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PREFACE 

 

Behavioural experiments relating front leg movements to phonotactic steering were 

performed by Leanne Scott. All other aspects of this dissertation are the result of my 

own work and include nothing that is the outcome of work done in collaboration. 

Chapter 3 has been published in the Journal of Developmental Neurobiology (Former: 

Journal of Neurobiology) (Baden and Hedwig 2007). Chapter 2 has been submitted to 

the Journal of Experimental Biology, and Chapter 4 has been submitted to the Journal 

of Neurophysiology. No part of this dissertation has been submitted for any such 

degree, diploma or other qualification.  
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SUMMARY 
 

The complexity of information processing within the central nervous system of all 

animals relies on the connections between neurons as well as on the particular 

processing properties of each individual neuron. For a deeper understanding of this 

processing I analysed the sensory-motor pathway underlying phonotactic steering in 

the cricket. Using optoelectronic measurements of front leg movements and 

electromyogram recordings of the tibial muscles during phonotaxis I demonstrated an 

input from ipsilateral sounds to the slow extensor tibiae motoneuron, and an input 

from contralateral sounds to the fast flexor tibiae motoneuron. This highlighted the 

importance of the front tibial motoneurons in phonotactic steering. I consequently 

compared the processing properties of these motoneurons and those of a first order 

auditory interneuron, the Omega Neuron-1. I recorded the synaptic and spike activity 

of both neuron types and simultaneously imaged the distribution of free intracellular 

Ca
2+

 over space and time during rest and activity. Ca
2+

 is a key cation, controlling 

many intracellular signalling cascades involved in neuronal information processing. 

Furthermore Ca
2+

 is a good indicator of local activity within different branches of 

neurons. In the Omega Neurons-1 optical imaging revealed a tonotopic synaptic input 

arrangement of auditory afferents at the dendrites. Furthermore Ca
2+

 influx was 

strongly dependent on high voltage activated channels, and Ca
2+

 dynamics were 

particularly slow and prolonged at the spike generating zone. In this neuron Ca
2+

 

controls an outward current leading to an automatic gain control of neuronal activity. 

In contrast, Ca
2+

 influx to the main dendrites of tibial motoneurons was spatially 

uniform, and occurred predominately through low voltage activated channels. Here 

Ca
2+

 did not feed back on synaptic inputs nor directly on membrane potential. The 

consequences of the very different control over and role of Ca
2+

 in both neuron types 

is discussed in the light of each neuron’s functional context. 
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CHAPTER 1 

 

INTRODUCTION 

Background 

The processing properties of the nervous system of any animal fundamentally rely on 

the properties of its cellular elements, the individual neurons. Neurons receive 

synaptic inputs along their complex tree of neurites. Temporally and spatially distinct 

synaptic inputs are integrated according to the 3D morphology of the neuronal arbours 

and their membrane properties (Eilers and Konnerth 1997, Augustine et al. 2003, 

London and Häusser 2005). Scientists are driven to understand the cellular and 

molecular principles that shape the specific signal integration and information 

processing properties of neurons. How do a neuron’s morphology, the arrangement of 

its synaptic inputs, its ionic currents or its recent activity contribute to its function 

within the nervous system? To approach this question, I studied the processing within 

individually identified neurons of the cricket by combining electrophysiology and 

optical imaging of free intracellular Ca
2+

. 

 

The Electrophysiological Approach 

Intracellular recording of neurons allows studying neuronal processing with high 

sensitivity and temporal resolution. The voltage change across the neuron’s 

membrane revealing synaptic inputs and spike activity can be accurately measured at 

any one point of the neuron. The connections between neurons can be identified, or 

the result of individual or multiple synaptic inputs reaching a neuron can be 

investigated (e.g. Burrows 1996b). However one key limitation is associated with this 

technique. Single microelectrodes only allow measuring the electrical activity at one 

point at a time, making it difficult to draw conclusions about spatial integration of 

activity across different branches of a neuron (Gwilliam and Burrows 1980, Williams 

and Atkinson 2007).  
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The Optical Imaging Approach: Ca
2+

 in Neurons 

Optical imaging combined with microinjected fluorescent Ca
2+

 indicators allows for 

monitoring free intracellular Ca
2+

 in live neurons (Mammano et al. 1999, Göbel and 

Helmchen 2007). Intracellular signalling through Ca
2+

 may underlie processes as 

diverse as the regulation of ion channels, secondary messenger cascades or the 

triggering of synaptic vesicle release (Berridge 1998, Augustine et al. 2003). Through 

voltage gated Ca
2+

 channels the concentration of free intracellular Ca
2+

 is dependent 

on membrane potential (DiPolo and Beaugé 1987, Umemiya and Berger 1994, Bean 

2007). Furthermore Ca
2+

 enters neurons as a direct consequence of synaptic activation 

via ligand gated Ca
2+

 channels or via release from intracellular stores (Berridge 1998, 

Bootman et al. 2001). Therefore the presence of free intracellular Ca
2+

 can both be 

indicative of electrical and synaptic activity at any one point within a neuron, and 

subserve specified functions depending on the local intracellular signalling machinery 

(London and Häusser 2005).  

Using optical imaging of free intracellular Ca
2+

 the spatial limits of classical 

electrophysiology can be met: it is possible to indirectly monitor neuronal activity at 

several different branches of the same neuron at the same time (e.g.: Ogawa et al. 

1996, Single and Borst 1998). However, the chemical properties of fluorescent 

indicator molecules, as well as the optical properties of the imaging systems impose 

limits on the amplitude resolution as well as the speed of image acquisition. The faster 

the video capture rate, the less light is available per frame, and therefore the worse 

image quality and contrast. Increasing illumination intensity to increase fluorescence 

yield, and therefore image quality, is met by the fail safe properties of the cellular 

machinery: apoptosis. The build up of free radicals as a by-product of the excitation 

of fluorescent probes, as well as a too high concentration of free intracellular Ca
2+

 due 

to its disturbed regulation introduced by the indicator probes results in the destruction 

of the neuron (Bootman et al 2001. Göbel and Helmchen 2007). Through the use of 

imaging techniques alone the temporal resolution and sensitivity of 

electrophysiological techniques can therefore not be achieved.  
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Combining Electrophysiology and Optical Imaging 

Both the spatial limitations of electrophysiology as well as the temporal and contrast 

limitations of optical imaging can be met in a joint approach of both techniques. 

Combining intracellular recordings with Ca
2+

 imaging allows the electrical activity of 

a neuron measured at one point to be correlated with the spatio-temporal distribution 

of free intracellular Ca
2+

. In this way Single and Borst (1998) demonstrated a 

retinotopic input arrangement along the dendrites of a fly visual interneuron, and 

Ogawa et al. (1996) revealed a dendritic tuning of the cricket giant cercal interneuron 

to wind direction. The combined approach of electrophysiology and optical imaging is 

one of the key advances in neuroscience of the past 20 years, and significantly 

contributes to our understanding of the cellular and subcellular processes underlying 

information processing in neurons.  

I intracellularly recorded from interneurons and motoneurons of the neuronal 

network underlying phonotactic steering in the cricket while optically imaging free 

intracellular Ca
2+

. This allowed me to study how these neurons integrate and process 

information on a sub-cellular level, and to relate these principles to their role in 

auditory-to-motor integration. 

 

Phonotaxis in Crickets 

The behaviour of phonotaxis in crickets (Gryllus bimaculatus) and its underlying 

neuronal control is one of the best studied invertebrate sensory-to-motor model 

systems (Wohlers and Huber 1978, Pollack and Hoy 1980, Schildberger et al. 1989, 

Horseman and Huber 1994, Pollack 2001, Hedwig and Poulet 2005). Crickets use 

acoustic communication for mate attraction, courtship and signalling territorial 

rivalry. To attract a female, male G. bimaculatus generate a loud, repetitive calling 

song, sometimes lasting several hours. The female uses this song to approach the 

singing male. The behaviour can be studied in the lab with the use of a trackball or 

treadmill system. This allows recording the walking patterns of crickets in response to 

acoustic stimulation. Hedwig and Poulet (2005) demonstrated rapid steering 

movements of crickets in response to individual syllables of calling song. Animals 

responded to sounds presented alternately from the left and right with a delay of 55-
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60ms – too fast to allow for a complete recognition of the song’s temporal pattern. 

Once phonotactically responsive, crickets responded to unattractive sounds as well 

(Poulet and Hedwig 2005). Accordingly, a pattern recognition network may operate in 

parallel to the neuronal network conveying the auditory information to the motor 

system. Activation of such a system prior to phonotaxis may lead to a modulation of 

the gain of a direct auditory-to-motor loop. 

Cricket phonotaxis requires three key processing stages:  i) recognition of the 

sound pattern ii) localisation of the sound source, and iii) the production of the 

appropriate motor responses in order to walk, or fly towards the singing male. The 

pattern recognition system is probably located in the brain (Pollack and Hoy 1980, 

Schildberger 1984). Some candidate neurons that may be involved in this process 

have been described. Sound localisation is achieved though comparing the intensity of 

the same acoustic signal received at the two ears, which are located in the front legs. 

Depending on the wavelength of the sound and acoustic shadowing effects between 

the ears the physical difference in sound energy received by the two ears can be very 

small. Therefore, next to mechanical adaptations (Larsen et al. 1989), crickets have 

evolved a neuronal mechanism to enhance bilateral differences of sound evoked 

activity in the central nervous system. Signals received by the two auditory organs are 

forwarded to a small number of bilaterally paired auditory interneurons of the 

prothoracic ganglion via a population of 50-60 auditory afferents per ear (Imaizumi 

and Pollack 2005). Here a bilateral pair of reciprocally coupled inhibitory neurons, the 

Omega Neurons-1 (ON1), enhances intensity differences in the left and right auditory 

pathways (Wohlers and Huber 1982, Selverston et al. 1985, Horseman and Huber 

1994). Ascending Neurons-1 and 2 (AN1, AN2) then forward the auditory 

information to the brain (Selverston et al. 1985, Horseman and Huber 1994, Faulkes 

and Pollack 2000). 

