila (King, 2007).  Nifedipine was ineffective in our 

experiments even though it has been reported to block the current carried by Dmca1D in 

larval Drosophila muscle (Gielow et al. 1995; Ren et al. 1998).  Different splice variants 

of Dmca1D may be expressed in neurons and muscle (Zheng et al. 1995).  Alternatively, 

the alpha subunits may be associated with different auxiliary subunits or cytoskeletal 

proteins in the different cell types. 

Differential distribution of voltage-dependent Ca2+ channels has been established 

in a variety of cell types including vertebrate hippocampal neurons and motoneurons 

(Cristie et al. 1995; Westenbroek et al. 1990; Simon et al. 2003).  The results of the 

present study suggest that Dmca1A and Dmca1D are differentially distributed in 
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Drosophila motoneurons.  Although our recordings were from the cell body, Ca2+ 

channels that reside in dendritic processes probably contributed to the whole cell current.  

The presence of poorly clamped and delayed onset currents in some records (see 

Methods) suggests that the Ca2+ channels are located, at least in part, in dendritic 

processes that are somewhat distal to the cell body (Johnson et al. 2003; Heckman et al. 

2008).  Dendritic Ca2+ currents have been revealed in other insect motoneurons using 

both voltage-clamp and Ca2+ imaging (Duch and Levine 2002).  Additional Ca2+ 

channels, such as those in presynaptic terminals, probably lie outside the range for 

adequate space clamp and did not contribute to the voltage-dependent current we 

recorded from the cell body.  It is well established that cac is expressed in motoneurons 

and localizes to the neuromuscular junction (Kawasaki et al. 2000, 2002, 2004).  Thus, 

Drosophila motoneurons may serve as a favorable model for investigating the mechanisms 

that determine the distribution of distinct Ca2+ channel types. 

In contrast to our findings from in situ recordings, Dmca1A was found to be the 

major contributor to voltage-dependent Ca2+ currents in the Drosophila giant neuron 

culture system (Peng and Wu 2007).  Three separate mutant alleles for Dmca1A (cacs, 

cacts2, and HC129) reduced Ca2+ current recorded from the cell body of these cell 

division-arrested embryonic neuroblasts.  This may reflect differences in Ca2+ channel 

gene expression among cell types, although it is not clear what neuronal types the giant 

neurons represent.  Alternatively, there may be a shift in the contributions of different 

channel types during embryonic and postembryonic development, with cac providing the 

dominant contribution at embryonic stages.  It is also likely that the contribution of 
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Dmca1A to the Ca2+ current in axon terminals is more readily measurable from the cell 

body in the more compact cultured cells. 

Whereas mutant alleles of cac did not significantly reduce whole cell voltage-

dependent Ca2+ currents in our experiments, they did alter cellular firing properties.   This 

may represent a role for distant cac-encoded Ca2+ channels in action potential initiation 

or shape, or a low-density population of this channel type within the dendritic membrane, 

that would not have been prominent in our voltage-clamp analysis or in images of 

fluorescently-tagged channels (Kawasaki et al., 2004).  The firing frequency was 

increased in cac motoneurons.  This may reflect reduced activation of Ca2+ -activated K+ 

channels.  Alternatively, there may have been a compensatory developmental reduction 

in the expression of K+ channels in cac mutants (Peng and Wu 2007).  It may be possible 

to test this possibility using cacts lines or by expressing an appropriate RNAi transgene in 

the motoneurons during a restricted temporal window (Nicholson et al. 2008).   

The same hypotheses apply to the increased firing frequency that was observed in 

AR66 mutants and is consistent with the effect of removing external Ca2+ from the 

extracellular solution.  Furthermore, the reduction in spike amplitude in AR66 mutants 

may reflect a contribution of somatic or dendritic Ca2+ channels in these regions.  

Although in most insect motoneurons the action potential is initiated where the axon 

leaves the dendritic region and is thought to invade the cell body passively (Gwilliam and 

Burrows 1980), somatodendriic Ca2+ channels can boost this depolarization (Duch and 

Levine 2000, 2002). The spontaneous spike-like events observed in motoneurons 

expressing RNAi91 may reflect spike initiation in a second, more distal, location.  
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Initiation at this site may have been allowed by a reduction in K+ channel activation or 

expression. 

An important next step will be to determine whether the Ca2+ current described in 

this study reflects the dendritic compartment of the motoneurons. Ca2+ imaging will help 

to resolve this question. Voltage-dependent Ca2+ channels localize to the dendrites of 

vertebrate motoneurons where they are proposed to increase the sensitivity to both 

excitatory and inhibitory inputs (Lee and Heckman 2000; Heckman 2003; Hultborn et al. 

2003; Hyngstrom et al. 2008; Heckman et al. 2008).  Furthermore, modulation of 

voltage-gated Ca2+ channels in dendrites may shape motoneuron recruitment patterns 

during locomotion (Heckman et al. 2008) or other types of patterned motor activity 

(Johnson et al 2003). Whereas it is challenging to investigate the contribution of Ca2+ 

channels and their modulation to the activation patterns of specific neurons in the intact 

mammalian nervous system, these important mechanisms can be addressed readily in 

Drosophila.  With the development of in situ whole cell recording techniques and the 

availability of cell-specific genetic manipulations that are possible in Drosophila, this 

system will allow rigorous examination of mechanisms contributing to motoneuron 

recruitment in diverse systems. 
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Figure Legends 

Figure 1: Expression of GFP in identified larval motoneurons aCC and RP-2.  In each 

case the larva had one copy of RRA-GAL4 and UAS-GFP.  The top left panel shows 

cells in a Canton-S (CS) background (+/+; +/+; RRA-GAL-4, UAS-mCD8-GFP/+).  The 

top right panel shows a cacs male that was hemizygous for the mutation (cacs/y; +/+; 

RRA-GAL-4, UAS-mCD8-GFP/+).  The bottom left panel shows a AR66 animal that was 

homozygous for the mutation (W1118; l(2)35fa/l(2)35fa; RRA-GAL-4, UAS-mCD8-

GFP/+).  The bottom right panel shows an animal that expressed one copy of the RNAi91 

transgene (+/+; +/+; RRA-GAL-4, UAS-mCD8-GFP/UAS-RNAi91).  In late 3rd instar, 

RRA-GAL4 is no longer expressed at high levels, leading to a fortuitous mosaic pattern 

of GFP expressing cells.  This minimized overlap among cells and allowed individual cell 

structure to be more readily resolved (see arrows indicating examples of aCC and RP-2).  

Cell body size, the characteristic locations of dendritic branches, and axonal projections 

were similar between control and experimental animals, although we did not perform a 

quantitative morphometric analysis for this study.  Images shown are projections of the 

entire dorsal/ventral confocal series through the thoracic and abdominal neuromeres of 

the larval CNS.  Anterior is to the top. 

 



 57 

Figure 2:  Removal of Ca2+ from recording solution alters firing properties of aCC and 

RP-2 motoneurons.  A) Recordings were generated using whole cell current clamp (-10 

pA, 30 pA, 60 pA, 100 pA steps), in situ,  from the same aCC motoneuron in the 

presence of 1.8 mM Ca2+  (top traces) and absence of Ca2+ (bottom traces) in the 

recording solution.  B) Overlay of representative voltage traces from the same aCC cell 

recorded in Ca2+ containing and Ca2+ free solution (50 pA step).  In the inset, the first 

action potentials have been superimposed to highlight the increased after-

hyperpolarization and inter-spike interval generated with Ca2+ in the recording solution.  

C) Inclusion of 1.8 mM Ca2+ in the recording solution reduced firing frequency in both 

aCC and RP-2 motoneurons (asterisks indicate points that are significantly different:  p < 

.05).  Current injections (400 ms) ranging from -10 pA to 100 pA in 10 pA steps were 

administered in the presence of 1.8 mM Ca2+ and in Ca2+ free recording solution.  The 

number of spikes elicited was measured from the same cells under both conditions.  aCC 

n=5, RP-2 n=5.   Current injection was used to normalize the membrane potential to -60 

mV. 

 

Figure 3: Larval aCC and RP-2 motoneurons express voltage-dependent Ca2+ currents.  

Ai) Recordings were generated in situ from 3rd instar larvae using a whole cell voltage-

clamp protocol. Voltage-dependent Ca2+ currents were isolated by the addition of TTX, 

TEA, and 4-AP to the recording solution.  Furthermore, Cs+ replaced K+ in the patch 

pipette.  With 1.8 mM Ca2+ as the charge carrier an inward current underwent rapid 

decrement during depolarizing voltage commands.  Replacing Ca2+ with 1.8 mM Ba2+ 
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prevented the rapid decrement in current and increased the current amplitude.  Addition 

of 500 µM Cd2+, a general blocker of voltage-gated Ca2+ channels, completely eliminated 

inward currents.  Aii) Same as Ai, but records from a different cell.  The time base has 

been expanded to better show the time course of current activation.  B) Representative 

Ba2+ current traces from aCC and RP-2 after blockade of Na+ and K+ currents.  C) The 

range of peak current densities in RP-2 and aCC.   RP-2 displayed smaller Ba2+ current 

densities than aCC (W1118: aCC n=5, RP-2 n=7).  D) Voltage vs. current (V/I) plot.   aCC 

and RP-2 displayed a significant difference in the peak current density (W1118: p<.05 (-10 

mV command); aCC n=5, RP-2 n=7).  Similar results were obtained with the other 

control lines used in this study (RRA and Canton-S).  E) Steady state inactivation.  One 

second pre-pulses ranging from -90 mV to -40 mV were administered in 10 mV 

increments followed by a 200 ms test pulse to -10 mV.  Ba2+ was the charge carrier. 

(W1118: aCC n=4, RP-2 n=5) 

 

 

Figure 4:  The cacophony mutation does not significantly reduce voltage-dependent Ba2+ 

currents recorded from the cell body in situ.  A) Peak Ba2+ current densities generated in 

hypomorphic mutants (cacs) were not significantly different from Canton-S control in 

either aCC or RP-2 (cacs: RP-2 (n=5), aCC (n=5) ; Canton-S: RP-2 (n=5), aCC (n=6)). 

Note that there was a non-significant reduction at -20 mV for aCC.  B) Representative 

current traces from Canton-S (top) and cass (bottom) in response to a -10 mV voltage 

command. (RP-2).  C) Peak currents generated at permissive (<26°C) and restrictive 
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(>32° C) temperatures, in the same aCC motoneurons, were not significantly different in 

cacts2 mutants (cacts2: <26°C (n=3), >32° C (n=3).  Note the abrupt transition from zero 

to maximum current, indicative of inadequate voltage control in these temperature shift 

experiments.  D) Overlay of current traces generated from the same RP-2 motoneuron at 

permissive (<26) and restrictive (>32) temperatures in cacts2 (voltage command to -10 

mV).  To better show the similarity in time course, the capacitive artifacts have been 

subtracted off-line using the artifact evoked by a hyperpolarizing voltage command.  

Similar results were obtained with other temperature sensitive alleles. 

 

 

Figure 5:  The AR66 mutant allele of Dmca1D significantly reduces voltage-dependent 

Ba2+ current recorded from the cell body of aCC and RP-2.  Aa) Peak current density was 

significantly reduced in AR66 homozygotes in both aCC and RP-2 motoneurons 

compared to W1118 controls (AR66: RP-2 (n=6), aCC (n=7) ; W1118: RP-2 (n=7), aCC 

(n=5)).  Asterisks indicate regions of significant difference: p < .05.    Ab) Representative 

current traces from AR66 and W1118 in aCC and RP-2.  B) AR66 heterozygotes displayed 

an intermediate peak current amplitude relative to control and homozygotes upon a -10 

mV voltage command from a holding potential -70 mV (AR66 heterozygotes: aCC n=2, 

RP-2 n=3).  C) Steady state inactivation did not differ in AR66 mutants.  One second pre-

pulses to -90, -70, -40 mV were administered to W1118 control and AR66. Pre-pulses were 

followed by a 200 ms test pulse to -10 mV (aCC: W1118 n=4, AR66 n=4).    
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Figure 6:  Expression of Dmca1D RNAi in aCC and RP-2 motoneurons significantly 

reduced voltage-dependent Ba2+ current recorded from the cell body.  A) Peak current 

density was significantly reduced in transgenic larvae expressing Dmca1D RNAi 

(RNAi91) compared to control (RNAi: RP-2 (n=4), aCC (n=15); control: RP-2 (n=9), 

aCC (n=4).  Asterisks indicate regions of significance: p < .05.  B) Representative current 

traces from larvae expressing Dmca1D RNAi and control in aCC and RP-2.  Crossing 

UAS-RNAi91 to RRA-GAL4 allows for specific expression of Dmca1D RNAi in aCC 

and RP-2 motoneurons.  Cells other than aCC and RP-2 were used as an internal control 

to demonstrate that non-RNAi expressing cells generated wild-type currents (data not 

shown). 

 

 

Figure 7:  Hypomorphic mutants AR66 and cacs, and expression of Dmca1D RNAi91, 

alter firing frequency and spike shape in aCC and RP-2.  A) Representative current clamp 

traces from control aCC (top) and RP-2 (bottom) wild-type motoneurons with 1.8 mM 

Ca2+ in the recording solution (current levels: -10 pA, 30 pA, 60 pA, 100 pA steps). This 

aCC record is also shown in figure 2.  Inset shows how spike amplitude and AHP were 

measured.  B) Examples of altered firing properties generated in AR66 homozygotes in 

aCC (top record) and RP-2 (bottom three records) (current levels: -10 pA, 30 pA, 60 pA, 

and 100 pA).  Last AR66 example does not include the 100 pA current injection.  1.8 mM 

Ca2+ was included in the recording solution.  C) Examples of altered firing properties in 
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cells expressing Dmca1D RNAi.  Top and middle records display firing properties of 

cells expressing Dmca1D RNAi in the presence of 1.8 mM Ca2+.  The bottom record 

displays representative firing properties when Ca2+ was removed from the recording 

solution (current levels: -10 pA, 30 pA, 60 pA, and 100 pA).  Note the distinct 

spontaneous and evoked spikes.  D) Representative firing properties from cacs 

hypomorphic mutants in aCC (top record) and RP-2 (bottom three records).  1.8 mM Ca2+ 

was included in the recording solution.  All cells displayed in panels A-D had healthy 

resting membrane potentials of greater than -50 mV).  Current injection was used to 

normalize the membrane potential to -60 mV. 

 

Figure 8:  Spike frequency vs. current curves generated from somatic current clamp for 

AR66, cacs  and RNAi91.  Traces represent 400 ms current injections from -10 pA to 100 

pA in 10 pA steps.  Current injection was used to normalize the membrane potential to -

60 mV.  Controls for AR66 and cacs were W1118 and Canton-S respectively and were 

recorded in extracellular solution containing 1.8 mM Ca2+.  Note that spike threshold is 

reduced and firing rates are increased in Dmca1D and Dmca1A mutants compared with 

controls.  Removing Ca2+ from the recording solution did not cause a significant shift in 

spike frequency in either mutant as it did in control (see Figure 2).  AR66 (n=5), W1118 

(n=5), cacs (n=5), Canton-S (n=4).  In AR66 and cacs, recordings were generated from the 

same cells in both 1.8 mM Ca2+ containing and Ca2+ free solution.  For the RNAi 

experiments, the RRA-GAL4 line not crossed to UAS-RNAi91 was used as control.  