To allow for phonotactic steering the activity of the left and right auditory 

pathways information must be forwarded to the walking and flight motor systems. 

Little is known about which movements and muscles underlie auditory steering. 

During phonotactic flight of Teleogryllus oceanicus dorsal longtitudinal muscles are 

activated by sounds (Pollack and Hoy 1980). Which movements and muscles underlie 

auditory steering during walking? I monitored the front leg movements (Dürr and 

Ebeling 2005, Rosano and Webb 2007) and used electromyogram recordings of the 

tibial muscles while crickets phonotactically oriented on a trackball system. This 
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allowed me to identify the front leg tibial extensor and flexor motoneurons as an 

output pathway of phonotactic steering. I intracellularly stained and identified these 

motoneurons and investigated their synaptic inputs. This allowed me to draw 

conclusions by which pathway auditory information may reach these motoneurons.  

The identification of a neuronal output pathway for phonotactic steering 

offered the possibility to compare the processing principles of two types of neurons at 

different stages of this auditory-to-motor network. I studied the first order auditory 

interneuron ON1 as an example of a neuron involved in early auditory processing, and 

the tibial extensor and flexor motoneurons of the front leg as examples of neurons 

located at the output of the network. Using a combined approach of Ca
2+

 imaging and 

electrophysiology I investigated how the processing within these neurons is adapted 

towards their very different roles in supporting auditory steering. 

The Omega Neuron-1 

The Omega Neuron-1 (ON1) of the cricket is a bilaterally paired auditory interneuron 

located entirely within the prothoracic ganglion. It is highly conserved between 

species of crickets and has been the focus of several studies aiming to analyse its 

precise connectivity (Selverston et al. 1985, Horseman and Huber 1994), processing 

(Wohlers and Huber 1978, Wiese and Eilts 1985, Sobel and Tank 1994, Nabatyian et 

al. 2003) and resultant role (Selverston et al. 1985) in the auditory pathway. The 

neuron is almost entirely planar, and extends its cellular processes 200μm beneath the 

ventral ganglion surface. It receives direct excitatory inputs from the ear ipsilateral to 

its soma, and in turn forms inhibitory connections onto its mirror image partner as 

well as the contralateral AN1 and AN2. The network of reciprocal inhibition between 

the pair of ON1s enhances the difference in activation between the two neurons, and 

through their connections to ascending neurons the activity difference in the entire left 

versus right auditory pathway (Horseman and Huber 1994). Sobel and Tank (1994) 

studied the dynamics of free intracellular Ca
2+

 in the ON1 of Acheta domesticus. They 

demonstrated a large Ca
2+

 influx in response to increased spike activity. Through 

photo-release of caged Ca
2+

 they further demonstrated the existence of a Ca
2+

 

controlled hyperpolarising current, which acts as a noise filter (Pollack 1988). 

However Sobel and Tank were limited by the temporal resolution of optical imaging 

techniques available. Furthermore Ca
2+

 signals recorded in axonal and dendritic 

branches, the spike generating zone and the soma were not differentiated. I analysed 
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the spatio-temporal Ca
2+

 dynamics associated with sound processing in the ON1 of G. 

bimaculatus. Building on the work by Sobel and Tank (1994) I demonstrated neurite 

specific Ca
2+

 dynamics that underlie the function of this neuron during sound 

processing.  

 

The Front Extensor and Flexor Tibiae Motoneurons 

Motoneurons are the output channels by which the activity patterns of motor networks 

are conveyed to their effectors (Burrows 1996a). These neurons are the convergence 

point of central premotor activity, direct sensory drive and sensory feedback. 

Accordingly motoneurons integrate information from many different sources and 

form a single coherent output to drive muscles. While the specific control over 

motoneurons reflects the processing of entire neuronal networks rendering it difficult 

to analyse, their output is comparatively simple. Following the identification of front 

tibial motoneurons as an output pathway of phonotactic steering in crickets, I 

investigated their spatio-temporal Ca
2+

 dynamics during synaptic and spike activity 

and analysed the cellular machinery underling the distribution and role of free 

intracellular Ca
2+

. I consequently analysed the common principles and differences 

between the control over and the role of Ca
2+

 in these motoneurons and in the ON1. 

This highlighted the importance of the specialisation of the cellular machinery 

involved in information processing in neurons of different functional roles within the 

same neuronal network. 
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Thesis Layout: 

First I identified the tibial extensor and flexor motoneurons as a neuronal output 

pathway of phonotactic steering in the cricket. Using optical imaging and 

electrophysiology I then investigated the adaptations and processing principles of 

neurons located at opposite ends of this auditory-to-motor network. For this I 

recorded from the 1
st
 order interneuron ON1 as an example of a neuron located early 

in the auditory pathway, and from the newly identified front tibial motoneurons as 

output channels of auditory steering. Chapters 2, 3 and 4 are presented as individual 

papers with their own abstract, introduction, methods, results and discussion sections: 

 

Chapter 1:  Introduction 

Chapter 2:  Front leg movements and tibial motoneurons underlying auditory 

steering in the cricket. 

Chapter 3:  Neurite-specific Ca
2+

 dynamics underlying sound processing in an 

auditory interneuron. 

Chapter 4:  Dynamics of free intracellular Ca
2+

 during synaptic and spike activity 

of cricket tibial motoneurons.  

Chapter 5:  General discussion 
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CHAPTER 2 

 

Front Leg Movements and Tibial Motoneurons Underlying Auditory 

Steering in the Cricket 

 

SUMMARY 

 

Front leg movements in the cricket (Gryllus bimaculatus) were measured during 

phonotactic steering on a trackball together with electromyogram recordings of the 

tibial extensor and flexor muscles. An optoelectronic system revealed the movement 

patterns of a front leg from in front of the animal. Up-down leg movements clearly 

indicated the step cycle and were independent of auditory stimulation. In contrast left-

right movements of the front leg were dependent on sound direction, with crickets 

performing rapid steering leg movements towards the active speaker. Steering 

movements were dependent on the phase of sound relative to the step cycle, and were 

greatest for sounds occurring during the swing phase. During phonotaxis the slow 

extensor tibiae motoneuron responded to ipsilateral sounds with a latency of 35-40ms, 

while the fast flexor tibiae motoneurons were excited by contralateral sound. I 

intracellularly recorded two tibial extensor and at least 8 flexor motoneurons. While 

the fast extensor tibiae, the slow extensor tibiae and one fast flexor tibiae 

motoneurons were individually identifiable, a group of at least 4 fast flexor tibiae as 

well as at least 3 slow flexor tibiae motoneurons of highly similar morphology could 

not be distinguished. Motoneurons received descending inputs from cephalic ganglia 

and from local prothoracic networks. There was no overlap between the dendritic 

fields of the tibial motoneurons and the auditory neuropil. They did not respond to 

auditory stimulation at rest. Neither extracellular stimulation of descending pathways 

nor pharmacological activation of prothoracic motor networks changed the auditory 

responsiveness. Therefore any auditory input to tibial motoneurons is likely to be 

indirect, possibly via the brain.  
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INTRODUCTION  

 

Female crickets (Gryllus bimaculatus) walk towards singing males. This requires the 

female to recognise the species specific calling song and consequently steer towards 

the singer. This behaviour has been studied in great detail at both behavioural and 

neurobiological levels (e.g. Weber and Thorson 1989, Ball et al. 1989, Schildberger et 

al. 1989, Pollack 2001). The auditory afferents transmit the auditory information from 

the ears located in the front legs to a small number of auditory interneurons in the 

prothoracic auditory neuropils. The auditory information is then passed on by few 

ascending neurons to local and descending brain neurons which may form a pattern 

recognition network (Schildberger 1984).  

Little is known about the motor performance during phonotaxis, especially 

upon changes in sound direction. Trackball recordings show that phonotactically 

walking females turn towards attractive sounds with a delay of 55-60ms (Hedwig and 

Poulet 2004, 2005). Pollack and Hoy (1980) reported a clear response of a flight 

muscle to acoustic stimulation during phonotaxis in flying crickets (Teleogryllus 

oceanicus). These responses may be achieved by a pattern recognition system 

regulating the gain of a more direct auditory-to-motor loop to the steering motor 

network (Poulet and Hedwig 2005). In phonotactically active animals it should 

therefore be possible to observe specific motor outputs as a direct result of auditory 

stimulation.  

 

An effective method for steering during walking (Dürr and Ebeling 2005, Rosano and 

Webb 2007) and jumping (Santer et al. 2005) in insects is to change the positioning of 

the front legs. I therefore analysed the movement of a front leg tibia during 

phonotaxis, and related this to the direction of the sound patterns presented. Using 

electromyogram recordings I then analysed the activity of the tibial extensor and 

flexor motoneurons during phonotaxis. Finally I intracellularly stained and identified 

these motoneurons and investigated if any direct or indirect auditory input exists and 

if it can be gated by descending interneurons or local pharmacological activation of 

thoracic motor networks using pilocarpine.  
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METHODS 

 

Animals 

Female crickets (Gryllus bimaculatus) with intact front legs were selected from the 

colony kept at the Department of Zoology, University of Cambridge, maintained on a 

12L:12D light cycle. Prior to dissection animals were cold anaesthetised at 4°C for 

15mins. All experiments were performed during the day and at room temperature (21-

23ºC).  

 

Trackball system 

For walking experiments the crickets were supported on top of a trackball system by a 

small metal pin waxed onto their back (Hedwig and Poulet, 2005). A 3g 56.5mm 

diameter trackball made from Rohacell 31 (Roehm KG, Darmstadt, Germany) was 

supported in a transparent acrylic half-sphere with 24 holes passing a constant air 

supply. The movement of the trackball was detected by an optical 2D mouse sensor 

(Agilent, Farnell Electronics, Oberhaching, Germany) aligned opposite its south pole. 

The output of the sensor chip was processed with a quadratur to pulse converter. 

Positive coding pulses indicated forward or left increments, and negative pulses 

indicated movements to the back or right. 

 

Optical measurements of leg movements 

A custom build optoelectronic system was used to measure front leg movements 

(Hedwig and Becher 1998, Hedwig 2000). A modified single-lens reflex (SLR) 

camera with a 2D photodiode (United Detector Technology, PIN DLS-20) in the 

plane of the film was was used to record the movements of a small piece of reflective 

material (Scotchlite 7610, 3M Laboratories, Germany) fastened around the distal part 

of the tibia using a small drop of beeswax. I recorded the frontal projection of left 

tibial movements during walking; i.e. its left-right and up-down movements. This 

required animals to walk towards the light source of the optical recording system, 

which reduced the phonotactic performance, even when long wavelength (LED at 

630nm) illumination was used (n=28).   

For relating electromyogram (EMG) recordings to the step cycle the 

forward/backward motion of the femur was recorded from above the animal and used 
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as an indication of the swing and stance phase. Here a one-dimensional version of the 

optoelectronic system (Laser Components, Olching, Germany; Type 1L30) was used 

with infra-red illumination (LED at 850nm) (n=4).  

 

Acoustic stimulation  

Artificial calling song at a carrier frequency of 4.8kHz, syllable duration of 21ms, 

syllable period of 42ms, chirp duration of 250ms and chirp period of 500ms was used 

(Thorson et al. 1982). Crickets were presented with alternating 6 chirp sequences 

from the left and the right at 75dB Sound Pressure Level (SPL) relative to 2x10
-5

 Pa. 

Sound stimuli were digitally generated at 22.05kHz sampling rate (CoolEdit 2000; 

Syntrillium, Phoenix, USA) and were presented by PC audio boards via two active 

speakers (SRS A57; Sony, Tokyo, Japan) positioned 60cm frontal to the cricket each 

at an angle of 45° to the animal’s longitudinal body axis.  Sound intensities were 

calibrated with an accuracy of 1dB at the position of the cricket using a Bruel and 

Kjaer (Naerum, Denmark) free field microphone (Type 4191) and measuring 

amplifier (Type 2610).  

 

Electromyogram recordings 

Electromyograms (EMG) of tibial extensor and flexor muscles were obtained using 

two varnish coated steel wires (30μm diameter) inserted distally into the extensor tibia 

muscle or proximally into the flexor tibiae muscles (Fig.2.4A). Large amplitude 

extensor muscle potentials were recorded while at the same time activity in the flexor 

muscles was reliably picked up at lower amplitude. This vice versa occurred in flexor 

recordings (Fig.2.4B). In all further recordings I consequently used this cross talk to 

identify flexor activity in extensor recordings, avoiding the need for separate flexor 

recordings. Signals were picked up using an amplifier (A-M Systems, Differential AC 

Amplifier Model 1700). 

 

Intracellular recordings 

Animals were pinned in a bed of plasticine
TM

. After a dorsal incision of the thorax the 

gut was removed and the prothoracic ganglion was exposed. The thoracic cavity was 

filled with insect saline (140mM NaCl, 10mM KCl, 4mM CaCl2, 4mM NaHCO3, 

6mM NaH2PO4). A small metal platform with an optic fibre embedded in it was 
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placed underneath the ganglion. The optic fibre was used for bright field illumination 

of the ganglion. The connectives towards the mesothoracic ganglion were cut. 

Thick walled borosilicate micropipettes with resistances of 60-120 M filled 

with 5% Lucifer Yellow (Molecular Probes, Eugene, Oregon) in water (tip) and 1M 

LiCl (shaft) were used to record from the main neurites of motoneurons. Recordings 

lasted for up to 1 hr. For intracellular staining with Lucifer Yellow a 1-9nA 

hyperpolarising current was injected for 5-20mins. Signals were recorded using an 

SEC-10L amplifier (NPI, Tamm, Germany) and digitised at 10kHz. Motoneurons 

were characterised and identified according to morphology, the impact of spiking on 

tibial movement and the size of evoked EMG potentials. A total of ~250 crickets were 

used, of which 93 yielded the presented data. 

 

Sensory stimulation during intracellular recordings 

Auditory: Sound stimuli were presented using a small speaker (ø=2cm) attached to 

the wide end of a 15cm conical copper-tube, the narrow end of which was placed 2cm 

from the opening of the ipsilateral auditory spiracle. Intensities of stimuli were 

calibrated to an accuracy of 0.5dB SPL at the position of the spiracle. The carrier 

frequency of sound stimuli was 4.8kHz, and the amplitude used throughout was 90dB 

SPL. Background noise in the room was <45dB SPL. 

Air currents: Stimuli were generated using a Picopump (PV 820 Pneumatic 

PicoPump) connected to a rubber tube (inner diameter: 0.5mm), the other end of 

which was positioned 5cm in front of the animal.  

Tactile: Stimuli were applied manually using a small paintbrush. In all recordings the 

tibia and tarsus were gently touched at several positions, and the largest response 

recorded. 

Visual: Stimuli were generated using a white LED (Nichia 1100mcd, 50° divergent 

angle) positioned at a distance of 3cm from the head of the animal pointing at the eye 

ipsilateral to the front leg investigated. 

 

Activation of descending pathways 

A small bipolar hook electrode was placed underneath the connective ipsilateral to the 

recorded motoneuron between the prothoracic and subesophageal ganglia and 

insulated with a mixture of 90% Vaseline
TM

 and 10% paraffin. Stimuli were generated 
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using a stimulus isolation unit (WPI A360 SIU), triggered by a custom built pulse 

generator. Current pulses were of 2ms duration and between 1-50μA amplitude, 

applied at 1-100Hz (n=19). 

 

Pharmacological stimulation 

To disinhibit or activate thoracic motor networks the ganglion was bathed in the 

GABA blocker picrotoxin (10
-4

M in saline) or the muscarinic receptor agonist 

pilocarpine (10
-3

M in saline), respectively (Ryckebusch and Laurent 1993). This 

elicited increased motor activity after 20-30s which persisted until the entire thoracic 

cavity was washed with saline. To ensure all activity recorded was generated within 

the prothoracic ganglion the connectives towards the subesophageal ganglion were cut 

in n=3/23 experiments.  

 

Processing of neurons stained with Lucifer Yellow 

After intracellular staining of a motoneuron it was left for 5-20mins to allow the dye 

to diffuse throughout the cell. The ganglion was then dissected and placed in 4% 

formaldehyde for 1h. Specimen were dehydrated and cleared in methyl-Salicate. The 

ganglion was photographed using a digital SLR camera (Canon EOS 350D) attached 

to a Zeiss (Axiophot) fluorescent microscope with a UV-light source (Zeiss VHW 

50f-2b). For graphical projections of neural arborisations photo-stacks were traced 

manually using Adobe Photoshop (CS 8.00). 

 

Data sampling and analysis 

An A/D board (MIO 16E4, National Instruments, Austin, Texas) linked to custom 

built software  running under LabView 5.01 (National Instuments) was used in all 

experiments. Behavioural and electrophysiological data was analysed in Neurolab 

(Hedwig and Knepper 1992). Further data analysis was performed using MatLab 6.5 

(Mathworks, Natick, MA).  
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RESULTS 

 

Front leg movements during phonotaxis 

Animals walking on the trackball responded to sequences of 6 chirps alternating from 

the left and the right with steering towards the active speaker (Fig.2.1A,top). The 

optoelectronic system picked up the up-down and left-right movements of the left 

front leg. Up-down movements revealed the stepping cycle, with rapid movements 

indicating swing phase, and slower movements indicating stance. Small amplitude 

oscillations in the trackball recording also reflected the step pattern. Up-down leg 

movements were unaffected by the sound direction. In contrast, the pattern of the left-

right movements changed with the direction of acoustic stimulation 

(Fig.2.1A,bottom). When steering towards the ipsilateral (left) speaker left-right 

movements were small and corresponded to left-right movements during straight 

ahead walking. When animals steered towards the contralateral (right) speaker left-

right leg movements were clearly larger, extending to the right towards the direction 

of acoustic stimulation. These movement patterns were remarkably constant during 

steering to either side, but upon a change in direction of acoustic stimulation leg 

movement patterns were switched within a single step cycle (Fig.2.1A,B). To better 

illustrate the rapid effect of change in sound direction on left-right leg movements the 

predicted movement pattern (red) is superimposed on the leg movement trace during a 

turn as indicated (Fig.2.1B). After less than 60ms after ipsilateral sound presentation 

the recorded movement trace deviates from the expected movement. From the up-

down and left-right leg movement components I obtained 2D projections of the 

average movement pattern of the front leg at the position of the reflective disk 

(Fig.2.1C). This revealed that during steering to the contralateral, but not during 

steering to the ipsilateral side the leg reached in front of the head during swing phase 

in order to pull the animal towards the stimulated side during the following stance.  

A third of animals showed large left-right leg movements also towards 

ipsilateral (left) sounds. Here the tibia moved away from the body during swing phase 

and towards the body during stance (Fig.2.2). Furthermore in less than 10% of cases 

turning disturbed the step rhythm (Fig.2.2A, asterisk).  

It may be advantageous for phonotactic steering to synchronise the stepping 

cycle with the rhythm of incoming chirps (Hedwig and Poulet 2004). Step cycle 
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durations ranged between 250ms and 600ms (21-23ºC). Fig.2.3A shows the 

distribution of step cycle durations for one representative animal. I tested animals 

with chirp rates between 1 and 5Hz. There was no coupling between the step rhythm 

and the chirp rhythm at any repetition rate tested when the sound direction was 

constant (Fig.2.3B). I furthermore tested if there is a phase dependent effect of 

incoming sounds on the leg movements using a double pulse paradigm, where the first 

and last two syllables of each chirp were presented from contralateral, and the middle 

two syllables from ipsilateral (Fig.2.3C, inset). The ipsilateral double pulses were 

sorted into 20 bins depending on their phase relative to the step cycle. The leg 

movement traces were then averaged within each bin, centred at the peak of swing 

phase (t=0ms). Leg movement traces from 4 representative phase relations between 

ipsilateral sounds presentation and the step cycle are shown (Fig.2.3C). Ipsilateral 

acoustic stimulation during swing phase, but not during stance, reduced the amplitude 

of the left-right leg movement during the following step (red, asterisk).  