Note that current injection had little influence on the spontaneous spike-like events in the 
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RNAi cells (Spont.).  RNAi expression did not have a significant effect on the frequency 

of the evoked spikes.   
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Figure 2.1.1. Expression of GFP in identified larval motoneurons aCC and RP-2 
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Figure 2.1.2. Removal of Ca2+ from recording solution alters firing properties of aCC 

and RP-2 motoneurons 
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Figure 2.1.3. Larval aCC and RP-2 motoneurons express voltage-dependent Ca2+ 

currents 
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Figure 2.1.4. The cacophony mutation does not significantly reduce voltage-dependent 

Ba2+ currents recorded from the cell body in situ 
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Figure 2.1.5. The AR66 mutant allele of Dmca1D significantly reduces voltage-

dependent Ba2+ current recorded from the cell body of aCC and RP-2 
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Figure 2.1.6. Expression of Dmca1D RNAi in aCC and RP-2 motoneurons significantly 

reduced voltage-dependent Ba2+ current recorded from the cell body 
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Figure 2.1.7. Hypomorphic mutants AR66 and cacs, and expression of Dmca1D RNAi91, 

alter firing frequency and spike shape in aCC and RP-2 
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Figure 2.1.8. Spike frequency vs. current curves generated from somatic current clamp 

for AR66, cacs and RNAi91 
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2.2 The Role of Voltage Dependent Calcium Channels in Identified Motoneurons 

during Fictive Locomotor Behavior 

 

2.2.1 Introduction 

 
Central pattern generating networks (CPG’s) control the timing and pattern of 

coordinated muscle contraction during locomotion by delivering rhythmic drive to 

motoneurons. Motoneurons, in addition, receive input from sensory networks and from 

higher order central networks, and must therefore integrate information from a wide 

variety of presynaptic sources.  The intrinsic properties of motoneurons determine 

whether the integration is passive or active.  Voltage-dependent Ca2+, K+, and Na+ 

channels have all been implicated as potential regulators of information flow in 

motoneurons (Heckman et al. 2003).  Motoneurons may, therefore play an active role in 

the central generation of patterned locomotion.  Thus, understanding the role of 

motoneuron intrinsic properties is critical in understanding motor control.  Further, 

gaining insight into these principles in locomotor networks, where analysis is facilitated 

by the observable output, may give rise to a better understanding of neuronal function in 

other central networks. 

Recent advances in Drosophila make it an ideal system for studying the intrinsic 

properties of motoneurons in situ.  Combining genetic techniques, such as cell specific 

knockdown of ion channel expression, with in situ patch clamp from identified central 

neurons, it is possible to determine the influence of specific channels on motoneuron 
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function.  Our aim is to understand the role of voltage-dependent Ca2+ channels in 

generating the appropriate output of motoneurons functioning within an intact locomotor 

network.  

Drosophila larval motoneurons express at least two types of voltage dependent 

Ca2+ channels, Dmca1A and Dmca1D (Worrell and Levine 2008).  Dmca1A, also known 

as cacophony (cac), shares sequence homology with the vertebrate N, P, and Q-type Ca2+ 

channels.  Dmca1A is expressed at the Drosophila neuromuscular junction and is the 

primary voltage-dependent Ca2+ channel responsible for the Ca2+ influx regulating 

synaptic release (Kawasaki et al. 2000, 2002, 2004), synaptic growth (Rieckhof et al. 

2003), and regulation of the neuromuscular junction (Xing et al. 2005).  Mutants of cac 

also display altered motoneuron firing properties in larval current clamp experiments 

(Worrell and Levine 2008).  Dmca1D shares sequence homology with vertebrate L-type 

channels (Zheng et al. 1995).  Dmca1D is the major contributor to the voltage-dependent 

Ca2+ current recorded from the central processes of Drosophila larval motoneurons 

(Worrell and Levine 2008).  When Dmca1D is knocked down specifically in small 

subsets of motoneurons, these cells display altered firing properties; such as a reduction 

in AHP between spikes, altered action potential shape, and spontaneous spike like events  

(“Spike like events”: in reference to the voltage response of the cell membrane recorded 

in whole cell current clamp mode) (Worrell and Levine 2008).  Spike like events 

resemble traditional spike in shape, however, displayed altered time course or amplitude 

of the depolarization and replarzation phase of the event.   Further, spike like events were 

not crrelated with depolarization of the cell and thus were characterized as spontaneous 
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events.  We hypothesis that these events may be amplified EPSP’s, distally evoked 

invading spikes, or both.  It is not known, however, whether these channels play a role in 

the generation of appropriate motoneuron output in response to endogenous synaptic 

drive during locomotion.   

In Drosophila larvae, the ventral nerve cord is capable of generating rhythmic 

bouts of activity, consistent with crawling locomotion, when all peripheral nerves are cut 

and the CNS is isolated from the body. (Fox et al. 2006).  Dual extracellular recordings 

from segmental nerve roots indicate rhythmic bouts of activity propagating sequentially 

through abdominal segments in a rhythmic pattern.  When the peripheral nerves are left 

intact, propagating waves of body wall muscle contraction may also be observed in a 

dissected preparation.  These observations support the hypothesis that motor output in 

Drosophila larva is generated by a CPG.  In the dissected and pinned out larval 

preparation, rhythmic waves of contraction propagating from posterior to anterior 

segments have been termed forward fictive locomotion and occur with cycle periods of 

approximately 15 s on average.  Rhythmic waves propagating from anterior to the 

posterior segments have been termed backward fictive locomotion and occur with cycle 

periods of 7 s on average (Fox et al.  2006).  The cycle periods observed during fictive 

locomotion are much slower than those in the intact preparation, which occur with a 

period of approximately 1 s, perhaps reflecting altered sensory input.  We took advantage 

of this rhythmic patterned activity to investigate the role of voltage-dependent Ca2+ 

currents in generating appropriate motoneuron output during endogenous synaptic 

excitation.  In situ recordings were performed from two identified motoneurons that 
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innervate doral body wall muscles, aCC and RP-2, during bouts of fictive locomotor 

behavior in the 3rd instar larva.  To knock down Dmca1D levels in aCC and RP-2, while 

leaving the rest of the locomotor circuitry intact, the GAL4-UAS system was used to 

selectively express a Dmca1D RNAi transgene in these cells.  One hypothesis was that 

the L-type Ca2+ current carried by Dmca1D would allow “plateau” potentials in the 

motoneurons and, therefore, amplify synaptic drive, as has been suggested for 

mammalian motoneurons (Heckman et al. 2003).  An alternative hypothesis was that 

reduced L-type CA2+ current would compromise Ca2+-dependent outward currents that 

could contribute to burst termination (McManus 1991; Grillner et al. 2001; Pedarzani and 

Stocker 2008).  Knock down of Dmca1D caused an increase in burst duration, an increase 

in the number of spikes per burst and a decrease in spike frequency.  These findings 

indicate a role for Dmca1D in determining the input/output properties of aCC and RP-2 

motoneurons during locomotor network activity, and suggest that activation of a Ca2+ 

activated K+ may play key role.   
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2.2.2 Methods 
 
Drosophila stocks: 

The GAL4 line, RRA, contains a region of the even skipped (eve) promoter and drives 

GAL4 expression in motoneurons aCC and RP-2 (Fujioka et al. 2003).  RRA was used to 

drive expression of GFP and other transgenes in aCC and RP-2 in each thoracic and 

abdominal hemisegment.  A recombinant was made that included RRA-GAL4 and UAS-

GFP on the same chromosome [w-; Sco/SM6a; RRA-Gal4, UAS-mCD8-GFP].  aCC and 

RP-2 were individually identifiable based on dendritic morphology and target innervation 

(Hoang and Chiba 2001; Choi et al. 2004).  The UAS-RNAi-51491 line (RNAi91) was 

used in experiments to knock down Dmca1D.  RNAi91 was obtained from the Vienna 

stock center (VDRC).  UAS-RNAi-51491 was crossed with the RRA line to drive 

expression of RNAi91 transgene in aCC and RP-2 motoneurons of the progeny. 

Preparation: 

Experiments were performed on wandering 3rd instar larvae.  Larvae were placed on ice 

for 10 minutes prior to dissection.  Icing for longer periods of time tended to decrease the 

probability that the preparation would generate fictive locomotor behavior as well as 

reduced the number of synaptic events observed in motoneuron current clamp 

experiments.  No synaptic events were observed in control larvae placed on ice for 

approximately 3 hours, while synaptic events observed in RNAi91 expressing cells were 

reduced relative to the 10 minute protocol.  Larvae were dissected in high Ca2+ and low 

Mg2+ A solution: NaCl 118 mM, NaOH 2 mM,  KCl 2 mM, CaCl2 3.3 mM, MgCl2 2.5 
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mM, sucrose 25 mM, trehalose 5 mM, and HEPES 5 mM, pH 7.1-7.2, 310 mOsm 

(adapted from Jan and Jan 1976).  Care was taken to ensure that the CNS, nerves, and 

body wall muscles remanded intact.  The preparation was visualized using an upright 

fixed stage Olympus microscope.  Access to motoneurons was obtained by focal 

application of Protease 14 (2mg/ml extracellular solution- Sigma-Aldrich, St. Louis, MO) 

to the ventral nerve cord using a patch electrode with the tip broken to a diameter of 

10µM (see Worrell and Levine 2008). 

Electrophysiology: 

Motoneurons aCC and RP-2 were identified by targeted GFP expression using the RRA-

GAL4 driver line and recorded from segments T3 and A1 in all experiments.  The 

extracellular recording solution contained: NaCl 118 mM, NaOH 2 mM, KCl 2 mM, 

MgCl2 2.5 mM, CaCl2 3.3 mM, sucrose 25 mM, trehalose 5 mM,  and HEPES 5 mM (A 

solution adapted from Jan and Jan 1976).  The pH was adjusted to 7.1-7.2 and the 

osmolarity to 310 mmol/kg using sucrose.  The higher Ca2+ and lower Mg2+ 

concentrations used, compared with traditional A solution, increased the probability of 

the preparation generating rhythmic contractions. The intracellular solution contained: K-

gluconate 120 mM, NaCl 20 mM, MgCl2 2 mM, CaCl2 0.1 mM, EGTA  1.1 mM, HEPES 

10 mM (O’Dowd). The pH was adjusted to 7.1-7.2 and the osmolarity to 300 mmol/kg. 

Thin walled borosilicate electrodes were pulled on a PP-83 (Narishigie) to a resistance of 

5-7 MΩ and fire polished using an MF-35 microforge (Narishigie). Whole cell patch 

clamp was performed in situ using an Axopatch 1D amplifier (Axon Instruments).  

Clampex software (Molecular Devices- pClamp 10.1) was used for data acquisition.  
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Current clamp protocol was performed in gap free mode and the membrane potential of 

the cell normalized using current injection to the cell body. In dual patch clamp 

recordings, aCC and RP-2 motoneurons innervating the same body wall segment were 

recorded simultaneously using a second Axopatch amplifier.   

Recordings were performed during rhythmic bouts of fictive locomotor behavior.  

Fictive locomotor rhythms were characterized by bouts of periodic motoneurons 

depolarization that continued for a minimum of 3 cycles.  Some preparations displayed 

consecutive bouts of activity lasting up to 40 minutes.  Bouts were considered periodic if 

the cycle period did not deviate greater than 30% from the average.  Aproximatly 25% of 

the preparations displayed rhythmic bouts of activity consistent with this definition 

(RRA, 8/34 preps; RNAi91xRRA, 5/19 preps).  The locomotor behavior was confirmed 

using a lower objective (20x) lens so that the entire body wall could be visualized in the 

microscope.  It this manner, local or full body synchronous twitches could be 

distinguished from anterior-to-posterior or posterior-to-anterior contraction waves. 

 To represent data, the amplitude of the depolarization underlying the rhythmic 

burst of spikes (drive potential), spikes per burst, spike frequency, and burst duration 

were averaged over each burst within a bout of rhythmic activity.  When specified, data 

were separated into bouts of activity with medium cycle periods (5-10 seconds) and long 

cycle periods (>15 seconds). 

Statistical Analysis: 
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Statistical analyses were performed using a standard t-test with Excel software 

(Microsoft).  Standard error values are reported.  Significance was assumed when p < 

0.05. 

 
 
2.2.3 Results 
 
aCC and RP-2 motoneurons receive rhythmic synaptic input during fictive 
locomotion. 
 

The first goal was to characterize activity in aCC and RP-2 motoneurons during 

bouts of fictive locomotion in 3rd instar Drosophila larvae.  Whole cell current clamp 

experiments were performed on aCC and RP-2 motoneurons in the semi-intact larval 

preparation during rhythmic bouts of locomotor activity.  aCC and RP-2 motoneurons, 

innervating body wall muscles in the same segment were compared within the same 

preparation (Fig. 1A).  Rhythmic bouts were separated into medium cycle period (5-10 

seconds, consistent with backward fictive crawling), and long cycle period (>15 seconds, 

consistent with forward fictive crawling), so that aCC and RP-2 could be compared 

during these differing behaviors  (Fox et al. 2006).  Shorter cycle periods were associated 

with synchronous twitches and not included in this analysis.  Current injection was 

administered to the cell body to normalize the resting membrane potential to -60 mV.  

Though aCC and RP-2 displayed similar drive potential amplitude in both groups (Fig. 

1C), aCC on average fired more action potentials per burst that RP-2 (Table 1, Fig. 1A 

and B).  The increased excitability of aCC, compared with RP-2, is consistent with 
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current clamp data in which aCC generated higher firing frequencies upon positive 

current injection to the cell body (Choi et al 2004, Worrell and Levine 2008). 

 Compounding EPSP’s could be distinguished early in the burst, underlying its 

depolarization (Fig. 2A) (Rohrbough and Broadie 2002).  In some fortuitous recordings 

cells received rhythmic clusters of EPSP’s, which did not lead to action potentials, 

providing an example of the excitatory synaptic drive that underlies each burst (Fig. 2B).  

During bouts of rhythmic activity, hyperpolarizing cells to -80 mV, to prevent the 

recruitment of voltage-dependent channels, increased the depolarizing drive potential due 

to an increase in the driving force for excitatory synaptic inputs, though spikes were 

blocked (Fig. 2C and D).  The duration of the synaptic drive potential was not 

significantly altered, suggesting that voltage-dependent channels are not playing a role in 

setting the duration of the burst (Fig. 2D).  The reversal potential for inhibitory inputs 

onto aCC and RP-2 are approximately -55 mV (Rohrbough and Broadie 2002).  

Depolarizing the cell did not reveal prominent IPSP’s at the end or in between bursts.  

These results indicate that voltage-dependent channels with proximity to the cell body, 

may not be aiding synaptic drive in generating the depolarization observed during 

bursting.  It cannot be ruled out, however, that voltage dependent currents distal to the 

cell body, and thus not strongly influenced by current injected into the soma, play a role 

in the depolarizing phase of the burst.  Similarly, if inhibitory inputs onto aCC and RP-2 

are sufficiently distal to the cell body it may be difficult to interpret their influence. 

 In a dual recording, aCC and RP-2 displayed syncronous bursts of EPSP’s (Fig. 

3A).  In between this patterned drive, aCC and RP-2 received synaptic inputs that were 
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not necessarily coherent (Fig 3A).  Injecting suprathreshold current into either aCC or 

RP-2 individually did not alter the membrane potential or increase synaptic activity onto 

the other cell (Fig. 3B), suggesting that RP-2 and aCC receive common input, but are not 

electrically coupled or share reciprocal synaptic connections.   

 

Knockdown of Dmca1D alters the firing properties of aCC and RP-2 motoneurons 

in response to rhythmic synaptic input.  

 

Dmca1D is the voltage-dependent Ca2+ channel with primary responsibility for 

the Ca2+ current recorded from the cell body of aCC and RP-2 motoneurons (Worrell and 

Levine 2008).  This Ca2+ current might enhance the firing properties of aCC and RP-2 

during fictive locomotion.  To test this hypothesis, RNAi to Dmca1D (RNAi91) was 

driven specifically in aCC and RP-2 using the driver line RRA, leaving the rest of the 

locomotor circuitry intact.  Contrary to the hypothesis, aCC and RP-2 motoneurons 

expressing the RNAi91 transgene displayed an increase in burst duration (aCC: RNAi91= 

7.13 +/- 1.71 s, n=10; RRA= 1.86 +/- 0.67 s, n=6, p-value=.01) (Table 2, Fig. 4A).   

Additionally, both aCC and RP-2 displayed an increase in the number of action potentials 

per burst (aCC: RNAi91= 46.93 +/- 19.22, n=10 vs. RRA= 9.90 +/- 3.46, n=6, p-

value=.08; RP-2: RNAi91= 121.6, n=1 vs. RRA= 0.30 +/- 0.18, n=4) (Table 2, Fig. 4A)  

The increase in burst duration and action potentials per burst was observed for both the 

medium and long cycle periods (Table 2). While action potentials and burst duration were 

increased in Dmca1D knockdowns, the frequency of action potential firing was reduced 
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on average (aCC: RNAi91= 21.18 +/- 2.04 Hz, n=8 vs. RRA= 69.15 +/- 25.13 Hz) (Table 

2).  Cycle period was not affected in the RNAi91 expressing cells.  Although there were 

long cycle periods in some cases, this may be because the increased burst duration 

outlasted the interburst interval.  During the prolonged bursting in RNAi91 expressing 

cells, failed attempts at repolarization were observed (7/10) (Fig. 4A). When RNAi91 

expressing cells were hyperpolarized to -80 mV by injecting negative current through the 

recording electrode, the burst duration was greatly reduced (Fig. 4B and C), suggesting 

that synaptic drive is not underlying the increase in burst duration.  In control 

preparations, the interspike interval increased over the duration of the burst (Fig. 5A).  