At least movements in three joints can contribute to the measured movements of the 

front leg. However, due to the nature of our recording method I cannot directly 

identify the separate contributions of coxal rotations, tibial extension and flexion 

movements or overall bending movements of the body to the observed front leg 

movement patterns (see Discussion). Nonetheless our measurements indicated the 

importance in particular of tibial extension and flexion movements in steering. The 

strong dependency of the front leg left-right movement pattern on sound direction are 

likely the result of rotations around the femoral tibial joint. I therefore proceeded to 

record from front tibial muscles during auditory steering.  

 

Tibial Musculature 

To investigate the control of tibial movements I identified the tibial musculature and 

its innervation. Nomenclature was based on the description of the hind leg 

musculature in locust (Snodgrass 1929). A single tibial extensor muscle (dorsal: 135) 

and 4 tibial flexor muscle bundles (1 antero-ventral, 2 ventral, 1 postero-ventral: 

136a-d) were identified (Fig.2.4A). The proximal ends of flexors 136a and 136d 

attached to multiple points along the anterior and posterior cuticle respectively. A 

single retractor unguis (139) was positioned antero-dorsal to the acoustic trachea.  
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EMG recordings during phonotaxis 

Extracellular recordings from tibial muscles were used to monitor tibial motoneuron 

activity. A pair of EMG wire electrodes was placed dorso-distally into the extensor, 

while a second pair was placed ventro-proximally into the flexor, as indicated in 

Fig.2.4A. Despite maximal spatial separation, electrical crosstalk between the pairs of 

extensor and flexor electrodes occurred. Large muscle potentials recorded in one set 

of electrodes were always mirrored by small muscle potentials recorded by the other 

pair (Fig.2.4B). This allowed us to record both extensor and flexor activity using only 

one pair of electrodes. 

We recorded the extensor muscle activity during walking and simultaneously 

measured forward-backward movements of the femur to monitor the step cycle. 

Amplitude-sorting of EMG potentials allowed us to separate at least 4 different motor 

units contributing to tibial movements during walking. These were characterised by 

their typical activity during walking. The description of EMG activity presented in 

this paragraph relates to motor units. An intracellular identification of the associated 

motoneurons is presented below. Fig.2.4C shows the average spike occurrence of 

each motor unit during the step cycle. Fast Extensor Tibiae (FETi) activity was 

present in less than 1 out of 20 steps and occurred just prior or during early swing 

phase. This motor unit only showed increased activity (1-2 spikes per step) during 

escape running elicited by wind stimulation of the cerci. Slow Extensor Tibiae (SETi) 

activity also occurred just prior and during early swing phase. Fast Flexor Tibiae 

(FFTi) potentials occurred during late swing and early stance phase. Finally Slow 

Flexor Tibiae (SFTi) activity was high throughout the step cycle, but reduced just 

prior and during early swing phase.  

We then analysed the effect of acoustic stimulation on the spike activity of the 

tibial extensor and flexor motor units during phonotactic steering (Fig.2.5). In single 

trial recordings motor unit activity in the step rhythm was dominant and masked any 

effects of acoustic stimulation (Fig.2.5A). I therefore averaged the discharge rate of 

motor units relative to the sound, thereby discarding the effect of the step rhythm 

(Fig.2.5B). This revealed clear modulations of SETi and FFTi motor activity in 

response to acoustic stimulation: each chirp presented from ipsilateral (blue) gave rise 

to a distinct increase in SETi activity, while each contralateral chirp (red) increased 

FFTi activity. SETi and FFTi only responded to acoustic stimulation during 

phonotaxis and not in standing or non-acoustically orienting animals, indicating a 
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clear phonotaxis dependent steering response. SFTi and FETi were unaffected by the 

sounds. To investigate the delay between sound presentation and evoked spike 

activity in SETi I presented animals with the double pulse paradigm (Fig.2.6). The 

trackball recording revealed clear lateral steering movements towards the active 

speaker with a delay of 55-60ms, consistent with previous findings (Hedwig and 

Poulet 2004). Increases in SETi activity always preceded changes in the trackball 

movements, and reliably increased with a delay of 35-40ms after ipsilateral sound 

presentation. 

Recordings of front leg movement patterns and analysis of tibial EMG activity 

during auditory steering therefore clearly highlight the importance of tibial motor 

control in mediating phonotactic behaviour.  

 

Identification of tibial motoneurons 

To identify the motoneurons underlying activity in tibial muscles during phonotactic 

walking, I intracellularly recorded and identified the front leg tibial motoneurons and 

revealed their morphology and synaptic inputs. Identification criteria included the 

effect of depolarisation on tibial movement, the amplitude of the elicited EMG signal 

and their morphology. 

Two extensor tibiae motoneurons, the FETi and the SETi (Fig.2.7A), were 

individually identified. Each spike of the FETi elicited a >10mV EMG potential and 

gave rise to a rapid tibial extension. In contrast, SETi spikes gave rise to 3-5mV EMG 

potentials and resulted in slower, graded extension movements, dependent on spike 

rate. One fast flexor motoneuron (FFTi) was also individually identified (Fig.2.7B 

left). In addition a group of at least 4 FFTi motoneurons was morphologically distinct 

from the latter FFTi (Fig.2.7B right) and a group of at least 3 SFTi motoneurons 

(Fig.2.7C) were distinguished. The minimal number given for these groups of FFTi 

and SFTi are derived from sequential stainings of the respective neuron type in the 

same specimen. The individually identifiable FFTi was labelled FFTi1 while the 

morphologically distinct group of 4 FFTi was labelled FFTi2-5 (Fig.2.7B). Spike 

activity in either type of FFTi gave rise to 2-3mV EMG potentials and resulted in 

graded flexion movements of the tibia. SFTi spikes elicited the smallest (1mV) EMG 

potentials, and alone were insufficient to move the tibia.  

Both FETi and SETi EMG potentials recorded during phonotaxis could be 

clearly attributed to their corresponding individually identified motoneurons. FFTi 
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EMG potentials may be the result of either FFTi1 or FFTi2-5 motoneuron activity. 

SFTi EMG activity was attributed to the group of SFTi1-3 motoneurons. The label of 

a “fast” motoneuron was attributed to motoneurons where a single spike resulted in 

movement, while in a “slow” motoneuron only burst activity resulted in movement. 

 

Morphology of tibial motoneurons 

Somata of all motoneurons were located antero-ventrally with the somata of SETi, 

FETi and the group of FFTi2-5 typically adjoining the antero-most border of the 

ganglion, while somata of the group of SFTi1-3 and that of FFTi1 were located 

further posterior. The most prominent neurite of all motoneurons ran 150-200μm 

beneath the dorsal surface of the ganglion between the midline and the point where 

the axon left the ganglion through the respective side nerve. A second large neurite 

ran posteriorly in all motoneurons except for FFTi1, where it ran antero-medially. All 

motoneurons exit the ganglion via nerve 5, with exception of the FETi which exits via 

nerve 3 (Fig.2.7A left). 

The dendrites of both FETi and SETi extended throughout the entire ipsilateral 

dorsal surface of the ganglion, with extensive medial branching (Fig.2.7A). The main 

processes and the posterior dendrite of SETi were thicker than those of FETi. The 

main processes of FFTi1 were very large (Ø=20-30μm), and almost reached the 

midline with a prominent diameter. The main branches gave off very short secondary 

neurites (Fig.2.7B left). In contrast the main neurites of FFTi2-5 (Fig.2.7B right) were 

much thinner (Ø=5μm) than of any other tibial motoneuron, with secondary and 

tertiary branching patterns similar to the extensor motoneurons, yet were very sparse. 

The morphology of the main neurites of SFTi1-3 varied substantially and only one 

example is given (Fig.2.7C). The extent of the branching patterns of their secondary 

and tertiary neurites was similar to SETi. None of the motoneurons exhibited any 

overlap with the ventrally located auditory neuropil (Schildberger et al. 1989, 

Imaizumi and Pollack 2005). 

 

Sensory and central inputs to tibial motoneurons 

Sensory inputs to tibial motoneurons were investigated during rest and activity. SETi, 

FETi and FFTi2-5 did not spike at rest. In contrast SFTi1-3 and FFTi1 were active 

with a spike rate between 0.5-2Hz and generated frequent EPSPs and IPSPs in resting 

animals (Fig.2.8A). I did not detect any auditory or visual inputs in this state. 
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However all neurons received both wind and tactile inputs (Fig.2.8B). Only tactile 

inputs to SFTi1-3 could elicit spikes. 

Thoracic motoneurons frequently receive inputs from descending interneurons 

of the brain (Burrows 1996c). Previous studies suggested that the brain may be 

involved in auditory pattern recognition (Schildberger 1984): successful recognition 

of species specific song may lead to phonotactic steering by a descending pathway 

acting on the thoracic motor system (Pollack and Hoy 1980, Poulet and Hedwig 

2005). To reveal any descending control over tibial motoneuron activity I 

extracellularly stimulated the ipsilateral connective between the prothoracic and the 

subesophageal ganglia. This allowed to elicit compound EPSPs and spikes in all tibial 

motoneurons (Fig.2.8C). Compound EPSPs occurred with a delay of <3ms and were 

dependent on the amplitude of the stimulation current, indicative of a direct, parallel 

polyneural input from descending pathways.  

During walking leg motoneurons are under control of local central pattern generating 

networks (Burrows 1996b, Büschges et al. 2008). I therefore tested for local 

prothoracic inputs to tibial motoneurons. Prothoracic motor networks were 

pharmacologically activated by the muscarinic receptor agonist pilocarpine (10
-3

M) or 

the GABA-antagonist picrotoxin (10
-4

M) (Ryckebusch and Laurent 1993, Büschges et 

al. 1995). In all motoneurons both picrotoxin and pilocarpine elicited powerful motor 

bursts that exceeded spike threshold. However bursts were irregular and occurred at 

lower frequency (0.1-1Hz) than during walking (2-3Hz) (Fig.2.8D) and therefore did 

not directly relate to “fictive walking” (Ryckebusch and Laurent 1993, Büschges et al. 

1995). Nonetheless this experiment demonstrated inputs to all tibial motoneurons 

from prothoracic motor networks.  

 

Can auditory inputs be gated? 

Our data from EMG recordings during phonotaxis demonstrate an auditory input to 

SETi and to at least one of the two groups of FFTi motoneurons. However I did not 

detect any auditory inputs to these motoneurons at rest. Poulet and Hedwig (2005) 

suggested a descending modulatory pathway, that may gate auditory inputs towards 

the motor system in phonotactically active animals. It may therefore be possible to 

unmask auditory inputs to SETi or either class of FFTi by stimulating descending 

pathways. A strong hyperpolarising current (5nA) was injected into SETi to both 

prevent spiking and to reveal potentially weak auditory inputs during and after 
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stimulation of the connectives. However, neither single trial nor continuous activation 

of descending pathways up-regulated any putative auditory inputs to any of the tibial 

motoneurons (Fig.2.9A).  Furthermore no auditory responses were apparent during 

pharmacologically elicited motor activity (Fig.2.9B). The trace presented is a section 

between ongoing motor activity and was chosen as it lacks motor burst activity that 

could obscure any auditory inputs. 

 

DISCUSSION 

 

It was the aim of this study to investigate the role of front leg movements during 

phonotactic steering in crickets. I furthermore aimed to identify the underlying 

neuronal control over tibial movements at the level of the tibial muscles, the tibial 

motoneurons and the sensory and central control over these motoneurons. I also set 

out to identify or unmask any auditory inputs towards the motor system, as required 

for phonotactic steering. 

 

Front leg movements during phonotaxis 

We studied front leg movements during phonotaxis in order to identify the motor 

pathway involved in phonotactic steering. During forward walking left-right front leg 

movements were remarkably small, but during steering leg movements showed a clear 

dependency on sound direction (Figs.2.1, 2.2). Throughout stimulation from either 

left or right steering movements were unchanged (Figs.2.1A, 2.2A), however in 

response to a change in sound direction animals switched the steering pattern within a 

single step cycle, and frequently after less than ~60ms (Figs.2.1B, 2.2A). This 

remarkably fast response is in agreement with rapid steering movements of 55-60ms 

measured with a trackball system (Hedwig and Poulet 2004, 2005) and indicates the 

importance of the front legs in steering.  

There are three possible, non-exclusive modes of steering using the front legs: 

(1) changing the femoral/tibial angle (Dürr and Ebeling 2005), (2) changing the 

positioning of the femur (Laurent and Richard 1986a,b, Dürr and Ebeling 2005), and 

(3) overall bending movements of the prothoracic segment passively moving the front 

legs into a steering position: unlike in many species of grasshoppers or phasmids, the 

prothoracic segment of cricket is not rigidly connected to the mesothorax and could 
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be used in steering. While effects due to positioning of the femur and bending of the 

prothoracic segment are superimposed on the tibial movements due to the nature of 

our recording technique, I judge these effects as less significant: during visual 

inspection of front leg steering movements tibial extension and flexion movements 

could clearly be identified. Detailed analysis of leg positioning using high speed video 

analysis did clearly demonstrate the contribution of tibial extension and flexion 

movements in steering (Witney and Hedwig, personal communication).  

Movement in the femoral-tibial joint provides a powerful way to affect the 

movement direction of the animal: increased tibial extensions shift the anterior end 

point (AEP) towards a more extreme position along the axis of the femur and 

therefore allow consequent tibial flexion to pull the animal towards that point. For 

tibial movements to allow for steering, the overall step cycle must be taken into 

account: while an extension during swing phase will shift the AEP forwards, an 

activation of extensor motoneurons during stance will push the animal away from the 

AEP, resulting in a sideways or even backwards movement of the cricket. Similarly 

flexion during swing phase would decrease the step size and therefore limit the 

steering, while flexion during stance would pull the animal forwards, towards the 

AEP. Again, high speed video recordings will be necessary to clarify the details of 

sound induced leg steering movements (Witney and Hedwig, personal 

communication).   

During acoustic stimulation animals did not couple their overall step-rhythm 

to the chirp rhythm (Fig.2.3B). This is in contrast to locust flight pattern generators 

which are under pivotal control of rhythmic wind inputs to synchronise wing beats 

between animals (e.g. Camhi et el. 1995). The absence of coupling between sounds 

and the step cycle in crickets indicated that here steering commands are probably 

integrated with the walking central pattern generator (CPG). They do not modify the 

overall stepping pattern, but instead modulate the amplitude of steering responses. 

The phase dependency of motor effects caused by sounds during swing phase 

supports this.  

 

Anatomy and morphology 

The muscles of the front leg tibia and their innervation patterns showed several 

parallels to that of the locust front leg (Hoyle 1955a,b), stick insect middle leg 

(Bässler 1993) and the cricket middle leg (Nishino 2003). The single large extensor 
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muscle was driven by two excitatory extensor motoneurons, a FETi and a SETi. 

These corresponded to tibial extensor motoneurons in locust front and hind legs, 

cricket hind legs and stick insect middle legs. The flexor system was more complex, 

but acted as a single functional unit due to a common distal attachment point. At least 

8 excitatory flexor motoneurons exit. The cricket hind leg tibia is innervated by at 

least 19, the locust hind leg by 9 and the stick insect by 14 excitatory flexor 

motoneurons. All motoneurons identified, except for the FETi which projected its 

axon through nerve III, projected their axons through nerve V. This corresponds to the 

arrangement of the front tibial motoneurons in locusts (Burrows 1996a).  

 

EMG recordings 

We investigated the role of the tibial extensor motoneurons and flexor motor units in 

walking and phonotactic steering. During walking tibial extensions were carried 

almost entirely by SETi. In contrast SFTi was tonically active throughout stance 

phase but reduced activity during swing (Fig.2.4C). Flexion was also strongly driven 

by FFTi activity, which peaked at the beginning of stance phase. I did not attempt to 

identify any common inhibitor motoneurons or dorsal unpaired median cells 

innervating tibial muscles. In particular the low activity of the tibial extensors is in 

clear contrast to similar studies performed on locust legs (Burns and Usherwood 

1979) and cockroach hind legs (Krauthamer and Fourtner 1978) where at high 

stepping rates SETi is tonically active and bursts of FETi activity support the step 

rhythm. Due to its very low spike rate during phonotactic walking FETi is unlikely to 

contribute to steering under normal circumstances. It remains open whether FETi 

supports steering at very high stepping rates. However the low SETi activity during 

walking in G. bimaculatus leaves room for its recruitment during steering: SETi 

responded to ipsilateral acoustic stimulation during phonotaxis. EMG recordings also 

demonstrate an auditory input to at least one type of FFTi motoneurons (Fig.2.5). It is 

unclear which, if not both types of FFTi motoneurons underlie these auditory 

responses during phonotaxis. Previously Pollack and Hoy (1980) demonstrated 

activity in dorsal longtitudinal muscles in response to individual sound pulses in 

flying crickets (Teleogryllus oceanicus). These inputs result in bending of the 

abdomen towards the direction of the sound during flight. It is unclear whether these 

inputs are gated by a pattern recognition system, and to what extent abdominal 

movements contribute to auditory steering during walking. While these findings 
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emphasise the likely involvement of multiple motor systems of the body other than 

tibial extension and flexion movements in supporting cricket phonotaxis behaviour, 

our behavioural experiments highlight both the SETi and either FFTi1 or FFTi2-5 as 

key output neurons for phonotactic steering during walking.  

 

Auditory control over tibial motoneurons 

As demonstrated in EMG recordings tibial motoneurons integrate auditory inputs with 

activity from walking pattern generating networks during phonotactic steering. 

However intracellular recordings revealed no auditory inputs to any motoneuron 

identified at rest or during pharmacologically elicited motor activity. Furthermore 

motoneurons were located dorsally and did not extend any neurites towards the 

ventrally located auditory neuropils (Schildberger et al. 1989). The auditory input to 

motoneurons therefore has to be indirect, leaving two options: (1) it may be entirely 

local, via interneurons in the prothoracic ganglion or (2) it may reach motoneurons via 

the brain. In this respect the timing is crucial: increased spike rate in SETi in response 

to acoustic stimulation during EMG recordings occurred after 35-40ms. Subtracting 

4ms to allow for spikes to be generated and propagated towards the muscles (Fig.2.7) 

this leaves 31-36ms for the synaptic input to be evoked in the motoneurons following 

acoustic stimulation. First order prothoracic auditory interneurons such as the Omega 

Neuron-1 (ON1) or Ascending Neuron-1 (AN1) respond to acoustic stimulation with 

a latency of 15-17ms (Wohlers and Huber 1978). This leaves 14-21ms for the 

information to reach motoneurons from 1
st
 order auditory interneurons via either a 

thoracic or a cephalic pathway. This delay is rather long for an entirely prothoracic 

pathway, but it also leaves only little time for a loop via the brain: AN1 activity in the 

brain occurs with a latency of 20-22ms after sound presentation (Schildberger 1984, 