This increase was most prominent in the spikes preceding burst termination and 

corresponded with an increase in the AHP (Fig. 5Ai).  In RNAi91 expressing cells, this 

progressive increase in the interspike interval was absent (Fig. 5B).  Further, these cells 

did not display a prominent AHP following action potentials (9/10) (Fig 5Bi).  As a 

consequence, spiking became irregular (Fig. 5 Bi).   

 Cells expressing RNAi91 displayed an increase in the amplitude of both 

excitatory and inhibitory synaptic inputs (Fig. 6A).  This increase was most obvious 

during the interburst interval, but prominent fluctuations in the membrane potential were 

also observed during bursting.  In some instances, inhibitory synaptic input was observed 

during the interspike interval in Dmca1D knockdowns (Figs. 5 and 6). 
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2.2.4. Discussion 

Recruitment of aCC and RP-2 motoneurons driven by CPG output 

 Motoneurons aCC and RP-2 displayed similar drive potentials during bouts of 

CPG induced activity (Fig. 1C, Table 1), suggesting similar input from pre-motoneurons.  

Furthermore, when it was possible to discern discrete EPSPs, they were observed one-

for-one in aCC and RP-2 innervating the same hemisegment (Fig. 3A).  In between bouts 

of activity EPSPs were not necessarily coincident (Fig 3A).  

The idea that the phase of the burst is driven by rhythmic excitatory synaptic input 

from the locomotor network (Fig. 2 A and B), is further supported by recordings 

displaying an increase in drive potential amplitude when cells were brought to 

hyperpolarized potentials. These finding do not support the hypothesis that voltage-

dependent Ca2+ currents play a role in boosting synaptic drive.   Depolarizing the cell, by 

injecting positive current through the recording electrode, decreased the drive potential 

amplitude during rhythmic bursts.  Additionally, depolarizing the cell did not increase the 

amplitude of the hyperpolarization between bursts.  As depolarizing the cell would 

increase the driving force for inhibitory synaptic current, this indicates a relatively 

smaller role for inhibitory drive in the repolarization phase of the burst.  Additionally, 

although IPSPs were present in recordings, they did not occur regularly.  It is possible, 

however, that excitatory synapses lie closer to the cell body allowing us better ability to 

distinguish them in our recordings and to manipulate them with current injection.   

 Though aCC and RP-2 motoneurons displayed common drive potentials during 

episodes of locomotor activity, indicating similar strengths of synaptic drive, aCC on 
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average fired more action potentials than RP-2 (Fig. 1 A and B, Table 1).  These 

experiments suggest that it is not the synaptic drive to aCC and RP-2 that is causing the 

difference in firing properties, but instead a difference in the intrinsic properties of these 

individual cells.  Previous studies, using whole cell voltage and current clamp techniques, 

indicate the A-type K+ current as one potential regulator of excitability in aCC and RP-2 

(Choi et al. 2004).  In RP-2, the A-type K+ current displays a significant shift in its 

inactivation properties towards more depolarized values, compared with aCC, resulting in 

a significant portion of the current being active at resting membrane potentials.  In aCC, 

the A-type K+ current is almost completely inactivated at rest.  The relative increase in 

the A-type K+ current at rest was suggested to account for the altered firing properties of 

aCC and RP-2 in current clamp experiments.  It is likely that an increase in the resting A-

type K+ current also plays a role in generating the different firing properties observed in 

aCC and RP-2 during synaptically induced bursting.  The voltage-dependent Ca2+ current 

recorded from the cell body of aCC and RP-2 is also different (Worrell and Levine, 

2008).  It is possible that Dmca1D, the channel with primary responsibility for this 

current, also plays a role in generating different firing properties in aCC and RP-2. 

 aCC and RP-2 motoneurons display markedly different innervation patterns onto 

body wall muscle.  aCC innervates a single body wall muscle (muscle 1) and has been 

termed a Ib motoneuron due to the morphology and function of its synaptic boutons at the 

neuromuscular junction.  RP-2 innervates an array of body wall muscles (muscles 1, 2, 3, 

4, 9, 10, 11, 18, 19, 20) and has been termed a Is motoneuron (Hoang and Chiba, 2001; 

Lnenicka and Keshishian, 2000).  In muscle 6 and 7, which receive innervation from both 
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type Ib and Is motoneurons, there are large differences in synaptic release properties 

(Lnenicka and Keshishian, 2000).  While type Ib boutons are larger than type Is boutons, 

type Is boutons generate larger EPSP’s when low frequency stimulation is applied to the 

motoneuron axon (Atwood et al. 1993; Kurdyak et al. 1994; Lnenicka and Keshishian, 

2000).  Further, type Ib endings display synaptic facilitation when presented with 

repetitive stimulation, while type Is ending display synaptic depression (Lnenicka and 

Keshishian, 2000).  In crustaceans, two populations of motoneurons, with characteristics 

similar to Ib and Is, are called tonic and phasic motoneurons respectively (Kurdyak et al. 

1994; Lnenicka and Keshishian, 2000).  Tonic motoneurons are responsible for postural 

adjustments and reflexes while phasic motoneurons are responsible for vigorous escape 

responses (Atwood, 2008).  Diversity in the motoneuron population is also present the 

mammalian spinal cord.  Motoneurons with low thresholds for activation typically 

innervate slow fatigue resistant muscle fibers (S motor units), while fast fatigue resistant 

and fast fatigable muscle fibers are innervated by motoneurons with increasing thresholds 

for activation (FR motor units and FR motor units respectively)  (Burke 1981; Binder et 

al 1996).  The range in recruitment threshold for these cell types is primarily attributed to 

input resistance, which is secondary to cell size (Henneman and Mendell 1981).  Thus, 

the recruitment order of mammalian motoneurons follow the “size principle” (Henneman 

1957), with small S motor units being recruited first, followed by the larger FR motor 

units, and then by the largest of these cells the FF motor units.  It has been suggested that 

the size principle plays a computational role in the output of the motor network as the 

system does not need to compute which motor units to recruit for a specific behavior 
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(Heckman et al. 2008).  It is possible that the intrinsic properties of aCC and RP-2 

motoneurons are playing a similar role in allowing specific motoneuron recruitment in 

larval locomotion. 

 

Role of Dmca1D in regulating the input/output properties of aCC and RP-2 

 Voltage-dependent Ca2+ channels localize to the dendrites of vertebrate 

motoneurons where they function as integrators of synaptic information.  When activated 

under concomitant influence by neuromodulators such as serotonin and norephinephrine, 

voltage-dependent Ca2+ channels induce a persistent inward current (PIC) capable of 

outlasting the duration of excitatory synaptic input (Schwindt and Crill 1980a, 1980b). 

The PIC acts as a gain modulator increasing the cells sensitivity to both excitatory and 

inhibitory inputs (Lee et al., 2000; Heckman et al., 2003; Hultborn et al 2003; Cushing et 

al., 2005; Bui et al., 2007; Hyngstrom et al., 2008).  Ultimately, the onset of the PIC is 

correlated with an increase in output of the motoneuron and an increase in force 

generation at the target muscle.  Various electrophysiological and computation studies 

have localized the PIC to the dendritic arbors of motoneurons (Carlin et al., 2000a; 

Hounsgaard and Mintz 1988; Hounsgaard and Kiehn 1989; Li and Bennett 2003; Perrier 

and Hounsgaard 2003; Booth et al. 1997; Elbasiouny et al. 2005; Bui et al. 2006).  These 

data are further supported by immunolabeling studies which indicate the wide spread 

expression of Cav1.3 within the dendritic arbors of vertebrate motoneurons (Carlin et al., 

2000b; Simon et al. 2003).  Whereas it is known from these studies that voltage-

dependent Ca2+ channels induce PIC’s and that this induction is dependent on 
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neuromodulation, further work is needed to determine how these properties interact with 

local central pattern generating circuitry to induce locomotor behavior.  Work on this 

question has been limited due to the pharmacological methods used to block intrinsic 

currents in most systems, which, essentially block large portions of the locomotor 

network, including groups of motoneurons, interneurons, and sensory neurons.  We 

utilized the genetic capability of Drosophila to investigate the role of Dmca1D, an L-type 

like Ca2+ channel, in regulating the input/output properties of aCC and RP-2 motonurons 

functioning within an intact locomotor network.  Knockdown of Dmca1D was limited to 

aCC and RP-2 by using the driver line RRA to express UAS-RNAi91 transgene 

specifically in these cells.  Knockdown of Dmca1D resulted in prolonged burst durations 

in both aCC and RP-2 during rhythmic bouts of CPG induced synaptic input (Fig. 4A, 

Table 2). As a consequence of the increased burst duration, both aCC and RP-2 displayed 

an increase in the number of action potentials fired per burst (Fig. 4A, Table 2), whereas 

firing frequency decreased on average in the Dmca1D knockdowns and become less 

regular (Fig. 5B and 6B).  When motoneurons in Dmca1D knockdown larvae were 

hyperpolarized below threshold, the duration of the drive potential was reduced (Fig. 4A 

and B), suggesting that the increase in burst duration in Dmca1D knockdowns is most 

likely due to intrinsic properties of the cells rather than an increase in the duration of 

excitatory drive. 

While these experiments do not support a role for the L-type like Ca2+ current in 

boosting the excitability of aCC and RP-2 motoneurons, they suggest that Dmca1D 

channels regulate burst termination.  This may reflect Ca2+ activated K+ channels, which 
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are known to influence spike frequency adaptation and burst termination (Grillner et al. 

2001; Pedarzani and Stocker 2008).  In lamprey, blocking Ca2+ activated K+ channels, by 

applying apamine to the recording solution, causes an increase in the burst duration of 

motoneurons receiving locomotor input (El Manira et al. 1994, Grillner et al. 2001).  In 

this preparation, excitation of NMDA receptors can lead to plateau potentials.  Ca2+ 

activated K+ currents then terminate the plateau by hyperpolarizing the cell and blocking 

NMDA channel opening (Brodin et al. 1991; Wallen et al. 1989; Grillner et al. 2001).  

Blocking Ca2+ activated K+ channels alleviates this hyperpolarizing current and allows 

prolonged NMDA receptor induced depolarization.  If a similar mechanism is occurring 

in aCC and RP-2 motoneurons, it remains unclear what is responsible for the depolarizing 

current that supports the prolonged burst in Dmca1D knockdowns.  One possibility is that 

persistent Na+ currents, which have been demonstrated in these cells (Mee et al. 2004), 

become larger or that voltage-dependent K+ currents are reduced. 

A further indication that Ca2+ currents, conducted by Dmca1D channels, interact 

with Ca2+ activated K+ channels to regulate motoneuron function is the absence of a 

prominent AHP in RNAI91 expressing cells.  This was also observed in action potentials 

excited by current injection (Worrell and Levine 2008).  In the decerebrate cat 

preparation, reducing the AHP in motoneurons increases the variability in the interspike 

interval, making spiking less regular (Miles, 2005).  In aCC and RP-2 motoneurons 

expressing RNAi91, the reduction in AHP also coincides with an increase in the 

variability of the interspike interval (Fig. 5B).  Two genes, slowpoke and SK (Atkinson et 

al. 1991, Stapleton et al. 2006), encode Ca2+ activated K+ currents in Drosophila.  It will 
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be interesting for future studies to investigate the interaction between L-type like Ca2+ 

currents and Ca2+ activated K+ currents in regulating the firing properties of Drosophila 

motoneurons.   

In addition to altering bursting properties, knockdown of Dmca1D also increased 

the level of synaptic input to aCC and RP-2.    This was most obvious during the 

interburst interval where large fluctuations in membrane potential were recorded in 9/10 

of the RNAi91 expressing cells as opposed to 2/6 of control (Fig. 6A), but also occurred 

during bursting (Fig. 6B).  Such changes could be attributed to an increase in the strength 

of individual synapses, an increase in the number of synaptic inputs, or a change in the 

integration of synaptic input leading to an electrically more compact cell.  In 

hippocampal neurons, Ca2+ influx through NMDA receptors can activate Ca2+ activated 

K+ currents that shunt the synaptic current (Faber et al.  2005).  It is possible that 

Dmca1D currents activate Ca2+ activated K+ currents to shunt synaptic input in 

Drosophila motoneurons.  Another possibility is that an increase in input resistance, due 

to the reduction of Dmca1D current, could account for an increased sensitivity to synaptic 

input.  However, cells expressing RNAi91 do not display a significant increase in their 

input resistance (RNAi91= 481 +/- 100.90 MΩ, n=4; RRA= 598.8 +/- 64.72 MΩ, n=6).   

It is possible that knocking down Dmca1D throughout embryonic development 

allowed homeostatic compensation to occur, altering either the intrinsic properties of aCC 

and RP-2 or their synaptic inputs.  Such plasticity is known to occur in a wide range of 

preparations including the Drosophila giant neuron culture system (Peng et al. 2007). In 

null and hypomorphic mutants of the voltage-dependent Ca2+ channel cac, there is a 
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homeostatic up-regulation of the A-type K+ current. (Peng et al. 2007).  This up 

regulation compensated for a reduction in the Ca2+ activated K+ current, which was a 

secondary consequence of the cac mutation. To determine if the altered firing properties 

observed in the RNAi91 expressing cells from the present study were due directly to the 

down regulation of Dmca1D or to a secondary consequence of homeostatic regulation, it 

will be important to perform these experiments using a conditional driver of UAS-

RNAi91 (Nicholson et al. 2008).  Use of a conditional driver would allow the animal to 

development normally until first instar.  At this time, RNAi91 expression could be 

induced, knocking down Dmca1D expression in aCC and RP-2 motoneurons.  These 

experiments reduce the likelihood that homeostatic regulation will occur, allowing a 

direct interpretation of the effects of Dmca1D knockdown on motoneuron function.  In 

addition, it will be important to determine directly whether homeostatic regulation of K+ 

or Na+ currents occurs in aCC and RP-2 motoneurons when the RNAi91 transgene is 

expressed.  
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2.2.5 Additional Experiments 

While it is clear that Dmca1D plays a role in shaping motoneuron output during 

fictive locomotion, additional experiments are needed to fully interpret the influence of 

Dmca1D on motoneuron function:   

(1) It will be vital to perform in situ current clamp recordings from individual 

motoneurons while simultaneously recording locomotor output from segmental nerves.  

At this point, identifying locomotor patterns has relied on visualizing body wall muscle 

contractions in the pinned out larval preparation.  While this method allows for global 

assessment of the locomotor behavior (forward crawling, backward crawling, local 

twitches) it does not allow for more specific assessments.  For example, by recording 

simultaneously from segmental nerves and motoneurons form the same segment, it will 

be possible to determine the phase of motoneuron activity relative to the activity of all 

neurons sending projections though that nerve.  This will reveal information regarding 

the complexity of the CGP network as well as the importance of phase timing of 

individual motoneuron output.   

(2) Many studies have demonstrated that manipulation of intrinsic properties of 

neurons, either through genetic manipulation (Peng et al. 2007) or long-term 

pharmacological manipulation (Turigiano et al. 1998, 1999), can lead to homeostatic 

regulation of cellular excitability.  In fact, homeostatic regulation due to genetic 

manipulation has already been demonstrated in Drosophila neurons using the giant 

neuron culture system (Peng and Wu 2007).  In these studies, null and hypomorphic 

mutants of the cac gene caused an upregulation of the A-type K+ current.  Upregulation 
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of the A-type K+ current appeared to compensate for a reduction in the Ca2+ activated K+ 

current which was reduced in the cac mutant.  In our experiments, we utilize the GAL4 

line RRA to drive expression of the UAS-RNAi9 transgene.  Because RRA is expressed 

during early embryonic stages, it may be assumed that Dmca1D is being knocked down 

throughout development, leaving time for homeostatic regulation to occur.  Thus, 

changes that are observed in the Dmca1D knockdowns may not be due to the reduction of 

the L-type like Ca2+ current, but to regulation of additional currents within the cell 

throughout development. To reduce the likelihood for homeostatic regulation, we plan to 

drive the expression of UAS-RNAi91 using a temperature sensitive conditional driver.  

Using this genetic technique the animal will be allowed to develop normally until early 

first instar.  At this point, the conditional driver will be induced to drive expression of 

UAS-RNAi91 in aCC and RP-2 motoneurons.   In addition to this set of experiments, it 

will be important to determine whether homeostatic regulation of voltage-dependent K+ 

currents occur in cells expressing RNAi91.  This can be accomplished by performing 

voltage clamp experiments in Dmca1D knockdowns while isolating K+ currents.   