Zorović, personal communication), implying a propagation time of auditory signals 

between the prothoracic ganglion and the brain of ~5ms. Two way propagation to and 

from the brain therefore costs a total ~10ms leaving 4-11ms for local processing in the 

brain. In support of a cephalic pathway, extracellular stimulation of descending 

pathways clearly indicated a direct, parallel polyneural descending input to tibial 

motoneurons. The physiological relevance of the extracellularly evoked synchronous 

spike activity in several descending axons remains unclear. In addition several 

multimodal descending brain neurons respond to auditory stimuli and are known to 

terminate dorsally in all thoracic ganglia (Staudacher 2001). These respond with 
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latencies between 25-47ms at the level of the connectives between the subesophageal 

and prothoracic ganglia, and may therefore be candidate neurons for a descending 

auditory control of front tibial motoneurons. An entirely prothoracic auditory loop 

towards the motoneurons would require descending gating control (Pollack and Hoy 

1980, Poulet and Hedwig 2005) to enable the pathway only during steering. However 

stimulation of descending interneurons did not unmask any auditory inputs to the 

motoneurons. Furthermore, despite decades of research, no prothoracic auditory 

interneurons have been identified that project from the ventral auditory neuropils 

towards the dorsal motoneurons. Instead the gating mechanism may exist in the brain, 

with a descending pathway mediating the steering responses. Most of AN1s 

presynaptic terminals project antero-ventrally in the brain, laterally of the α-lobes 

(Schildberger 1984), however most descending brain neurons extend their dendritic 

fields in the ventral posterior deutocerebrum (Staudacher 1998). I therefore anticipate 

a cephalic auditory loop to require at least 2 synapses within the brain, involving local 

brain neurons forwarding the auditory information from AN1 towards descending 

pathways.  

 

Future experiments will aim at a more comprehensive understanding of auditory 

processing in the brain. The identification of the descending pathways to the SETi and 

FFTi motoneurons as well as the postsynaptic targets of AN1 will be critical. 

Furthermore the identification of the mechanism underlying the putative gating of the 

auditory-to-motor pathway during phonotaxis is a central question. 
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Figure 2.1: Movements of the left front leg during phonotaxis. A: Animals 

responded to alternating 6 chirp sequences from the left and right with steering 

towards the active speaker. During steering to the contralateral (right) speaker the left 

front leg performed large left-right movements towards the stimulated side, but during 

steering to the ipsilateral (left) speaker only small left-right movements occurred. The 

pattern of up-down leg movements was constant. B: Rapid change in leg movement; 

section from A as indicated. The red trace is an exact copy of the 1
st
 step shown, 

indicating the expected leg movement. Within 2 syllables of ipsilateral sound 

presentation (60ms) the movement deviates from the predicted trace. C: Up-down and 

left-right recordings of left front leg movements during steering were combined into 

2D projections. The background photograph was taken independently for illustrative 

purposes. During steering to the contralateral (right) speaker the anterior extreme 

point (AEP, asterisk) of the left front leg was shifted in front of the head during the 

swing phase. This allowed animals to pull towards the active speaker during the 

following stance phase. In contrast, during steering to the ipsilateral (left) speaker the 

AEP was directly in front of the leg resting position, thereby resulting in a forward 

movement of the animal during the following stance phase. 
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Figure 2.2: Bilateral steering movements of the left front leg. A: A third of 

animals exhibited strong steering movements of the front leg towards both ipsilateral 

and contralateral acoustic stimulation. In less than 10% of cases the step rhythm was 

disrupted during a turn (asterisk). B: 2D projections of up-down and left-right 

movement components of the left front leg. The AEP (asterisk) was shifted towards 

the respective active speaker during both contralateral (right) and ipsilateral (left) 

sound presentation. This allowed the animal to pull towards the active speaker during 

the following stance phase for both ipsilateral and contralateral steering. 
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Figure 2.3: Phase relations between step and sound rhythms. A: Interval 

histogram of step cycle durations ranging between 250 and 600ms, with a mean of 

396ms. B: Phase diagram of chirps within the step cycle. This revealed no indication 

that the step cycle was coupled to the chirp pattern. C: Double pulse paradigm with 

the first and last two syllables of a chirp presented from contralateral (right), but the 

middle two syllables presented from ipsilateral (left) (top traces). Stepping cycles 

were sorted into 20 bins according to the phase values of acoustic stimulation; only 4 

bins are shown for clarity. Only when the ipsilateral 2 syllables occurred during swing 

phase, left-right front leg movements were smaller in the following stance phase 

(asterisk). 
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Figure 2.4: Tibial muscles and 

EMG recordings during walking. 

A: A single tibia extensor muscle 

(red, 135) extended dorsally 

throughout the entire length of the 

femur. 4 tibia flexor muscle bundles 

(green, 136a-d) were located 

ventrally. A retractor unguis (pink, 

139) ran anteriorly along the acoustic 

trachea. B: Simultaneous tibial 

extensor and tibial flexor EMG 

recordings were taken at positions as 

indicated in (A). Large amplitude 

muscle potentials recorded in the 

extensor were directly related to 

small amplitude muscle potentials 

measured in the flexor, and vice 

versa. C: EMG recordings were 

obtained during walking, with 

simultaneous recordings of forward-

backward movements of the femur as 

an indication of the step cycle. Peaks 

of the EMGs were sorted according 

to amplitudes: 

FETi>SETi>FFTi>SFTi. The 

occurrence of motor unit activity 

within each step was normalised to 

the mean duration of steps (390ms). 
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Figure 2.5: EMG recordings during phonotaxis. A: Alternating 6 chirp sequences 

from the left and right were related to right front extensor tibiae EMG traces while 

animals were acoustically orienting on a trackball. In single trace EMG recordings the 

step pattern was the dominant modulation in motor unit activity. B: Averaging EMG 

activity with respect to the start of the contralateral sound pattern discarded the effect 

of the step rhythm, and revealed the auditory input to tibial motoneurons. SETi spike 

rate increased in response to ipsilateral (right) sound, and FFTi spike rate was 

modulated by contralateral (left) sound. SFTi activity was unaffected. The spike rate 

of FETi was too low to reveal any auditory activation and is not presented.  
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Figure 2.6: Timing of auditory inputs to SETi. A,B: Animals acoustically orienting 

on the trackball were presented with the double pulse paradigm. The trackball 

recording revealed steering towards the stimulated side with a delay of 55-60ms. 

Simultaneously recorded EMG traces reveal a reliable increase in SETi activity with a 

delay of 35-40ms after ipsilateral (right) sound presentation.  
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Figure 2.7: Morphology of tibial motoneurons. Motoneurons were located dorsally 

in the prothoracic ganglion, with ventral somata. The amplitude of EMG potentials 

elicited by spikes in each respective motoneuron is indicated. A:  Structure of the 

FETi (n=12 stainings) and SETi (n=28). B: Structure of the FFTi1 (n=6) and the 

FFTi2-5 (n=12). C: Example of a SFTi1-3 (n=15). The projection patterns of the main 

neurites varied between SFTi motoneurons, but the soma position and the overall 

dendritic field was very similar. 
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Figure 2.8: Sensory and central inputs to tibial motoneurons. A: Intracellular 

recordings of SETi (left) and SFTi1-3 (right) at rest. No synaptic activity was 

recorded in SETi, while SFTi1-3 received frequent synaptic inputs. B: Sensory 

stimulation during hyperpolarising current injection to unmask any weak inputs. 

Motoneurons did not respond to auditory or visual inputs, but did respond to wind and 

tactile inputs. C: Extracellular electrical stimulation of descending pathways evoked 

EPSPs and spikes in all motoneurons. D: Bath application of pilocarpine or picrotoxin 

elicited motor bursts in all motoneurons. 
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Figure 2.9: Can auditory inputs be gated? Intracellular recordings of SETi during 

stimulation of descending pathways (A) and during pharmacologically elicited motor 

activity  using pilocarpine (B) or picrotoxin (not shown). Chirps (4.8kHz 90dB) were 

presented at 2Hz repetition rate. Neither stimulation of descending pathways nor 

pharmacological manipulation gated any auditory inputs to SETi. In both cases a 

hyperpolarising current (5nA) was injected to reveal even small inputs.  
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CHAPTER 3 

 

Neurite Specific Ca
2+

 Dynamics Underlying Sound Processing in an 

Auditory Interneuron 
 

SUMMARY 

 

Concepts on neuronal signal processing and integration at a cellular and subcellular 

level are driven by recording techniques and model systems available. The cricket 

CNS with the Omega Neuron-1 (ON1) provides a model system for auditory pattern 

recognition and directional processing.  Exploiting ON1’s planar structure I 

simultaneously imaged free intracellular Ca
2+

 at both input and output neurites and 

recorded the membrane potential in vivo during acoustic stimulation. In response to a 

single sound pulse the rate of Ca
2+ 

rise followed the onset spike rate of ON1, while the 

final Ca
2+

 level depended on the mean spike rate. Ca
2+

 rapidly increased in both 

dendritic and axonal arborisations and only gradually in the axon and the cell body. 

Ca
2+

 levels were particularly high at the spike-generating zone. Through the activation 

of a Ca
2+

 sensitive K
+
 current this may exhibit a specific control over the cell’s 

electrical response properties. In all cellular compartments presentation of species-

specific calling song caused distinct oscillations of the Ca
2+

 level in the chirp rhythm, 

but not the faster syllable rhythm. The Ca
2+

 mediated hyperpolarisation of ON1 

suppressed background spike activity between chirps, acting as a noise filter. During 

directional auditory processing the functional interaction of Ca
2+

 mediated inhibition 

and contralateral synaptic inhibition was demonstrated. Upon stimulation with 

different sound frequencies the dendrites, but not the axonal arborisations, 

demonstrated a tonotopic response profile. This mirrored the dominance of the 

species-specific carrier frequency and resulted in spatial filtering of high frequency 

auditory inputs.  
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INTRODUCTION 

 

Computational power and complexity achieved by nervous systems rely on the 

synaptic connections between neurons and also upon functional properties within each 

neuron. The response to synaptic inputs, their effect on the activation of secondary 

ionic currents, and the generation of a spike code as a function of synaptic current and 

recent neuronal history are central to intra-neuronal processing and integration (Borst 

and Egelhaaf 1992, Single and Borst 1998, Ogawa et al. 2001,2002, Destexhe and 

Marder 2004, London and Häusser 2005). Comparatively little however is known 

about how such responses within and between individual neurites are integrated 

towards shaping the electrical properties of a neuron in vivo. By combining 

electrophysiology and fast optical imaging I analysed the spatio-temporal Ca
2+ 

activation patterns following acoustic stimulation in the cricket auditory interneuron 

Omega Neuron-1 (ON1) where Ca
2+ 

is involved in "chemical computation" of sound 

responses (Sobel and Tank 1994).   