(3) While cac does not appear to play a large role in generating the Ca2+ current 

recorded from the cell body of aCC and RP-2 motoneurons (Worrell and Levine 2008), it 

is possible that this channel localizes to distal regions of the cell, outside the range for 

adequate voltage-clamp, and plays a role in the integration of synaptic input. Thus, it will 

be important to use RNAicac to study the effects of cac channel knockdown in regulating 

aCC and RP-2 motoneuron output in response to locomotor synaptic drive.   
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2.2.7 Figure legends 

 

Table 1 and 2.  Firing properties of motoneurons receiving rhythmic locomoror drive. 

 

Fig. 1.  Motoneurons aCC and RP-2 display different firing properties during rhythmic 

locomotor synaptic drive.  A: recordings were generated using whole cell current clamp, 

in gap free mode, from aCC and RP-2 motoneurons innervating body wall muscles in the 

same hemisegment from the same preparation during bouts of forward (left traces) and 

backward (right traces) fictive locomotion.  Current injection was used to normalize the 

membrane potential to approximately -60 mV.  B: highlight of a single burst in aCC (left) 

and RP-2 (right) from figure 1A.  C: Overlay of aCC (red trace) and RP-2 (black trace) 

motoneurons demonstrating similar drive potentials.  Cells were held at -85 mV, with 

current injection to the cell body, to prevent synaptic drive from activating voltage-

dependent channels.   

 

Fig. 2.  Motoneurons aCC and RP-2 receive rhythmic bouts of excitatory drive.  A: 

recording from an aCC motoneuron during a rhythmic bout of activity. Compounding 

EPSP’s are observed at the onset of the burst underlying its depolarization (arrow).  B: a 

fortuitous recording from an aCC motoneuron exhibiting rhythmic bouts of excitatory 

synaptic drive. Bottom: Individual compounding EPSP’s can be distinguished underlying 

each bout of activity.  C: recording from an aCC motoneuron receiving rhythmic bouts of 

synaptic drive while held at -60 mV and -80 mV.  Ci: an overlay of bursts (from figure 
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2C) generated at holding potentials of -60 mV (black) and -80 mV (red).  D:  recording 

from an aCC motoneuron receiving rhythmic bouts of synaptic drive while held at -60 

and -45 mV.  Di:  overlay of bursts (from figure 2E) generated at -60 mV (black) and -40 

mV (red).  

 

Fig. 3.  Motoneurons aCC and RP-2 receive common synaptic input.  A: dual patch 

clamp recording from an aCC and an RP-2 motoneuron that innervate body wall muscles 

from the same hemisegment.  Top: during bouts of excitatory drive, compounding 

EPSP’s are observed one-to-one in aCC and RP-2. Bottom: between bouts of activity, 

EPSP’s are observed in aCC and RP-2, however, they are not coincident. B: current was 

injected into aCC (left) and RP-2 (right) during dual patch recordings and the 

corresponding cell monitored. 

 

Fig. 4.  Expression of Dmca1D RNAi transgene increased the burst duration of 

motoneurons receiving fictive locomotor synaptic drive.  A: gap free current clamp 

recordings from control (left) and Dmca1D RNAi knockdown (right) aCC motoneurons 

displaying fictive locomotor rhythms.  Cells were normalized to -60 mV by current 

injection.  B:  recording from a Dmca1D RNAi expressing aCC motoneuron held at -60 

mV and -80 mV.  Bi: an overlay of bursts (from figure 4B) generated at holding 

potentials of -60 mV (red) and -80 mV (black). 
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Fig. 5.  Expression of Dmca1D RNAi transgene reduces the AHP between spikes during 

rhythmic bursts of activity.  A: gap free current clamp recording from a control aCC 

motoneuron during rhythmic bursting.  Ai: magnification of Fig 5A. Recording highlights 

an increase in the interspike interval corresponding with an increase in AHP.  B: gap free 

current clamp recording from an aCC Dmca1D knockdown during rhythmic bursting.  

Bi: magnification of Fig 5B.  Notice reduction in AHP between spikes as well as an 

increase in the irregularity of spiking.  Cells were normalized to -60 mV with current 

injection to the soma.   

 

Fig. 6. Cells expressing RNAi91 display an increase in the amplitude of synaptic input.  

A and Ai:  current clamp recordings from a control (A) and RNAi91 knockdown (Ai) 

aCC motoneuron during the inter-burst interval.  Synaptic input underlies the fluctuations 

in membrane potential.  B and Bi: current clamp recordings from a control (B) and 

RNAi91 knockdown (Bi) aCC motoneuron during a burst of activity.  Membrane 

potentials were normalized to -60 mV with current injection. 

 

 

 

 

 

 

 

 



 99 

2.1.8 Figures 

 

Figure 2.2.8.1 Table 1 and 2.  Firing properties of motoneurons receiving rhythmic 

locomoror drive 
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Figure 2.2.8.2 Motoneurons aCC and RP-2 display different firing properties during 

rhythmic locomotor synaptic drive 
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Figure 2.2.8.3 Motoneurons aCC and RP-2 receive rhythmic bouts of excitatory drive 
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Figure 2.2.8.4 Motoneurons aCC and RP-2 receive common synaptic input 
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Figure 2.2.8.5 Expression of Dmca1D RNAi transgene increased the burst duration of 

motoneurons receiving fictive locomotor synaptic drive 
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Figure 2.2.8.6  Expression of Dmca1D RNAi transgene reduces the AHP between spikes 

during rhythmic bursts of activity 
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Figure 2.2.8.7  Knockdown of Dmca1D increases fluctuations observed in the membrane 

potential during and in between bursts of activity 
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CHAPTER 3. CONCLUSIONS 

 

3.1 Summary of results  

The primary goal of this work was to examine the role of voltage-dependent Ca2+ 

channels in regulating the output of larval Drosophila motoneurons functioning within an 

intact network.  To accomplish this goal, two major aims were addressed.  The first aim 

was to determine whether larval Drosophila motoneurons express voltage-dependent 

Ca2+ channels in their central processes (currents which could be recorded from the 

soma) and to determine the genes responsible for these currents.  The second aim was to 

determine the role of centrally expressed voltage-dependent Ca2+ channels in the 

regulation of motoneuron output as these cells receive behaviorally relevant input from 

the locomotor network.  To address these goals, genetic tools available in Drosophila 

were used along side in situ patch clamp techniques from larval motoneurons. 

 Aim one was to determine whether voltage-dependent Ca2+ channels reside in the 

central processed of Drosophila motoneurons.  Previous work on the Drosophila 

neuromuscular junction had shown that the voltage-dependent Ca2+ channel Dmca1A, 

also called cacophony (cac), is expressed in these distal processes of motoneurons and is 

responsible for the Ca2+ influx necessary for synaptic release and regulation of the 

presynaptic terminal.  The role and identity of voltage-gated Ca2+ channels in the central 

processes of these cells, however, had not been studied.  Using whole cell voltage-clamp 

techniques in situ, we showed that two identified motoneurons, aCC and RP-2, carried 

voltage-dependent channels that could be recorded from the central processes.  These 
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currents activated at membrane potentials approximating -40 mV and displayed little 

inactivation over a 400 ms voltage command, suggesting that they share characteristics of 

high voltage activated currents observed in vertebrate preparations.  Interestingly, aCC 

and RP-2 displayed differences in their peak voltage-dependent Ca2+ current densities.  

To determine whether these channels may be playing a role in regulating the excitability 

of aCC and RP-2, current clamp recordings were performed with and without Ca2+ in the 

recording solution.  When Ca2+ was removed from the bath, cells displayed a significant 

increase in the number of action potentials fired over a 400 ms current command, 

suggesting that Ca2+ does play a role in setting cellular excitability.  The increase in 

action potential firing appeared to be due to a decrease in the afterhyperpolarization 

between spikes.  To determine the genes responsible for the centrally recorded Ca2+ 

current, mutants of Dmca1D and cac were used.  Additionally, we expressed RNAi 

transgene to Dmca1D specifically in aCC and RP-2 using the GAL4-UAS system 

available in Drosophila.  Mutants of cac did not affect the centrally recorded Ca2+ 

current, though cac is expressed in motoneurons at the distal neuromuscular junction.   

Mutants of Dmca1D and expression of Dmca1D RNAi transgene, however, significantly 

reduced the centrally recorded Ca2+ current.  This suggests that Dmca1D, the L-type like 

channel, is responsible for this current.  Further, it suggests that Drosophila motoneurons 

express cac and Dmca1D in different locations of the cell and that it is possible to reduce 

Dmca1D function in the central processes while leaving neurotransmission intact.  

Additionally, by targeting the expression of Dmca1D RNAi transgene specifically in aCC 
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and RP-2, we are able to knockdown channel function in these cells while leaving Ca2+ 

channel function intact in the rest of the locomotor network. 

 The second aim was to determine the role of centrally expressed voltage-

dependent Ca2+ channels in generating appropriate motoneuron output during bouts of 

locomotor activity.  Motoneurons aCC and RP-2 were recorded in situ as the preparations 

displayed bouts of fictive locomotion.  During these bouts motoneurons received 

rhythmic excitatory synaptic input, which depolarized the cell and led to bursts of action 

potentials.  While the drive potentials recorded in aCC and RP-2 were similar, aCC fired 

on average more action potentials per burst than RP-2.  Expressing Dmca1D RNAi 

caused an increase in burst duration in both RP-2 and aCC as well as an increase in the 

number of action potentials fired per burst.  Additionally, the afterhyperpolarization 

between spikes was greatly reduced in the knockdowns and spiking became less regular.  

Along with the changes in firing properties, large fluctuations in the membrane potentials 

were observed that were not present in control larvae.  

 

3.2 Unresolved issues and future directions 

 To establish Drosophila as a model system for studying the role of voltage-

dependent channels in the regulation of input/output properties of motoneurons 

functioning within intact neural networks, additional experiments are required (A 

summary of experiments necessary for the completion of Aim #2 is covered in section 

2.3.5, and will not be discussed again here).   
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The Drosophila locomotor preparation 

While the current larval preparation displays fictive locomotion, the reliability is 

low.  There are large variations in the duration of the fictive behavior, the cycle period 

between bouts of activity, and the apparent synaptic drive to motoneurons.  If this 

preparation is to be used to study the role of intrinsic properties in the processing of 

behaviorally relevant synaptic information, it will be crucial to constrain the locomotor 

network so that a more consistent output is observed. It is probable that the methods used 

to access central neurons in the ventral ganglion dilute the intra-ganglionic milieu of 

neurochemicals necessary for stable locomotor network activity.  Further, the dissected 

and pinned out larval preparation may not be in a state where activation of the locomotor 

network is a highly probable event. In many invertebrate preparations, adding specific 

neuromodulators to the recording solution initiates and stabilizes fictive locomotor output 

(Johnston and Levine 1996, Marder and Bucher 2007).  At this time, we are working to 

identify neuromodulators which increase the probability of the preparation generating 

locomotor rhythms and which constrain the output of the larval CPG.  Modulators known 

to influence locomotion in other invertebrate preparations, such as pilocarpine (Johnston 

and Levine 199) as well as those implicated in Drosophila larval locomotion; 

octopamine, tyramine, dopamine (Fox et al. 2006, Saraswati et al . 2004, Suster et al. 

2003) are being investigated, along with seretonin, which has putative release sites in the 

ventral ganglion (J. Portillo and S. Srinivasan unpublished data).  Additionally, 

experiments have been designed to use odorants, known to influence locomotion in the 

intact larva, in an attempt to excite sensory/locomotor coupled networks.  Lastly, it may 
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be possible to illicit stable rhythms through the electrical stimulation of nerves carrying 

sensory input into the central nervous system, or by stimulating descending input from 

higher order brain regions with putative roles in larval locomotion.   

 

Function of neuromodulation during locomotion 

As neuromodulation plays a significant role in regulating motoneuron output in a 

variety of preparations, it will be important to examine its role in regulating motoneuron 

output in Drosophila larvae.  To address this question, one must first identify 

neuromodulators which influence the intrinsic properties of larval motoneurons (this 

discussion will focuse on voltage-dependent Ca2+ channels, though these questions must 

necessarily be addressed for all voltage-dependent currents in Drosophila motoneurons).  

By applying neuromodulators to the recording solution, while recording isolated voltage-

dependent Ca2+ currents from isolated motoneurons in vivo (TTX will be used to block 

voltage-dependent Na2+ currents in motoneurons plus presynaptic neurons), it will be 

possible to determine which substances influence these currents.   

Once neuromodulators that influence voltage-dependent Ca2+ currents have been 

identified, determining whether endogenous release of these substances influence 

motoneuron output will be essential.  This may be accomplished by driving light 

activated depolarizing currents, Channelrhodopsin-2 (Zhang et al. 2007, Schroll et al. 

2006) specifically in cells that release the modulators of interest, while concurrently 

performing current clamp recordings in motoneurons. Dual patch recordings may also be 

used to drive activity in modulatory neurons while simultaneously recording from 
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motoneurons.  It will be important to perform extracellular motor nerve recordings to 

determine whether fictive locomotor output is altered, which could be due to modulation 

of motoneurons or presynaptic interneurons.  If modulatory input is also acting on 

upstream interneurons, it will be important to determine how locomotor drive onto 

motoneurons changes under these situations.   

It will also be essential to determine whether the neuromodulatory cells of interest 

are active during behaviorally relevant fictive locomotor output.  This may be 

accomplished by using a loose patch technique to record output from modulatory cells, 

identified by targeted GFP expression, during bouts of fictive locomotor behavior. Whole 

cell patch clamp techniques run the risk of diluting the intracellular milieu of components 

necessary for normal cell firing.  Loose patch clamp techniques, however, allow the 

output of individual cells to be monitored without rupturing the cell membrane.  By using 

the loose patch technique it will be possible to monitor cell output, without altering 

synaptically induced firing behavior of modulatory neurons, during fictive locomotion.  It 

may also be possible to identify activity in modulatory cells by driving the expression of 

Ca2+ indicator dyes specifically in these cells.  Once it has been established that 

modulatory cells are active during behaviorally relevant bouts of activity, whole cell 

patch clamp techniques can be used to control the firing properties of these cells.  For 

example, hyperpolarizing currents may be injected into modulatory cells, which are 

normally active during fictive locomotion, to inhibit firing, while simultaneous 

recordings are made from motoneurons and nerve roots.  This will make it possible to 
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monitor the influence of removing molulatory cells activity on motoneuron and 

locomotor output during bouts of fictive behavior. 

 It has been demonstrated that crawling behaviors in intact freely moving larvae 

may be manipulated by the expression of Channelrhodopsin-2 in select neurons (Zhang et 

al. 2007, Schroll et al. 2006). It will be interesting to examine whether exciting 

Channelrhodopsin-2 in select groups of modulatory cells, those with putative roles in 

locomotion, influences locomotion in intact freely moving larvae.  If this is the case, it 

may be possible to study the interaction between behaviorally relevant modulatory 

release and motoneuron intrinsic properties in freely behaving animals.  To do this, it 

would be necessary to constructing a larva that differentially express Channelrhodopsin-2 

in select modulatory cells, and RNAi to Dmca1D in select motoneurons.  Expressing 

Dmca1D RNAi specifically in motoneurons would restrict the knockdown of the L-type 

Ca2+ channels to these cells, leaving the remainder of the locomotor network intact.  

Thus, any behavioral changes that occurs when modulatory cells are excited and 

Dmca1D is intact, but do not occur when modulatory cells excited and Dmca1D is 

knocked down, may be attributed to modulatory influence on the Dmca1D channel in 

motoneurons.   

If neuromodulation does play a role in regulating motoneuron excitability in 

Drosophila larvae, genetic techniques available in this preparation will aid in identifying 

the signaling cascades involved.  A variety of mutants are available which allow the 

systematic study of signaling cascades known to influence excitability.  For example, 

mutants of dunce and rutabaga, which disrupt genes encoding a cAMP-specific 



 113 

phosphodiesterase and an adenylate cyclase respectively, have been used to implicate the 

cAMP pathway as a regulator of the voltage-dependent Ca2+ channel Dmca1D in 

Drosophila muscle (Bhattacharya et al. 1999, Wicher et al. 2001).  

 

Locomotor Circuitry 

Little is known about the cells that synapse onto motoneurons and underlie the 

excitatory and inhibitory inputs observed during fictive locomotion.  To fully dissect the 

role of intrinsic properties in motoneurons in the processing of synaptic information it 

will be important to identify these cells.  To accomplish this, Channelrhodopsin-2 can be 

expressed in subsets of interneurons and excited individually by focal application of light 

stimulation, while concurrently recording from motoneurons (this system may be further 

used to dissect the circuitry of the CPG networks involved in locomotion and sensory 

networks that influence locomotion).  Once cells have been identified that synapse onto 

motoneurons, dual patch clamp experiments may be performed, from motoneurons and 

presynaptic interneurons, during bouts of fictive locomotion.  Presynaptic cells that 

display rhythmic activity in relation to motoneuron activity will be further examined as 

potential components of the CPG network.  

Additionally, dual patch clamp recordings may be used to drive presynaptic input 

onto motoneurons, while simultaneously recording from motoneurons.  Because this 

method removes motoneuron excitation from CPG drive, it allows a more precise method 

for studying the role of intrinsic properties in regulating synaptic integration.  For 

example, excitatory synaptic input may be driven onto motoneurons expressing Dmca1D 
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RNAi transgene, to determine a role for this channel in boosting or reducing synaptic 

input.  Because CPG output is not driving motoneuron excitation, we do not have to 

worry about uncontrolled inhibitory and excitatory synaptic drive confounding data 

interpretation.  Using the dual patch technique in Drosophila, it may be possible to learn 

more about the interactions of multiple voltage-gated channel types in the processing of 

synaptic information, a questioin that has been difficult to address in vertebrate 

preparations (Heckman et al. 2008). For example, it will be possible to study the 

interaction between voltage-dependent Ca2+ channels and Ca2+ dependent K+ channels by 

driving excitation onto motoneurons that selectively express an RNAi knockdown to one 

of the proteins of interest.  Further, it will be possible to determine whether motoneurons 

respond preferentially to certain firing frequencies of the presynaptic cell, resonant 

frequencies, which boosts synaptic input.  If so, voltage-dependent channels may be 

knocked down in motoneurons, using transgenic expression of RNAi, to determine 

whether these channels are involved in the development of resonant frequency 

amplification.  

  

Localization of voltage-dependent Ca2+ currents 

 In vertebrate preparations, voltage-dependent Ca2+ channels have been localized 

to the dendritic processes of motoneurons where they interact with both excitatory and 

inhibitory synaptic input to regulate the input/output properties of these cells (Heckman 

et al 2008).  It will be important to determine the localization of voltage-dependent Ca2+ 

currents in Drosophila larval motoneurons and whether they are activated by synaptic 
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depolarization.  Attempts have been made to localize these currents by filling cells with 

Ca2+ indicator dyes through the patch electrode and administering voltage commands to 

activate voltage-sensitive Ca2+ channels.  Under these conditions we have not observed a 

Ca2+ signal in either the cell body or the dendrites.  This may be due to the rundown of 

the Ca2+ current, over the extended period of time taken to fill cells with dye, to levels 

that are undetectable with our imaging system.  To overcome this problem, it will be 

essential to minimize Ca2+ current rundown in these cells.  One method that has 

succeeded in reducing rundown, in other preparations, is the addition of phosphorylating 

agents to the intracellular recording solution.  It is believed that the dialysis of the 

intracellular milieu, with the intracellular recording solution, removes essential signaling 

agents required for proper Ca2+ channel function.  Thus, replacing these agents in the 

internal recording solution may help to minimize rundown.  It may also be possible to 

backfill cells with Ca2+ indicator dye through cut peripheral nerves.  Using this method, it 

will not be necessary to wait for cells to fill with dye after breaking in, the time when 

rundown is occurring, before performing experiments.  

 

Human  

While progress has been made in understanding the role played by intrinsic 

properties of motoneurons in the processing synaptic information in reduced 

preparations, problems arise when attempts are made to infer roles for these properties in 

intact behaving animals.  The role of the PIC is central to this debate.  Identifying a role 

for the PIC in intact behaving vertebrate preparations is hindered by the pharmacological 
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methods used to block these currents, which are not specific to motoneurons but block 

voltage-dependent Ca2+ channels in all cells within the area of application.  Thus, 

changes in motoneuron firing properties may be due to blocking of the PIC, or 

alternatively, due to the blocking of voltage-dependent Ca2+ channels in interneurons or 

sensory neurons that play a role in driving locomotor input onto the motoneurons.  

Identifying a role for PIC’s in human studies has proven especially difficult.  This is 

because it is not possible to know the relative contribution of synaptic current and PIC to 

the firing of a motorneuron from muscle unit recordings.  In other words, changes in the 

firing properties of the motorneuron may be due to the initiation of a PIC or increased 

synaptic input onto the cell.  As it is technically impossible to record intracellularly from 

human motoneurons, to determine the effective synaptic current, methods have been 

developed to infer synaptic drive onto these cells.  This involves recording 

simultaneously from two motor units, from the same muscle, that have slightly different 

recruitment thresholds (Gorassini et al. 1998, 1999, 2002).  The firing rate of the lower 

threshold motor unit, the control unit, is used as an estimate of synaptic drive to the 

higher threshold unit, the test unit.  The firing rate of the control unit can then be 

monitored during the recruitment, firing, and derecruitment of the higher threshold test 

unit, to determine the relative synaptic drive during these events.  This method has been 

used to study the role for PIC’s in human motor units.  One study demonstrated that test 

units were derecruited at lower firing rates of the control unit than they were recruited, 

suggesting a role for PIC’s in maintaining cell firing below the synaptic recruitment 

threshold (Gorassini 2002a).  Another study demonstrated that motor units display a 
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phenomenon known as warm up, a reduction in synaptic drive needed to recruit a motor 

unit during repeated activation, a characteristic which has been attributed to PIC’s in 

reduced preparations (Bennett et al. 1998, Gorassini et al. 2002b).  The paired motor unit 

recording method assumes that the control unit and the test unit receive common synaptic 

input.  This assumption, however, may not hold true in all situations.  For example, it is 

possible that firing rates of the control unit may saturate, limiting the ability to infer 

synaptic drive to the test unit from the firing rates of the control unit (Fuglevand et al. 

2006).  A linear relationship between the modulation of test and control units firing rates 

are often used to demonstrated that cells are not within a saturated range (Gorasinni et al. 

2002 a and b).  Spike frequency adaptation, which is defined as a reduction in firing rate 

over time of a cell that is receiving constant depolarizing current, is observed in 

motoneurons and could also complicate predictions about test unit synaptic drive from 

control unit firing frequencies (Bennett et al. 2001, Fuglevand et al. 2006). Another 

phenomenon, which has been cited to suggest a role for PIC’s in motoneurons, is 

sustained firing of motor units after brief stimulation.  In human subjects brief sensory 

stimulation, via tendon vibration or electrical stimulation, induces firing in motor units 

that long outlast the stimulus (Kiehn and Eken 1997, Gorassini et al. 2002, Collins et al. 

2001).  This suggests that intrinsic properties of the motoneurons are recruited and 

sustain firing after synaptic drive from the sensory network has ceased.  Prolonged firing 

of this nature, however, has been demonstrated in acutly spinalized vertebrate 

preparations, in which PIC dependent monoaminergic drive is absent, suggesting that 
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mechanisms other than PIC’s can also lead to this phenomenon (Sherrington 1906, 

Fuglevand et al. 2006).   

 While it seems unlikely that PIC’s would not play a role in regulating motoneuron 

function, the above examples highlight the difficulty in determining under what 

conditions they occur in intact preparations and humans.  This problem is not limited to 

the PIC, but to all instances where intrinsic properties interact with synaptic current to 

regulate motoneuron output.  The advances in the Drosophila larval preparation, 

discussed in this body of work, suggest that Drosophila may be an ideal preparation to 

address this problem.  Voltage-dependent channels may be manipulated in specific sets of 

motoneurons, while the remainder of the locomotor circuitry remains intact, and the 

output of these motoneurons monitored during bouts of fictive locomotor behavior.   
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ABSTRACT 

 
 During learning and memory formation, information flow through networks is 

regulated significantly through structural alterations in neurons. Dendrites, sites of signal 

integration, are key targets of activity-mediated modifications. While local mechanisms 

of dendritic growth ensure synapse-specific changes, global mechanisms linking neural 

activity to nuclear gene expression may have profound influences on neural function. 

Fos, being an immediate-early gene, is ideally suited to be an initial transducer of neural 

activity, but a precise role for the AP-1 transcription factor in dendrite growth remains to 

be elucidated. Here we measure changes in the dendritic fields of identified Drosophila 

motor neurons in vivo and in primary culture to investigate the role of the immediate-

early transcription factor AP-1 in regulating endogenous and activity-induced dendrite 

growth. Our data indicate that: a) increased neural excitability or depolarization 

stimulates dendrite growth, b) AP-1 (a Fos, Jun hetero-dimer) is required for normal 

motor neuron dendritic growth during development and in response to activity induction, 

and c) neuronal Fos protein levels are rapidly but transiently induced in motor neurons 

following neural activity. Taken together, these results show that AP-1 mediated 

transcription is important for dendrite growth, and that neural activity influences global 

dendritic growth through a gene-expression dependent mechanism gated by AP 

INTRODUCTION 

Protein synthesis dependent structural alterations in neurons are widely believed 

to underlie long-term plasticity, the ability of neurons to change during learning and 

memory formation (Bailey et al., 2004). Persistent changes in post-synaptic 
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specializations, or dendrites, are likely to result from synthesis of new proteins derived 

from translation of either stored, translationally silent mRNAs or new mRNAs derived 

from nuclear gene expression. In this context, nuclear transcription provides a global 

control of dendritic growth (West et al., 2002).    

Studies of activity dependent changes in vertebrate neuronal dendrites have 

highlighted the role of calcium responsive signaling mechanisms (Wong and Ghosh, 

2002; Konur and Ghosh, 2005). For instance, high potassium induced depolarization of 

cultured hippocampal neurons results in globally increased dendritic growth through a 

mechanism that requires the activation of CaMKIV followed by induction of the 

transcription factor CREB (Redmond et al., 2002). Similarly, induction of the ERK 

cascade also promotes CREB mediated transcription (Wayman et al., 2006). Recently, 

Mef-2A, a transcription factor regulated by calcineurin and p38K signaling has been 

shown to negatively affect dendritic growth in hippocampal (Flavell et al., 2006) and 

cortical (Shalizi et al., 2006) neurons.  

In this study we tested the hypothesis that the transcription factor AP-1 

(heterodimers of Fos and Jun) plays an important role in regulating dendritic growth and 

plasticity. We focused on AP-1 because a) Fos has previously been strongly implicated in 

plasticity regulation (Cole et al., 1989; Hiroi et al., 1998; Nestler et al., 2001; Sanyal et 

al., 2002), b) Fos is an immediate-early gene, well-positioned to mediate a rapid genome-

wide transcriptional response (McClung and Nestler, 2003; Etter et al., 2005), , c) 

expression of Fos is strongly regulated by electroconvulsive seizures, and general neural 

stimulation (Daval et al., 1989; Hope et al., 1994; Hiroi et al., 1998), and finally, d) 
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addiction behavior in rodents correlates very strongly with changes in Fos isoform 

expression in the nucleus accumbens (Hope et al., 1992; Hope et al., 1994; Kelz et al., 

1999).  

Studies of sensory neuron dendrites in Drosophila have uncovered many 

regulators of normal dendrite development (Grueber et al., 2003; Emoto et al., 2004; 

Parrish et al., 2006).  To specifically analyze activity-dependent mechanisms of dendritic 

growth, we evaluated structural and functional aspects of dendrites of Drosophila larval 

motor neurons, cells that have previously been shown to display activity-dependent forms 

of presynaptic plasticity, and that receive input from pre-synaptic neurons  (Collins and 

DiAntonio, 2007). We genetically labeled and manipulated identified motor neurons, to 

ask whether motor neuron dendrites respond structurally to neural activity and are 

sensitive to AP-1 dependent transcription. Our results demonstrate that a) our 

experimental system is capable of detecting changes in dendrite growth in vivo, b) motor 

neuron dendrites in Drosophila are plastic and are regulated by neural activity, c) normal 

dendritic growth during development is dependent on AP-1 function, d) enhancement of 

dendritic growth by experimental alteration of motor neuron excitability requires AP-1 

and e) depolarizing stimuli rapidly but transiently upregulates Fos expression in motor 

neurons. In sum, these results indicate that AP-1 is required for dendrite growth both 

during development and dendrite expansion induced by elevated neural activity.  

 

MATERIALS AND METHODS 

Drosophila stocks, culturing and genetics 
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Flies were reared on standard corn meal medium at 25 oC and were grown in 12 

hour light-dark cycles. The C380-GAL4 line has been described previously (Budnik et 

al., 1996) and expresses in most motor neurons, plus other unidentified neurons. The 

Cha-GAL80 (Choline-acetyl transferase promoter driven GAL4) line was obtained from 

Dr. Toshihiro Kitamoto, and has been shown to suppress GAL4 activity in cholinergic 

neurons (Kitamoto, 2002). The eveRRK-GAL4 line and related RRA-GAL4 line were 

obtained from Miki Fujioka and expresses in aCC and RP2 motor neurons (Fujioka et al., 

2003). UAS-GFP, UAS-FLP, act-FRT-GAL4 and kayak alleles were obtained from the 

Drosophila stock collection in Bloomington. UAS-Fbz, UAS-Jbz, UAS-Fos and UAS-

Jun have been described previously (Eresh et al., 1997) and were obtained from Marianne 

Bienz. UAS-eag(DN) flies were from Dr. Ralph Greenspan (Broughton et al., 2004), 

UAS-Sh(DN) (Mosca et al., 2005) and UAS-Sh[act] (EKO) (White et al., 2001) were 

from Dr. Haig Keshishian and UAS-Fos-RNAi was from Dr. Dirk Bohmann (Uhlirova 

and Bohmann, 2006). A recombinant including both UAS-Sh(DN) and UAS-eag(DN) 

was made and termed “Electrical Knock In (EKI).  UAS-nod-lacZ flies were obtained 

from Dr. Y.N Jan (Clark et al., 1997) and UAS-Kinesin-GFP flies were made by Patty 

Estes in the Ramaswami laboratory. 

 

Immunohistochemistry, imaging, Sholl analysis and 3D reconstruction 

Antibodies: To generate anti-dFos antibodies, we scanned the Drosophila Fos sequence 

to select peptides that are unique (no close matches returned with BLAST) and highly 

antigenic. A 21 amino acid peptide (ERTTKKPAIRKPEDPDPAEED) was synthesized 
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by Fabgennix Inc., Shreveport, LA and after conjugation with KLH, injected into rabbits 

for antibody production. Following standard immunization and boosting protocols, the 

antibody was affinity purified against immobilized peptide and used in our assays. 

Increased Fos immunoreactivity was detected in appropriate tissues as well as in Western 

blots when Fos was expressed transgenically using the GAL4-UAS system.  

Immunocytochemistry: Immunofluorescent labeling techniques of Drosophila tissue have 

been previously described (Sanyal et al., 2002). Tissue was dissected in PBS (milliQ H2O 

+ 130 mM NaCl + 5 mM Na2HPO4 + 5 mM NaH2PO4) followed by 3 rinses in PBS.  The 

tissue was fixed in 4% paraformaldehyde in PBS for 1 hr at room temperature.  Fixative 

was removed with 3x10 min washes of PBS and preparation placed in block (PBS + 2 % 

bovine serum albumin + 0.1% Triton X-100 + 5% Goat Serum) for 2 hrs at room 

temperature. Block was replaced with primary antibody at appropriate dilution in 200 µl 

block and kept overnight at 4oC. Phalloidin-rhodamine (Molecular Probes, R-415) was 

used to stain peripheral muscle at a concentration of 1:1000. Anti-GFP (Molecular 

Probes, A-11120) was used to label the axon of motor neurons with GAL4 expression at 

1:200. Anti-VGlut (Daniels et al., 2004) was used to label a vesicular glutamate 

transporter of neurons in culture at 1:5000. β-Gal (Promega, Z3781) was used to label 

nod-LacZ localization in culture at 1:50. The preparations were rinsed 3 times quickly, 

followed by 3x10 min washes in PBS before being placed in 500 µl secondary antibody 

at appropriate dilution (1:1000 used for all secondaries) for 1 hr at room temperature.  