ON1 is a bilaterally paired auditory interneuron located in the prothoracic 

auditory  neuropil with well documented morphology (Wohlers and Huber 1982), 

response characteristics (Wohlers and Huber 1978, Wiese and Eilts 1985), 

connectivity (Selverston et al. 1985, Horseman and Huber 1994, Poulet and Hedwig 

2006) and functionality (Wiese and Eilts 1985, Pollack 1988, Sobel and Tank 1994, 

Nabatiyan et al. 2003). ON1 receives inputs from ipsilateral auditory afferents 

originating from the ears in the front legs (Imaizumi and Pollack 2005) and in turn 

forms inhibitory connections to its contralateral counterpart (Selverston et al. 1985) 

and the contralateral ascending auditory interneurons AN1 (Horseman and Huber 

1994, Faulkes and Pollack 2000) and AN2 (Selverston et. al 1985) which transmit 

auditory information to the brain (Wohlers and Huber 1982). The recurrent inhibitory 

network formed by the two ON1 has been implicated in enhancing bilateral auditory 

contrast supporting auditory orientation and temporal pattern processing (Wiese and 

Eilts 1985, Nabatiyan et al. 2003). At high sound intensities the neuron integrates a 

broad range of sound frequencies (Schildberger 1988). ON1 extends its processes in a 

narrow plane (<150μm, Watson and Hardt 1996) nearly parallel to the ventral 

ganglion surface. Therefore optical imaging of free intracellular Ca
2+

 is possible 

simultaneously at input and output regions of the cell.  
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The monitoring of free intracellular Ca
2+

 is interesting as it is not only a marker of 

localised activity within a neuron but also carries great functional importance in 

regulating cellular processes ranging from ionic currents (Sah and Faber 2002, Faber 

and Sah 2003) to gene transcription (West et al. 2001). Following the approach by 

Sobel and Tank (1994) I have used the advantages of the cricket ON1 neuron to 

investigate how the level of free intracellular Ca
2+

 changes during acoustic 

stimulation within individual neurites of ON1 reflect the cell’s spatial and temporal 

integration of synaptic inputs and spike activity underlying sound processing. 

 

METHODS 

 

Animals 

Female crickets (Gryllus bimaculatus) with intact ears were selected from the colony 

kept at the Department of Zoology, University of Cambridge, which is maintained on 

a 12L:12D light cycle. Prior to dissection animals were cold anaesthetised at 4°C for 

10-20mins. 

 

Dissection 

Animals were placed ventral side up in Plasticine
TM

. Mid- and hind-legs were pinned 

down while the front legs were fixed with bee’s wax to a holder at the tarsus to keep 

them in walking position. Additionally the coxa was waxed to the prothoracic 

segment. A ring of wax was build-up around the sternite and neck of the animal to 

hold saline (140mM NaCl, 10mM KCl, 4mM CaCl2, 4mM NaHCO3, 6mM 

NaH2PO4) at all times. The gut was removed via an incision in the abdomen that was 

sealed with wax afterwards. The prothoracic ganglion was exposed and a small metal 

platform with an optic fibre embedded in it was placed underneath. The optic fibre 

was used for bright field illumination of the ganglion. The cervical connectives were 

cut. All peripheral nerves were left intact. The prothoracic ganglion was held in 

position by a small fork placed on the trunks of the cut connectives. To disconnect the 

auditory input of an ear (Fig.3.5B-D) the front leg was cut off at the femur. All 

experiments were performed at room temperature (21-23ºC). A total of ~200 crickets 

were used of which 31 yielded the presented data.  
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Dye injection 

Tips of thick walled microcapillaries were back-filled with either 400μM Oregon 

Green BAPTA-1 (Molecular Probes, Eugene, Oregon) dissolved in 400μM KAc or 

with 2mM Calcium Green5N (Molecular Probes) dissolved in distilled water. Shafts 

of electrodes were filled with 1M KAc. Resistances of microelectrodes varied 

between 100 and 200 M. Cells were filled with the Ca
2+

 indicator by applying a 1-

4nA hyperpolarising current for 5-15mins. I could not control the exact concentration 

of the dye in the cell. Care was taken to use the lowest possible intracellular dye 

concentration that would yield detectable fluorescence and minimise chelating 

artefacts. The electrode was removed and the preparation was left for at least 60mins 

in order to allow the dye to diffuse throughout the neuron. Due to the relatively high 

Kd of Calcium Green5N (14μM) this dye was preferred for experiments where the 

temporal dynamics of Ca
2+

 were analysed (Fig.3.1). Oregon Green BAPTA-1 (Kd: 

170nM) was superior in terms of diffusion throughout the cell and brightness, and was 

used to reveal the spatial distribution of Ca
2+

 as well as for simultaneous recordings of 

Ca
2+

 and membrane potential (Figs. 3.2-3.6). Time courses given indicate the most 

typical examples of responses, measured with Calcium Green5N.  

 

Electrophysiological recordings 

After the staining procedure thick walled micropipettes with resistances of 60-120 

M filled with 1M KAc were used to intracellularly record either from the main 

axonal branch or close to the point of convergence of the two dendritic branches 

(Fig.3.1), where the neurites have the largest diameter. Recordings lasted for up to 2 

hrs. As this second electrode was non-fluorescing it did not interfere with optical 

recordings. Physiological signals were recorded using an SEC-10L amplifier (NPI, 

Tamm, Germany) and digitised at 10kHz using an AD board (MIO 16E4 National 

Instruments, Austin, Texas) linked to custom built software  running under LabView 

5.01 (National Instruments). The manipulation of ionic currents in vivo is very 

difficult and can be very expensive in the model system at hand, and was so far not 

attempted.   
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Optical recordings 

Injected dyes were excited with monochromatic light at 494nm (10nm bandwidth) 

(Optoscan Monochromator CAIRN Research, Faversham, UK). Indicator 

fluorescence emission in the range of 515-560μm was detected by a cooled CCD 

camera (Andor iXon DV887, back illuminated, 90% quantum efficiency with single 

photon sensitivity at -65ºC, 12bit amplitude resolution) operating at 90Hz at 128x128 

pixel resolution (10.5ms integration time, with 0.5ms inter-frame intervals). This was 

attached to a Leica DMLFS microscope. For simultaneous electrophysiological and 

optical recordings a 10X dry objective (Leica: N.A. 0.25, 19.5mm working distance) 

was used to allow space for the electrode. In all other experiments a 10X (N.A. 0.3), 

20X (N.A. 0.5) or 40X (N.A. 0.8) water immersion objective was used. Data was 

sampled using AQM Advance 6 software (Kinetic Imaging – Andor, Belfast, N. 

Ireland). 

In each ON1 analysed the following compartments could clearly be 

distinguished and were defined as separate regions of interest for image analysis: the 

axon, 2 major dendritic branches (D1 and D2), two prominent branches with axonal 

terminals (T1 and T2), and the spike generating zone (SGZ) (Fig.3.1A). This was 

located next to the convergence point of the two main dendrites where the neurite was 

particularly thick. Electrophysiological recordings at this region showed small spikes 

riding on large EPSPs, while recordings further along the axon demonstrated large 

spikes and no/small EPSPs (Selverston 1985, personal observations). In addition in 

some preparations it was possible to image the primary neurite and soma as well when 

located in the same plane as the rest of the neuron.  

Single acoustic stimuli (>60dB SPL) led to fluorescence changes of up to 20% 

and were clearly detectable in single trials of acoustic stimulation (Fig.3.3, 3.4, 3.5). 

Averaging over several trials was only used when the exact time course of the Ca
2+

 

response was to be analysed, or particularly small changes in Ca
2+

 were to be detected 

(Figs.3.1, 3.2, 3.6). Due to light scattering I could not specifically resolve the Ca
2+

 

signal in individual small diameter secondary and tertiary neurites of ON1. Therefore 

all analysis considers primary neurites and the summed activity of adjacent smaller 

branches (Figs.3.1B,C). 
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Acoustic stimulation 

Sound stimuli were generated in CoolEdit 2000 (Syntrillium, Phoenix, US) and 

presented by a pair of headphone speakers attached to the wide ends of 15cm conical 

copper-tubes acting as sound guides. The speakers were aligned at 90 deg left and 

right to the animal's length axis. The narrow end of the tubes was placed 2cm from the 

opening of the respective auditory spiracle. Intensities of stimuli were calibrated 

(Amplifier Type 2610 with 4133 microphone Bruel and Kjaer, Nærum, Denmark) to 

an accuracy of +/- 1dB Sound Pressure Level (SPL relative to 2x10-5 Pa) at the 

position of the spiracle. Unless stated otherwise carrier frequency of sound stimuli 

was 4.8kHz. Background noise in the room was <45dB SPL. 

 

Data analysis 

Imaging data was first converted in AQM Advanced 6 to be read by ImageJ 1.33u 

(US National Institutes of Health). Grey levels over time could be calculated for 

arbitrary regions of interest. Values given are changes in fluorescence relative to 

background intensity at that region (ΔF/F). Imaging data was precisely aligned with 

electrophysiological data in Neurolab (Hedwig and Knepper 1992) using camera 

generated TTL pulses indicating the timing of every frame taken. Further data 

analysis was performed using MatLab 6.5 (Mathworks, Natick, MA).  