The secondary was washed with large volumes of TBS (PBS + 0.1% Triton X-100), 3 

quick + 3x10 minute washes with the last wash in PBS.  The preparations were mounted 
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on Superfrost Plus slides (VWR Scientific, 48311-703) in 80% glycerol +PBS and 

covered with a glass coverslip. The preparations were stored at -20oC until imaging.  

 Quantification of Fos staining in cultured motor neurons was carried out using our 

anti-Fos peptide antibodies (see above). Cells were fixed for 30 minutes in 4% 

paraformaldehyde followed by incubation in Triton X-100 containing (0.15%) blocking 

solution. Cells were incubated with primary antibody (1:50 dilution in block) overnight 

followed by washes and incubation in A-568 conjugated anti-mouse IgG (Molecular 

Probes, Invitrogen). Cells were mounted in Vectashield (Vector Laboratories) and 

imaged using a Nikon laser scanning confocal microscope. At least 10 isolated neurons 

were imaged from each culture dish based on strong GFP fluorescence (indicating motor 

neuron identity) on both red and green channels. Post-acquisition processing was 

performed using Metamorph (Molecular Devices) and included background subtraction 

followed by measurement of average intensity of Fos staining in neuronal nuclei. Means 

from each experimental set were evaluated for significant differences using SigmaPlot 

(Jandel Scientific). 

Imaging and 3D reconstruction: We used the eve-flipout line for all our experiments 

requiring in vivo dendritic analysis (see Results). “Isolated” RP2 neuron containing 

segments were selected for imaging. Only abdominal segments 3-6 were used since the 

size of the neuropile varies by segment. Images were gathered such that the z steps 

matched pixel dimensions in the x-y plane to make cubic voxels for 3D reconstruction. 

Fluorescence intensity was normalized between samples to the intensity of the axon and 

the cell body. The color palette function in the Zeiss LSM program was used to ensure 
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that images were not saturated in the axonal and dendritic regions. At these settings, the 

cell body, however, was routinely saturated. Several sets of experiments were performed 

such that controls were done simultaneously to minimize variability arising from 

differences in culture conditions, GFP expression and antibody staining. Imaging was 

always carried out double-blind such that different genotypes were interleaved. 

Maximum projections of AP-1 images tend to appear brighter due to a higher density of 

dendrites, however, single sections show comparable fluorescence across genotypes. The 

voltex function in AMIRA was used to construct a 3D image, followed by volume-edit to 

select the neuron of interest. Isosurface labeling was used to create the “shell” around the 

entire dendritic field. The volume contained in this shell was used as a measure of the 

dendritic field. All data were plotted and analyzed using SigmaPlot (Jandel Scientific) 

and Microsoft Excel. Statistical significance was determined using unpaired t-tests, an 

asterisk represents p<0.05. All data are represented as mean +/-SEM. 

Sholl analysis: Sholl analysis was performed as described previously (Sholl, 1953). 

Briefly, maximum projections of RP2 motor neuron images were aligned on concentric 

circular grids with the cell body in the center. The number of intersections of dendritic 

branches with successive circles were counted and plotted against the circle number 

(from the center outwards). Greater complexity is indicated by a higher number of 

intersections.  

 

Tissue culture techniques and High K+ protocols 
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Cell cultures were prepared as described previously (Kraft et al., 1998) with a few 

modifications. All dissection equipment was soaked in 70% EtOH for 10 min before 

dissection. Larvae (C380-GAL4, UAS-CD8GFP; ChaGAL80 crossed with either 

Oregon-R to obtain labeled control motor neurons or with various transgenic strains) 

were selected and sterilized by placing the animal in 70% EtOH for 1 minute. The larvae 

were rinsed 3 times in sterile water before the CNS was removed in sterile Drosophila 

medium (Schneider’s medium + 10% fetal bovine serum + 50 µg/ml insulin). The 

cephalic lobes were discarded and only the thoracic plus abdominal ganglia were used in 

cultures. The ganglia were micro-dissected to remove ventral lying GFP positive neurons 

that have not been identified. The ganglia were enzymatically treated in liberase for 1 

hour at room temperature (10 µl 2x liberase stock/ 1ml Rinaldini’s saline [800 mg of 

NaCl + 20 mg of KCl + 5 mg of NaH2PO4*H20 + 100 mg of NaHCO3 + 100 mg of 

glucose + 100 ml of H2O]). The ganglia were rinsed twice in 1 ml Drosophila Medium, 

triturated with a fire polished glass Pasteur pipette, further triturated with an Eppendorf 

tip and plated on Con-A/Laminin coated dishes in a 100 µl bubble. The cells were plated 

at a density of 1 micro-dissected ganglion/dish. The dishes were flooded 24hrs later with 

1 ml Drosophila Medium and imaged 24hrs after flooding. The cells were maintained in 

a 25oC, humidified incubator.   

The culture dishes were made by drilling an 8 mm hole in 35 mm Petri dishes 

(Corning 430165). A 12 mm round coverslip (Bellco 1943-10012) was then glued under 

the Petri dish with Sylgard 184 to create a well. The dishes were placed under UV light 

for 2 hrs to sterilize. The well was coated with 70 µl of ConA (Sigma C-2010) + laminin 
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(Becton-Dickinson 354232) + milliQ H2O and incubated for 2 hrs at 37oC. Dishes were 

then rinsed with 6ml sterile H2O and used within 1 month. 

The motor neurons in the high K+ experiments were fed medium with a 10mM 

increase in [K+] from 22 mM in normal Drosophila culture medium to 32 mM by the 

addition of KCl. This is predicted to depolarize the neurons by about 10 mV. Control 

cells for the high K+ experiments were fed medium with the osmolarity adjusted to match 

the treated cells.   As for all experimental manipulations, treated and control cultures 

were paired such that cells obtained from the same dissociation were divided into treated 

and control dishes. This minimized variability due to animals, dish coating, media and the 

dissociation procedure itself.  Similarly, comparisons among neurons of different 

genotypes involved cultures that had been prepared together. 

Cycloheximide was administered to cultures to inhibit protein synthesis (Mizel 

and Bamburg, 1976) by adding 1x10-2 mg/ml to the Drosophila medium. Plectreurys 

Toxin (PLTX-II, 5x10-2 µM, Alomone Labs) were administered to the cultures as 

previously described (Jiang et al., 2005). The pharmacological agent was administered to 

neurons after 24 hrs in vitro, cells were imaged 24 hrs later.  A live cell assay was 

performed on cycloheximide and high K+ exposed cells to test their viability using the 

LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes, L-3224). The culture media 

was washed with 500 ml of PBS and then placed in 4 M EthD-1 solution in PBS and 

incubated at room temperature for 20-40 min.  

To selectively visualize motor neurons in culture, the C380-GAL4 driver (Budnik 

et al., 1996; Sanyal et al., 2003) was combined with a choline-acetyl transferase (cha) 
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GAL-80 construct (Kitamoto, 2002) to suppress GAL4 activity in cholinergic neurons. 

This restricted GAL4 expression to a small population of dorsal motor neurons (Figure 

1B) and a few unidentified ventral neurons that were micro-dissected out prior to cell 

culture preparation. In order to determine which specific dorsal motor neurons were 

labeled with GFP, rhodamine-phalloidin staining of body wall muscles was used to 

visualize the peripheral innervation pattern of these neurons (Figure 1A).  Muscles 1-4, 6, 

7, 9, 10, 13, 15, 16, 19 and 20 were innervated in each hemisegment.  We conclude that 

MN1-Ib (aCC; ipsilateral axon with contralateral dendritic tuft), MNISN-1s (RP2; 

ipsilateral axon) and MNSNb/d-1s (RP5; contralateral axon) are labeled in this line based 

on their central morphology and prior identification of motor neuron muscle innervation 

patterns (Choi et al., 2004). The strongest GFP expression was consistently observed in 

MNISN-1s, which is also known as RP2. For analysis, fluorescent living cells, not in 

contact with other neurons, were imaged at 2 days in vitro and the total neurite length, 

total branch number, and higher order branching patterns measured through digital 

reconstruction of the neurons (Figure S1, G and H).  Since 1 thoracicoabdominal 

ganglion was dissociated and plated per culture dish, there was a maximum of about 60 

labeled motor neurons per dish.  In practice, about 20 labeled motor neurons were present 

in each culture dish. 

Motor neurons maintained a glutamatergic identity in culture, as they stained with 

a Drosophila vesicular glutamate transporter antibody (Figure 1E, F), α-VGlut (Daniels 

et al., 2004).  They were also polarized since the microtubule minus-end directed 

reporter, nod-LacZ (Clark et al., 1997), and the plus-end directed kinesin-GFP (P. Estes 
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and M. Ramaswami, unpublished), fusion proteins were transported selectively when 

expressed by UAS transgenes in cultured motor neurons (Figure 1C, D).   In greater than 

90% of the neurons, kinesin-GFP was localized within a single primary process (i.e. a 

neurite that emerged directly from the cell body), whereas the remaining primary 

processes were marked by nod-lacZ. Similar segregation of Kinesin and Nod fusion 

proteins, to axons and dendrites respectively, is observed in vivo within Drosophila 

sensory neurons (Clark et al., 1997), mushroom body Kenyon cells  (Lee et al., 2000), 

motor neurons (Sanchez-Soriano et al., 2005), and also within cultured Kenyon cells 

(Kraft et al., 2006).  

 

Analysis of cultured motor neurons 

The living cells were imaged with a Hamamatsu c4742-96 camera using Wasabi 

software version 1.4 on a Nikon inverted scope at 60X. Both phase/contrast and 

fluorescent images were obtained for each cell. The motor neurons had to meet the 

following criteria in order to be included in the analysis:  alive and healthy with no signs 

of lifting off the dish, bright GFP signal representing a high level of UAS expression, and 

isolation from neurite interactions with other neurons. The Tiff image files were analyzed 

by tracing the fluorescent image by hand on a Wacom tablet PC. The parameters of total 

neurite length, total branch number, higher order branching patterns and cell body 

circumference were recorded using Simple PCI software. All data were plotted and 

analyzed using SigmaPlot (Jandel Scientific) and Microsoft Excel. Statistical significance 
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was determined using unpaired t-tests, an asterisk represents p<0.05. All data are 

represented as mean +/-SEM. 

 

Electrophysiology 

Cultures were prepared as described from third instar larvae.  Whole cell current 

or voltage clamp recordings were obtained from labeled motor neurons with patch 

pipettes that were pulled from borosilicate glass (Friedrich and Dimmock, Millville, NJ).  

An Axopatch 1D amplifier, Digidata 1320 interface and PClamp software (Axon 

Instruments, Sunnyvale CA.) were used for data acquisition and analysis. The 

extracellular solution included (mM): NaCl, 140; KCl, 3; CaCl2, 1; MgCl2, 4; HEPES, 5. 

The intracellular pipette solution (modified from  Jiang et al., 2005), included: potassium 

gluconate, 120; NaCl, 20; CaCl2, 0.1; MgCl2, 2; HEPES, 10; EGTA 1.1.  Whole cell 

recordings from RP2 motor neurons in vivo were obtained using previously published 

methods (Choi et al., 2004).   

 

RESULTS 

Direct measurement of motor neuron dendritic fields in the central nervous system  

We adapted a strategy used previously in developmental studies to reproducibly 

label individual or small subsets of motor neurons optically isolated from their neighbors 

in the CNS. 

The eve-GAL4RRK line expresses in aCC and RP2 neurons in the dorsal medial motor 

neuron cluster (Fujioka et al., 2003). The expression of this GAL4 line is strongest in 
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embryos, and by larval stages a single copy of this transgene does not drive GFP above 

levels of detection. We combined this GAL4 line with three other transgenes; UAS-Flp (a 

source of the recombinase, flippase), an actin promoter separated from a GAL4 by a 

spacer DNA fragment flanked by two FRT sites (target sites for the Flp recombinase), 

and a UAS-mCD8-GFP reporter (Figure 2A). Larval central nervous systems from our 

test line showed a mosaic pattern of GFP expression, owing to chance flip-out events in 

aCC and RP2 neurons during early embryonic stages (Figure 2B). RP2 and aCC neurons 

can be easily distinguished based on their dendritic field (Figure 2C, D) (Choi et al., 

2004) and peripheral innervation (Figure 2E, F, G and H). We selected segments where 

RP2 dendrites (owing to their simpler morphology) can be imaged cleanly without 

conflicting labeling from other neurons in adjoining segments (Figure 2B, I; see materials 

and methods). After generating a series of images representing the entire thickness of the 

motor neuron using laser scanning confocal microscopy, we reconstructed the dendritic 

field using AMIRA (Voltex function). We then created an external bounding surface that 

tightly enclosed all the dendrites (Figure 2I). The internal volume contained in this shell 

was consistent across samples and sensitive enough to detect small changes in dendritic 

outgrowth (roughly 10%). These results demonstrate the utility of this simple technique 

which allows for the measurement of dendritic fields in 3D space.  

A key advantage of this scheme is that it allows the expression of transgenes of 

interest in selectively labeled motor neurons. Thus, Drosophila Fos (dFos, kayak) 

expression via this “flipout” system causes robust overexpression of Fos in all GFP-

labeled neurons (Figure 2 J, K and L, arrowheads). This allowed us to test the effect of 
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altering protein function in targeted neurons without changing the surrounding milieu 

(compare Fos staining intensity in neurons over-expressing AP-1 (arrowhead) with 

neuron displaying endogenous lower levels of Fos (arrow) in Figure 2K). This is 

particularly relevant since loss-of-function mutations in both Fos and Jun often result in 

pleiotropic phenotypes and are typically lethal. Selectively altering protein function in 

these neurons largely overcomes these experimental limitations.  

 

AP-1 dependent transcription modulates dendrite growth 

AP-1 is normally expressed by larval motor neurons (note detectable nuclear 

staining marked by an arrow in non-GFP expressing neurons in Figure 2 K). In order to 

test if Drosophila motor neuron dendrites are regulated by AP-1 dependent transcription, 

we asked how dendritic growth was affected following inhibition or overexpression of 

AP-1 components (Fos and Jun) in RP2 neurons. Figure 3A summarizes this set of 

experiments and shows that AP-1 positively regulates dendrite growth in vivo. While 

overexpression of AP-1, but not Fos or Jun alone, increased dendrite volume by 92%, 

inhibition of AP-1 by expressing a dominant-negative Fos or Jun (the bZip domain of 

either dFos or dJun; Fbz or Jbz) significantly reduced dendrite volume as compared to 

control animals. The nervous systems remained functional in these animals. Chronic pan-

neuronal expression of Fbz or Jbz did not noticeably affect action potential production or 

synaptic transmission in the CNS (see supplementary data and Figure S2).  

In order to compare our method of volume measurement with well established 

techniques for assessing neuronal branching, we performed Sholl analysis (Sholl, 1953) 
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on images gathered from three test genotypes, wild type controls, animals expressing 

wild type AP-1 protein in RP2 neurons and those expressing dominant-negative Jun (Jbz) 

protein (Figure 3C). These measurements suggest that although maximum projections of 

these motor neurons do not allow easy reconstruction of dendrite branches, we are 

conservatively able to detect significant differences between test genotypes. Thus, 

expression of wild type AP-1 proteins in these neurons led to an expansion of the 

dendritic field (Figure 3D). Conversely, AP-1 inhibition using the bZip only dominant-

negative Jbz construct produced fewer dendrites. 

As shown in Figure 3A, established and newly isolated loss-of-function alleles of 

dFos show significantly reduced RP2 dendritic fields. It is noteworthy that both kay2 and 

kay08232 are lethal alleles and affect motor neuron dendrites when heterozygous over a 

wild type Fos allele (Figure 3A). kay12710, though inserted close to the Fos gene, is not 

expected to affect Fos expression since the insertion is far upstream of the Fos 

transcription start site. Finally, expression of a validated Fos-RNAi construct (Uhlirova 

and Bohmann, 2007) in RP2 neurons also results in dendritic fields that are 41% of 

controls (Figure 3A). Taken together these results strongly suggest that endogenous AP-1 

mediated transcription influences dendritic morphology in motor neurons.  

The cell autonomy of AP-1 function for regulating dendritic plasticity, indicated 

by in vivo analyses of mosaic animals, is supported by parallel studies in vitro, which 

additionally allow direct measurements of branch number in AP-1 perturbed neurons. 

Results from overexpressing or inhibiting AP-1 in cultured motor neurons are consistent 

with in vivo findings Figure 3B). Thus, AP-1 increased total neurite length by 80% while 
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Fbz strongly reduced neurite length. Expression of Jbz did not reduce total neurite length 

significantly in this assay. We speculate that this is probably due to either insufficient 

inhibition achieved with the C380-GAL4; Cha-GAL-80 system that was used to drive 

expression for cell culture experiments as compared to the strong actin-GAL4 in vivo, or 

due to a weaker dominant-negative effect of the Jbz protein. Both branch number and 

total length were increased by AP-1 perturbation, suggesting AP-1 dependent changes in 

growth and complexity of neurons in vitro (Figure 3B, gray bars). These results suggest 

that effects of AP-1 on dendrite growth derive from autonomous action in motor neurons, 

and are not dependent for instance, on altered retrograde signaling from postsynaptic 

cells.  

 

Experimental strategies to influence neural activity in motor neurons in vivo and in vitro 

AP-1 expression is commonly induced by increased neuronal activity.  In order to 

develop models of activity driven dendrite growth and test if AP-1 is required in this 

paradigm, we used composite GAL4 lines mentioned above (RN2-flipout, RRA and 

C380-Gal4; ChaGal80) to drive transgenic modifiers of neural excitability or activity in 

GFP labeled motor neurons in vivo and in vitro. We attempted to increase motor neuron 

activity by co-expressing both Shaker and ether-a-go-go dominant-negative transgenes 

(UAS-Sh(DN),UAS-eag(DN) which reduce potassium currents (Broughton et al., 2004; 

Mosca et al., 2005). The Shaker dominant-negative transgene causes increased branching 

of motor axon terminals when expressed in an ether-a-go-go mutant background (Mosca 

et al., 2005), as previously reported in Shaker/ether-a-go-go double mutants (Budnik et 
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al., 1990). For our experiments we used a recombinant chromosome termed “EKI” (for 

electrical knock-in), which included both transgenes. 

Identified motor neurons showed increased excitability in EKI larvae.  Motor 

neurons recorded in situ from third instar larvae express sodium, potassium and calcium 

currents (Worrell and Levine unpublished observation; 2007 SFN Abstract).  The resting 

membrane potentials of EKI and control motor neurons were not different (EKI: -61.8 

mV; n=8; Control: -61.5 mV; n=8).  Neither control nor EKI expressing motor neurons 

produced action potentials spontaneously during recordings.  Upon injection of 

depolarizing current, however, TTX-sensitive action potentials were produced.  RP2 and 

aCC motor neurons in EKI larvae had similar action potential thresholds but significantly 

higher action potential frequency in response to the injection of positive current, as 

compared to the same identified motor neurons in control larvae (Figure 4C, D). The 

post-spike hyperpolarization was smaller in EKI larvae, often resulting in spike doublets.  

In addition, the characteristic delay to first spike, which is a consistent feature of RP2 

(Choi et al., 2004), was reduced in EKI larvae. RP2 and aCC motor neurons expressing 

two copies of the “electrical knock-out” transgene (EKO) (White et al., 2001), encoding a 

modified Shaker channel lacking the inactivation domain and control motor neurons had 

similar resting membrane potentials (EKO: -59.7 mV; n=7; Control: -59.6 mV; n=5).  

The action potential thresholds of EKO motor neurons were similar to control.   Fewer 

action potentials were evoked with the injection of depolarizing current, but the 

differences were not significant (Figure 4A, B). 
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To confirm that the effects of EKI and EKO transgene expression reflected 

intrinsic motor neuron excitability rather than altered synaptic drive, whole cell 

recordings were also obtained from isolated larval motor neurons in cell culture.  The 

resting membrane potentials of the control motor neurons were somewhat depolarized 

and variable in vitro, relative to those measured in vivo, probably reflecting damage 

inflicted by recording from the fragile cells.  The mean resting potential for control motor 

neurons was -27mV (range, -20 to -37mV; n=18).  The resting potentials cultured 

motoneurons of transgenic animals were similar to control (EKI: mean, -21mV; range -

20mV to -35mV, n=11; EKO: mean, -23mV; range -10mV to -44mV, n=15).  In voltage-

clamp experiments cultured motor neurons from control and EKI larvae expressed 

potassium currents at 2.5 and 4 days in vitro (Figure 5A).  In both control and EKI motor 

neurons unclamped, TTX-sensitive events were observed after 4 days in vitro, with the 

frequency of these events being higher in EKI motor neurons (Figure 5A, arrows).  As 

with control motor neurons, no action potentials were produced spontaneously in EKI 

motor neurons at 4 days.  Unlike control, however, in which none of the motor neurons 

produced action potentials when depolarized in current clamp mode at day 2.5, 33% of 

the EKI motor neurons recorded at 2.5 days (n=24) already produced action potentials.  

By day 4 in vitro, 91% (n=11) of the EKI motor neurons were capable of spiking as 

compared to 60% (n=18) of the control cells. By contrast, EKO caused the expression of 

large voltage-dependent potassium currents in motor neurons (Figure 5A).  None of the 

EKO-expressing motor neurons produced action potentials at 2.5 days in vitro, and only 

27% (n=15) were capable of spiking at 4 days.  
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Neural activity stimulates motor neuron dendrite growth and requires AP-1 function 

Given that motor neuron excitability could be influenced as predicted by 

transgene expression, we next tested whether the effects of AP-1 on dendritic growth in 

vivo could be mimicked by EKI expression. The dendritic field volumes of RP2 motor 

neurons were significantly increased in vivo in EKI larvae (Figure 6A). By contrast, 

expression of EKO did not influence dendritic growth significantly (Figure 6A). To help 

confirm that the effects of EKI expression reflected a change in intrinsic cell excitability, 

parallel experiments were performed in cell culture. Motor neurons cultured from EKI 

larvae displayed increased growth and branching in vitro (Figure 5B). As with the cells 

measured in vivo, however, EKO expression did not alter growth or branching of cultured 

motor neurons (Figure 5B). 

An alternative strategy that is commonly used to depolarize cultured neurons is to 

increase the potassium concentration in the culture medium (Green et al., 2007; Aizawa 

et al., 2004).  Larval motor neurons in cultures that were exposed to elevated extracellular 

K+ for hours 24 through 48 in vitro (10 mM increase in [K+]), remained viable 

(supplementary Figure S1 A, B, C, D, E and F) and increased neurite length and 

branching significantly as compared to control cells maintained for 48 hours in normal 

medium (Figure 5 B, C, D). Administration of the translational inhibitor cycloheximide 

to motor neuron cultures reduced both basal and induced levels of neurite growth, 

indicating the necessity for protein synthesis in motor neuron growth and branching in 

vitro (Figure 5C). It is likely that the induced growth reflected the dendritic compartment 
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of motor neurons in vitro. Whereas the number of primary processes arising from the cell 

body was increased, the number of neurons with more than one kinesin-labeled primary 

process was not. Moreover, there was no increase in the total length of kinesin labeled 

primary processes and their higher-order sub-branches, whereas the total length of the 

non-kinesin labeled processes increased with high K+ exposure (Figure 5D).  

Results reported in the previous sections demonstrate separately that dendritic 

growth in Drosophila motor neurons is responsive to neural activity and requires AP-1 

function. Is the activity-driven component of dendrite growth dependent on AP-1? A 

model in which AP-1 is a major mediator of activity-dependent growth makes three 

predictions.  First, neural activity dependent growth should be suppressed by AP-1 

inhibition; second, elevation of AP-1 activity might promote growth even under 

depressed neural activity and third, AP-1 or its constituents, Fos and Jun might be rapidly 

regulated following changes in neural activity. We describe experiments below that test 

and confirm these predictions. 

To ascertain if AP-1 is required for activity-dependent growth of motor neuron 

dendrites, we inhibited AP-1 function by co-expressing UAS-Fbz in neurons expressing 

eag (DN) and Sh (DN) channel subunits (EKI). Under normal conditions, EKI results in 

dramatic growth of dendrites in vivo, but AP-1 inhibition completely abolished this 

activity-induced growth (Figure 6A). Indeed, dendritic volume was statistically 

indistinguishable in EKI-Fbz and Fbz animals (Fbz: 61% +/-6 and EKI-Fbz: 68% +/-9, as 

compared to wild type controls). The observed genetic epistasis of Fbz indicates that AP-

1 function is essential for neural activity induced dendritic growth. In vitro experiments 
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using high potassium stimulation also supported this conclusion (Figure 6B). Fbz blocked 

high-K+ driven dendritic growth. Jbz, a weaker inhibitor of AP-1, had a similar, though 

smaller effect on depolarization-induced growth. These results are consistent with the 

idea that neural activity stimulates AP-1 dependent transcription to promote dendrite 

growth. 

Our working model also predicts that experimentally induced increases in neural 

activity may have no further effect on dendritic growth in AP-1 overexpressing neurons. 

To test this prediction, we asked how high potassium stimulation affected dendritic 

growth in AP-1 overexpressing motor neurons. Figure 6B shows that adding high 

potassium to AP-1 expressing motor neurons in vitro did not cause any additional growth. 

Thus, our data argue that AP-1 overexpression stimulates a physiologically relevant 

pathway normally recruited for activity-dependent dendritic expansion.  

A potential mechanism by which neural activity might lead to increased AP-1 

activity is through increased calcium entry. In order to test if increased calcium currents 

are responsible for dendritic growth seen in EKI expressing neurons, we inhibited 

voltage-gated calcium channels using Plectreurys toxin, PLTX. PLTX has been shown 

previously to inhibit some insect voltage-gated calcium channels (Jiang et al., 2005). We 

chose EKI over highK stimulated cultures for these experiments since we could 

dependably observe depolarization mediated changes in motor neurons both in vitro and 

in vivo. When added to normal cultures, PLTX inhibited neurite growth consistent with a 

role for calcium currents in mediating growth under basal conditions. Interestingly, 

PLTX completely prevented EKI mediated neurite outgrowth (Figure 6C). This suggests 
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that elevation of calcium currents in EKI neurons is required for increased neurite 

outgrowth in vitro. We next tested if AP-1 expression can bypass the need for increased 

neural activity. Indeed, when AP-1 expressing motor neurons were treated with PLTX in 

vitro, they demonstrated robust outgrowth comparable to untreated AP-1 neurons (AP-1: 

180%; AP-1+PLTX: 173% as compared to controls) (Figure 6C). Further, neurons in the 

same culture dish not expressing AP-1 (distinguishable due to lack of GFP expression) 

displayed reduced growth, similar to PLTX treated control cells. These results indicate 

that even under conditions of reduced calcium entry, AP-1 dependent transcription is 

capable of generating a genomic response that drives dendrite growth. Taken together, 

these results strongly suggest that EKI mediated depolarization of motor neurons 

increases calcium entry through PLTX-sensitive calcium channels, likely followed by the 

induction of signaling mechanisms that finally enhance AP-1 activity leading to dendrite 

growth. The essential elements of this model are depicted in Figure 6F. 

To explore potential mechanisms by which neural activity might influence AP-1 

function, we tested levels of Fos protein in stimulated versus control neurons. We 

focused on Fos because it is a well-studied immediate early gene and our experiments 

consistently showed more severe effects of Fos inhibition both in vivo and in vitro. We 

raised and tested an antibody against a Drosophila Fos derived peptide. This antibody 

faithfully detects increased Fos protein achieved through GAL4 driven Fos over-

expression. As shown in Figure 6D, increased nuclear Fos is detected in dorso-medial 

motor neurons in the larval ventral ganglion (arrow) as expected from C380-GAL4 

driven expression of UAS-Fos. Similarly, we were able to detect a band of the predicted 
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molecular weight in western blots from adult head protein extracts. In these experiments, 

we also confirmed increased expression of Fos when AP-1 was expressed pan-neuronally 

using the C155-GAL4 driver. Next, using this antibody, we tested if acute induction of 

neural activity alters Fos levels in motor neuron nuclei. We stimulated cultured motor 

neurons with high potassium containing saline and measured Fos immunoreactivity 

following 0, 4, and 20 hours of treatment. Figure 6E shows rapid induction of Fos within 

4 hours. Prolonged treatment with high potassium saline did not cause an increase in Fos 

staining, presumably indicating that protein levels return to baseline with maintained 

stimulation. These results support a model where neural activity promotes dendrite 

growth by upregulating Fos. 

 

DISCUSSION 

Like CREB (Redmond et al., 2002), AP-1 (Fos and Jun dimer) is likely to be an 

important activity-dependent regulator of dendritic plasticity.  Fos is upregulated rapidly 

in neuronal populations following activity (Cole et al., 1989; Kimpo and Doupe, 1997; 

Sgambato et al., 1997; Filipkowski et al., 2000; Strekalova et al., 2003; Svarnik et al., 

2005) and can generate a rapid genomic response to incoming stimuli since it is an 

immediate-early gene not requiring protein synthesis for its own induction (Greenberg et 

al., 1986).  At the Drosophila NMJ AP-1 controls both structural and functional aspects 

of long-term plasticity (Sanyal et al., 2002; Sanyal et al., 2003).  

To test if AP-1 plays a role in activity-dependent dendritic plasticity, we first 

established experimental systems to study dendrites of the RP2 motor neuron in vivo in 
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the larval CNS and complemented this with an in vitro culture system using a strategy to 

enrich for larval motor neurons. This dual analysis utilizes technical strengths of both 

systems and permits cross-validation of results. Results reported in this study support 

three main conclusions: a) motor neuron dendrites in Drosophila show activity, or 

depolarization, dependent plasticity, b) normal dendrite growth requires AP-1 and c) 

activity or depolarization driven dendritic growth is gated by AP-1. 

 

Motor neuron dendritic growth is activity-dependent 

 In the absence of prior demonstration, it was important to initially establish that 

motor neuron dendrites in Drosophila display robust changes in response to neural 

activity. We used both pharmacological and genetic manipulations to alter neural activity 

in vivo and in vitro. As shown in Figure 5C and D, maintaining cultured motor neurons in 

high K+ medium enhanced the growth of neurites that have the characteristics of 

dendrites. Expression of dominant-negative subunits of the potassium channels eag and 

Sh, increased excitability and caused increased dendrite growth both in vivo and in vitro 

(Figures 4, 5 and 6). These experiments suggest that a conserved mechanism of plasticity 

operates in these motor neurons to regulate dendritic growth. Additionally, by developing 

the first assay for activity-stimulated dendritic growth in Drosophila, we now enable a 

wide range of experiments to further dissect underlying signaling and cell biological 

pathways. 

 It is worth noting that the cell culture approach allowed the comparison of acute 

depolarization (high potassium) with the more chronic alteration of excitability caused by 
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the expression of eag and shaker dominant-negative transgenes. Despite the interesting 

possibility of compensatory changes following long-term transgenic manipulations, the 

functional properties of larval motor neurons in vivo were stably altered by reducing 

potassium channel function.  By contrast, the effects of elevated potassium reflect an 

acute manipulation after cells are placed in culture. In spite of these differences the 

effects of EKI expression on cell growth in vitro were similar to those induced by 

elevated potassium. The lack of an effect on outgrowth by EKO expression may reflect a 

cellular compensatory mechanism, although effects on cell physiology were detected. 

Two alternatives are that there is a basal level of normal growth that is not activity-

sensitive, or that reduced activity had an influence on growth or branching that our 

analysis did not detect. 

We suggest that the depolarization by high potassium or the increased excitability 

caused by EKI expression would lead to an increase in calcium influx through voltage-

dependent channels (Berke and Wu, 2002; Jiang et al., 2005; Peng and Wu, 2007).  The 

voltage-dependent properties of Eag and Shaker potassium channels (Wu et al., 1983), 

suggests that EKI expression would not necessarily be expected to alter the resting 

membrane potential.  Even without altering the resting membrane potential, however, the 

reduction in voltage-dependent potassium currents might allow increased calcium influx 

in response to spontaneous depolarization or calcium waves (Jiang et al., 2005). This 

would be augmented, in vivo, by the higher action potential frequency evoked by 

depolarization of motor neurons in EKI larvae as compared to wild-type. It is also 

possible that the expression of eag-DN alters a modulatory function of the potassium 
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channel subunit (Zhong and Wu, 1993; Sun et al., 2004). Consistent with this hypothesis, 

we find that inhibiting PLTX-sensitive calcium channels prevents EKI mediated neurite 

outgrowth. Ultimately, it will be important to establish the specific parameters of activity 

and calcium flux that are essential for modulating the intracellular signals that mediate 

growth plasticity (Fields et al., 1997; Zhao et al., 2007). 

 

Dendrite growth is AP-1 dependent 

We have shown previously that AP-1 regulates synaptic plasticity at Drosophila 

motor terminals (Sanyal et al., 2002; Sanyal et al., 2003). Our present results uncover a 

role for AP-1 in regulating dendritic growth. Reduction of AP-1 activity decreases, while 

enhancement of AP-1 increases, dendritic outgrowth in vivo and in vitro (Figure 3). 

These conclusions are further strengthened by the fact that known and predicted loss-of-

function alleles of kayak (DFos) also reduce dendrite volume significantly, when present 

in heterozygous combinations with wild type alleles. It is to be noted that these mutations 

in Fos are homozygous lethal at early developmental stages, and transgenic strategies for 

tissue specific genetic manipulations are especially useful in these contexts. Additionally, 

multiple Fos isoforms have been reported, and using a dominant negative construct offers 

a good way to inhibit these multiple Fos proteins (Giesen et al., 2003). In conclusion, the 

observations that a) Fos is normally detectable in motor neuron nuclei, b) Fbz, Jbz and 

Fos-RNAi inhibit and AP-1 increases dendrite growth, c) loss-of-function alleles of kayak 

decrease dendrite volume,  and d) a variety of controls validate the genetic perturbations 
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used in our study, strongly suggest that AP-1 functions physiologically to control 

dendrite growth. 

 

Activity-dependent dendritic plasticity requires AP-1 

 In order to test if neural activity driven growth requires AP-1 dependent 

transcription, we inhibited AP-1 function in a background of elevated neural activity. 

Figure 6C indicates that neural activity induced dendrite growth is completely abolished 

in vivo by the co-expression of Fbz. Further, in vitro experiments with High K+ induced 

dendrite growth show that expression of either Fbz or Jbz substantially reduces the extent 

of depolarization induced growth. Our results also indicate that the extent of overgrowth 

seen through AP-1 induction cannot be increased any further by High K+ induced 

depolarization (Figure 6B). Furthermore, calcium channel inhibition by PLTX toxin does 

not preclude AP-1 driven neurite growth, suggesting that AP-1 functions downstream of 

neural activity and calcium entry to enhance neurite growth (Figure 6D). These results 

are consistent with the idea that AP-1 is a major contributor to activity-induced plasticity 

of dendrites.  

 Finally, to ascertain the mechanism by which neural activity might influence AP-

1 function, we tested expression of Fos protein following acute induction of activity in 

cultured motor neurons. As depicted in Figure 6E, Fos protein levels are increased by ~ 

35% as compared to uninduced controls. This induction is rapid, occurring within 4 

hours, but transient, as Fos levels return to baseline during 20 hours of stimulation. 

Although modest, this change in cellular Fos levels is consistent with previous 



 155 

observations (Morgan et al., 1987) and suggests, though it does not prove, a model where 

neural activity recruits AP-1 possibly through synthesis of new Fos protein, to promote 

dendrite growth. Hence, our results confirm that AP-1, positively regulates plasticity in 

post-synaptic compartments, as demonstrated earlier for presynaptic terminals (Sanyal et 

al., 2002), and establishes it as a key component in activity-dependent neuronal plasticity.  

A key goal for future studies must be to determine how neural activity is 

translated into transcription factor activity (Fields et al., 1997; Zhao et al., 2007).  

Calcium dependent signaling is arguably the most important pathway for the activation of 

both CREB and Mef2A, two transcription factors that influence plasticity in opposite 

ways (Redmond et al., 2002; Flavell et al., 2006; Shalizi et al., 2006), as well as AP-1 

(Zhao et al., 2007). A second question is that of interaction between transcription factors. 

Transcriptional regulation of Fos by CREB (and vice versa) has been described in some 

detail, but the temporal sequence in which these proteins function or their relative 

importance in plasticity have not been assayed rigorously in the same preparation (Liu 

and Graybiel, 1996; Kang et al., 2001; Sanyal et al., 2002; McClung and Nestler, 2003). 

Finally, further experiments to identify the downstream targets of these transcription 

factors, will enable the description of a composite transcription factor network that 

mediates protein synthesis during long-term neural plasticity. 
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FIGURE LEGENDS 

Figure 1. Motor neuron cultures from thoracic-abdominal ganglia of third instar 

Drosophila larvae. (A) Immunocytochemistry of axons (GFP) and staining of body wall 

muscles (rhodamine-phalloidin) reveals the peripheral innervation pattern (see arrows at 

sites of some of the synapses) in the C380-GAL4,UAS-CD8-GFP;;chaGAL80 line.  

Muscles 1-4, 6, 7, 9, 10, 13, 15, 16, 19, and 20 are innervated in each segment. We 

conclude that MN1-Ib (aCC innervating muscle 1), MNISN-1s (RP2 innervating muscles 

1-4, 9, 10, 19, and 20) and MNSNb/d-1s (RP5 innervating 6, 7, and 13) are labeled in this 

line. (B) C380-GAL4,UAS-CD8-GFP;;chaGAL80 drives expression in a subset of 

identified late 3rd instar Drosophila motor neurons as seen in this dorsal confocal 

projection. (C, D) The polarity of motor neurons can be detected in vitro with the use of 
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microtubule associated motor reporter proteins.  (C) UAS-nod-LacZ causes expression of 

a minus end directed fusion protein that localizes in all processes except one dominant 

process (see blue arrows; left = phase; right = fluorescence).  (D) UAS-kinesin-GFP 

encodes a plus end directed motor protein that congregates in one major process of most 

motor neurons in vitro (see red arrows). (E, F) GFP positive neurons in culture (E) are 

glutamatergic, in that they stain positive with the VGlut antibody (F).  

 

Figure 2. Scheme to measure dendrite volume of RP2 motor neurons in vivo. (A) A 

schematic describing the “flipout” strategy used to generate somatic mosaics enabling the 

visualization of aCC and RP2 motor neurons in the larval ventral ganglion. Production of 

flippase driven by expression of the eve-GAL4 line in embryonic stages excises the 

spacer DNA and brings the actin promoter in proximity to a GAL4 gene. This post-

mitotic event randomly converts aCC and RP2 neurons into act-GAL4 cells. (B) A 

representative mosaic ventral ganglion showing selective labeling of neurons (marked 

with anti-elav) and cd8-GFP based visualization of dendrites. aCC neurons can be 

unambiguously differentiated from RP2 neurons based on dendritic branching and 

peripheral muscle innervation (C, E and F for RP2 and D, G and H for aCC). (I) 

Dendrites of optically isolated neurons can be reconstructed using AMIRA and the 

volume occupied in space can be measured as the internal volume of a “shell” that 

encloses the entire dendritic field (silver in cut-away shows internal surface). (J, K, L) 

These images show that transgenic Fos expression using the flipout system overlaps with 

cd8-GFP mediated labeling of cells. Anti-Fos antibodies also demonstrate that high 
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degree of Fos expression is achieved by the actin-GAL4 that becomes active in these 

neurons (arrowhead) as compared to baseline expression of Fos in other surrounding 

neurons (arrow). Scale bar in L is 50 um. 

 

Figure 3. AP-1 regulates dendrite growth in Drosophila motor neurons. (A) In vivo 

experiments that either inhibit or activate AP-1 function in selected motor neurons. 

Inhibition of AP-1 using UAS-Jbz, UAS-Fbz or UAS-Fos-RNAi inhibits dendrite growth. 

The same effect is seen using loss-of-function mutations in kayak (dFos) that are 

heterozygous over a wild-type allele. Overexpression of AP-1 protein in these neurons 

(but not of either Fos or Jun alone) has the opposite effect of enhancing dendrite growth 

as compared to control animals. (kay2: 76% +/-5, p<0.05; kay08232, a P-element insertion 

allele in the middle of the Fos gene: 74% +/-8, p<0.05; kay12710, a P-element insertion 6 

kb upstream of the Fos gene: 101% +/-6, p>0.1; AP-1: 192% +/-21; p<0.01; Fbz: 61% +/-

6; p<0.01; Jbz: 54% +/-4; p<0.01). Number of samples are: control = 12; Jbz = 7; Fbz = 

6; Fos-RNAi = 6; kay[2] = 11; kay[08232] = 8; kay[12710] = 8; Fos = 5; Jun = 5; AP-1 = 

7. (B) In vitro experiments that reduce or increase AP-1 in motor neurons also show 

effects on growth. Fbz expressing neurons show reduced neurite length while the 

opposite is achieved with AP-1 overexpression. The effect of Jbz expression was not 

significant. (AP-1: 180% +/-18, p<0.01; Fbz: 35% +/-3, p<0.01; Jbz: 85% +/-7, p>0.1).  

Similar results are shown for total number of branches. Number of cells counted are: 

control = 16; AP-1 = 28; Jbz = 23; Fbz = 25. (C, D). Sholl analysis indicates that 

expression of AP-1 increases, while AP-1 inhibition reduces dendritic complexity of RP2 
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motor neurons in vivo. (C) Sholl analysis technique used to measure dendritic complexity 

of RP2 neurons. The cell body is placed at the center and the number of times dendrites 

intersect with the circular lines is plotted against the circle number. (D) Sholl analysis 

plot shows that AP-1 expression in RP2 neurons results in greater complexity, while AP-

1 inhibition through expression of Jbz reduces complexity as compared to wild type 

controls. (n=6 for each genotype). Sholl analysis is performed on the same data set used 

in (A). Sample single section confocal images demonstrate that AP-1 expression leads to 

greater dendrite growth whereas AP-1 inhibition results in fewer dendrites. All images 

were acquired using constant settings and normalized for fluorescence intensity in the 

soma and axon. Samples were scored blind and interleaved during acquisition. 

 

Figure 4. Genetic manipulation of motor neuron activity in vivo.  A. Whole cell current 

clamp records obtained in situ (in vivo) from identified aCC motor neurons in control and 

EKO expressing third instar larvae.  Traces show the responses to positive current pulses 

400 ms in duration; 20, 50 and 100 pA in amplitude.  Note that more action potentials 

were evoked in the control neuron.  Similar results were obtained for RP2 motor neurons.  

B. Number of action potentials evoked in aCC motor neurons during 400 ms depolarizing 

current pulses of different amplitudes.  Standard error bars are shown (n=5 for both 

control and EKO).   Similar results were obtained for RP2 motor neurons.  The 

differences between EKO and control were not significant.  For these experiments, RRA-

GAL4 was used to drive EKO and GFP expression in RP2 and aCC.  Cells were 

identified by GFP expression and confirmed by injection of rhodamine-dextran through 
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the recording patch pipette.  The RRA-GAL4; UAS-GFP line was used as control.  

Similar results were obtained by driving EKO with RN2-flp or C380; chaGAL80 lines, 

although the number of action potentials generated for a given current level was less for 

the C380;chaGAL80 control line (see C,D).  C. Whole cell current clamp records 

obtained in situ (in vivo) from identified aCC motor neurons in control and EKI 

expressing third instar larvae.  Traces show the responses to positive current pulses 400 

ms in duration; 20, 50 and 100 pA in amplitude.  Note that fewer action potentials were 

evoked in the control neuron.  Arrows denote clear differences in spike number.  Similar 

results were obtained for RP2 motor neurons.  D. Number of action potentials evoked in 

aCC motor neurons during 400 ms depolarizing current pulses of different amplitudes.  

Standard error bars are shown (n=3 for EKI and 6 for control).   Asterisks indicate current 

injection levels for which the differences were significant.  Similar results were obtained 

for RP2 motor neurons.  For these experiments, C380; chaGAL80 was used to drive EKI 

expression in RP2 and aCC.  Cells were identified by GFP tag carried by the shaker 

dominant-negative transgene and confirmed by injection of rhodamine-dextran through 

the recording patch pipette.  The C380; chaGAL80 line was used as control.  Similar 

results were obtained by driving EKI with RN2-flp or RRA-GAL4 lines, although, as 

noted above, the number of action potentials evoked for a given level of current injection 

was greater for the RRA-GAL4 line.   

 

Figure 5. (A) Whole-cell voltage-clamp records of identified larval motor neurons after 4 

days in culture. The membrane potential was stepped from the holding potential (-70 mV) 
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to command potentials of -30 to +90 mV in seven 20 mV steps. No channel blockers 

were used. Note that there are unclamped action potentials (arrows indicate examples) in 

the control and EKI records. There is a large voltage-dependent outward current in the 

EKO motor neuron. (B) Identified larval motor neurons responded to transgenic (EKI) or 

high-potassium manipulation with enhanced neurite growth and branching in vitro. 

Expression of EKO did not influence growth significantly compared to controls. Number 

of cells are: control = 20; HighK = 20; EKI = 16; EKO = 17.  (C) Depolarization with 

elevated potassium ion in the culture medium induces growth and branching of motor 

neuron neurites that is dependent on protein synthesis. High K+ increases the number of 

primary branches in cultured neurons significantly as compared to controls, as well as the 

total number of branches and the total length of all branches. Cycloheximide inhibits both 

basal and depolarization induced neurite growth and branching. Asterisks indicate 

significant changes from the control population with p<0.05.  Number of cell measured 

are: control = 16; HighK = 14; cyclo = 17; cyclo+HighK = 21. (D) High extracellular 

potassium did not increase total axonal length (kinesin positive neurites) but increased 

total dendrite length (kinesin negative neurites) significantly (20 cells measured in each 

case). 

 

Figure 6. Growth of dendrites in vitro and in vivo is regulated by neural activity and 

requires AP-1 function. (A) Larval RP2 motor neuron developed a significantly larger 

dendritic field in vivo in EKI preparations. Coexpression of Fbz and EKI completely 

abolishes the enhanced growth seen in EKI-alone. Number of samples: control = 12; 
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EKO = 9; EKI = 11; EKI+Fbz = 8. (B) High K+ induced neurite outgrowth in vitro is 

reduced by both Fbz and Jbz, indicating the physiological requirement of AP-1 dependent 

transcription during activity induced growth. Neurite outgrowth produced through AP-1 

expression is not enhanced any further by High K+ induced depolarization. (These two 

results are depicted in separate graphs since they derive from separate experiments with 

corresponding internal controls).  (HighK: 177% +/-14; Fbz+HighK: 41% +/-4, p<0.01; 

Jbz+HighK: 136% +/-11, p<0.05; AP-1: 244% +/-17; AP-1+HighK: 251% +/-17, p>0.1 

between AP-1 and AP-1+HighK). Number of cells are: control = 16; HighK = 14; HighK 

+ Fbz = 14; HighK + Jbz = 23; AP-1 = 20; HighK + AP-1 = 20; control for AP-1 and 

HighK = 20. (C) EKI induced growth is dependent on ICa
+2.  Blocking ICa

+2 with the 

insect voltage gated ICa
+2 blocker PLTX, significantly reduced EKI induced growth and 

branching. Further, expression of AP-1 in neurons treated with PLTX completely rescues 

the growth inhibition observed in PLTX-treated cells. AP-1 and AP-1 + PLTX cells show 

mutually indistinguishable growth as compared to controls.  This suggests that AP-1 

affects dendrite growth downstream of neural activity and calcium entry. Asterisks 

indicate significant changes as compared to wild type controls. (D) The anti-Fos antibody 

recognizes nuclear Fos protein in motor neurons (arrow) in the ventral ganglion of 

animals over-expressing Fos using a C380-GAL4 driver. This antibody also recognizes 

the predicted Fos band on western blots of proteins from adult heads. Increased Fos 

expression is detected in animals over-expressing Fos using a pan-neuronal C155-GAL4 

line. (E) High K+ induced depolarization rapidly increases Fos protein levels in neuronal 

nuclei in vitro. This increase is transient, it occurs within 4 hours of treatment and returns 
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to baseline during prolonged (20 hours) treatment. (134% +/-6; p<0.01 as compared to 

uninduced controls). (F) Schematic model proposing that neural activity and calcium 

signaling regulates dendrite growth in Drosophila motor neurons by activating AP-1 

dependent global gene expression and protein synthesis. 

Figure A1. Motor neuron cultures from thoracic-abdominal ganglia of third instar 

Drosophila larvae 

 

 
 
 
 
 
 
 
 
 



 169 

 
 
 
 
 
 

 
 
 

Figure A2. Scheme to measure dendrite volume of RP2 motor neurons in vivo 
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Figure A3. AP-1 regulates dendrite growth in Drosophila motor neurons 
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Figure A4. Genetic manipulation of motor neuron activity in vivo 
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Figure A5. Whole-cell voltage-clamp records of identified larval motor neurons after 4 
days in culture 
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Figure A6. Growth of dendrites in vitro and in vivo is regulated by neural activity and 
requires AP-1 function 
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