 

RESULTS 

 

Ca
2+

 dynamics in different neurites 

We used a 1s sound pulse (90dB SPL, 4.8kHz) to characterise the spatio-temporal 

Ca
2+

 response profile of the Omega Neuron-1 (ON1). Acoustic stimulation led to Ca
2+

 

increases in all regions, with the axonal terminals (T1, T2), the medial dendrite (D1) 

and the putative spike generating zone (SGZ) exhibiting greatest amplitude changes, 

followed by the lateral dendrite (D2) and the axon (Fig.3.1). Within the dendrite and 

axonal terminals the rise times of Ca
2+

 transients in response to acoustic stimulation 

were faster than decay times (τrise=177ms, τdecay=237ms, Calcium Green-5N). 

Generally T1,T2 exhibited slightly faster changes than D1,D2. In experiments where 

Oregon Green BAPTA-1 was used Ca
2+

 dynamics were generally slower, due to the 

greater chelating effect of the dye. 



  Chapter 3 

 45 

At the SGZ pronounced Ca
2+

 elevations were present despite the lack of any fine 

neurites in that region. Here the Ca
2+ 

rise and decay times are slower, (τrise=298ms, 

τdecay=1265ms) (Fig.3.1D). Consequently the Ca
2+

 level was elevated for hundreds of 

milliseconds longer than at D1,D2 or T1,T2. This relates to a prominent spatial 

change in the Ca
2+

 distribution. During the first 500ms of the acoustic stimulus the 

peak Ca
2+

 transient at D1 started shifting towards the SGZ at a velocity of ~100μm/s 

(Fig.3.1E, F). No Ca
2+

 shift occurred at the axonal side of the neuron despite that a 

similar spatial arrangement exists prior to the main axonal branching site. 

After about 5-10s of repeated stimulation even the axon and soma showed 

distinct Ca
2+

 signals. Time courses of Ca
2+

 elevations here varied as a function of 

distance from T1, T2 and D1, D2 (data not shown), indicating that Ca
2+

 enters the 

axon and soma by diffusion from T1, T2 and D1, D2 (See also Fig.3.4C). 

 

Correlations between membrane potential and Ca
2+

 dynamics  

Upon excitatory synaptic activation Ca
2+ 

may enter the cytosol through voltage or 

ligand gated channels as well as through release from intracellular stores (Gallin and 

Greenberg 1995, Berridge 1998). Once inside the cytosol however, Ca
2+

 may in turn 

act as a regulator of the cell’s excitatory activity through activation of an outward 

current (Sobel and Tank 1994, Berridge 1998, Sah and Faber 2002). I therefore 

analysed the relationship between Ca
2+

 and the cell’s electrical activity. Since the Ca
2+

 

dynamics at D1 and D2 and T1 and T2 respectively were very similar for further 

analysis only T1 versus D1 were considered. 

We averaged the Ca
2+

 signal triggered by spikes occurring at low discharge rates 

(<5Hz) in quiescent preparations. This revealed distinct elevations in Ca
2+

 with a 

maximum amplitude of ~0.2% change in fluorescence at the spike generating zone 

(not shown), the axonal terminals and the dendrites (Fig.3.2A). Following the 

occurrence of spikes the Ca
2+

 change exhibited a rapid rise time (<10ms) followed by 

a slower decay time (>200ms). 

Since single spikes caused small Ca
2+

 transients variation of acoustic stimulus 

parameters should evoke different response patterns in both spike rate and Ca
2+

 

transients. Given the putative presence of voltage-gated Ca
2+

 channels at both T1 and 

D1, effects on Ca
2+

 transients here may be secondary to effects in spike rate. 

Increasing ipsilateral sound amplitude from 50 to 90dB SPL revealed a linear 

relationship between stimulus intensity up to 80dB SPL (note that dB scales 
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logarithmically) and the following four parameters: mean spike rate, peak spike rate, 

D1 peak Ca
2+

 level and the reciprocal of the time constant of Ca
2+

 rise (τCa2+
 -1

) 

(Fig.3.2B). In order to separate the effects of peak spike rate and mean spike rate on 

the Ca
2+

 changes the onset rate of the sound stimuli was systematically altered. 

Increasing sound onset rate had a large effect on peak spike rate but only caused a 

very small decrease of the mean spike rate (Fig.3.2C-E). Now the steady state Ca
2+

 

level followed the trend of mean spike rate, while the Ca
2+

 influx rate (proportional to 

τCa2+
 -1

) varied with peak spike rate (Fig.3.2E). 

Once in the cytosol, Ca
2+

 can affect the membrane potential and evoke a 

hyperpolarization via Ca
2+

 activated K
+
 currents (Sobel and Tank 1994, Sah and Faber 

2002). A pronounced (at least 5mV) after-hyperpolarisation, recorded at T1, followed 

at the end of acoustic stimulation in ON1 (Fig.3.3A). The decay of this 

hyperpolarisation strongly correlated with the decay in Ca
2+

 at the SGZ (r=-0.9640), 

at T1 (r=-0.9577) and D1 (r=-0.9574) (Fig.3.3B).  However within the initial phase 

when the hyperpolarisation is strongest (~0-1s after stimulus offset) Ca
2+

 at the SGZ, 

and to a smaller degree also at T1, is not linearly related to membrane potential, but 

instead is higher than indicated by the linear regression. This indicates that Ca
2+

 at the 

SGZ may have a particularly large effect on hyperpolarisation.  

Since Ca
2+

 entry to ON1 at different compartments occurs over hundreds of 

milliseconds (τrise=177ms at D1 and τrise=298ms at the SGZ) it probably does not 

contribute to the rapid decrease of ON1’s spike rate after an initial phasic response 

which occurs within the first ~50ms after stimulus onset (Fig.3.3A, 3.2C), but instead 

may contribute to a slower component of adaptation. 

 

Temporal pattern processing in ON1 and Ca
2+

 dynamics 

How are the changes in Ca
2+

 related to the processing of behaviourally relevant 

auditory patterns?  The calling song of crickets may last for many hours. In G. 

bimaculatus it consists of chirps composed of 4-6 syllables (21 ms duration) at a 

syllable period approximating 42ms and a chirp repetition rate around 2 Hz (Doherty 

1985) (Fig.3.4A,B).  Three time scales are hence to be considered: (1) responses to 

syllables, (2) responses to chirps and (3) long term effects of song processing. During 

the first 1-2 chirps of calling song presentation a general Ca
2+

 elevation was 

established. Ca
2+

 levels oscillated to the chirp pattern of 2Hz around this elevation 

(Fig.3.4B). After the first 2-3 chirps, oscillations at T1 and D1 were more pronounced 
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(25% of the elevation amplitude) than at the SGZ (15% of the elevation amplitude). 

At the SGZ this resulted in a greater overall Ca
2+

 elevation to species-specific song 

than at T1 or D1. Up to natural syllable periods of 42ms Ca
2+

 levels did not decay 

between syllables. With longer syllable periods a distinct decay in Ca
2+

 between 

individual syllables occurred (Fig.3.4A). The Ca
2+

 dynamics therefore exhibited 

properties of a low pass filter for the syllable pattern.  

Prolonged stimulation for at least 5 minutes did not change the oscillation 

amplitudes and general elevation levels (Fig.3.4C). Ca
2+

 signals in axon and soma 

occurred only after 5-10s stimulation and then remained high for the duration of 

extended stimulation. 

 

Integration of excitatory and inhibitory inputs 

During phonotaxis crickets use interaural sound level differences to localise a calling 

conspecific (Larsen et al. 1989). The paired ON1 enhance bilateral auditory contrast 

through recurrent inhibition (Selverston et al. 1985, Wiese and Eilts 1985, Römer and 

Krusch 2000). In each ON1 ipsilateral excitation by afferents is processed 

simultaneously with inhibition from the contralateral ON1. The neuron is therefore a 

model system for the analysis of the interplay of inhibition with excitation. Low 

sound amplitudes (60dB SPL) were used to activate the ears independently. During 

the ipsilateral presentation of a 2000ms sound a second contralateral stimulus of 

500ms duration was given. This led to a sudden cessation in spiking, which then 

recovered towards a spike rate of 50Hz while the contralateral stimulus was still on. 

Simultaneously a distinct decrease in Ca
2+

 occurred particularly at T1 (28%) and D1 

(24%), and to a lesser degree (10%) at the SGZ  (Fig.3.5A).  

In order to dissociate the effects of inhibition and excitation the ipsilateral ear 

providing most excitatory auditory inputs (Watson and Hardt 1996) was removed. 

Recordings of the membrane potential near T1 now revealed clear IPSPs in response 

to contralateral acoustic stimulation (Fig.3.5B). During contralateral acoustic 

stimulation Ca
2+

 decreased by 1% in the dendrite (5 out of 7 animals, 2 showed no 

effect), due to the inhibition suppressing the ongoing spike activity. Ca
2+

 at the axonal 

branches (T1, T2), however, increased by about 1.5% (about 10 times less than during 

ipsilateral stimulation) during the inhibition (6 out of 7 animals) (Fig.3.5C,D). This 

result cannot be explained by the reduced spike activity but rather may indicate a 

direct synaptic input to the axonal terminals activated by contralateral acoustic 
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stimulation as previously suggested for crickets (Selverston et al. 1985, Watson and 

Hardt 1996) as well as bushcrickets (Molina and Stumpner 2005). 

 

Sound frequency integration 

The lowest threshold of ON1 is at 4-5kHz, but it responds to frequencies in a range 

from 3 to 20 kHz at 75dB SPL (Schildberger 1988). Its dendrites extend along the 

axonal projections of the auditory afferents in the auditory neuropil (Esch et al. 1980, 

Wohlers and Huber 1982, Imaizumi and Pollack 2005). I therefore tested for a 

tonotopic arrangement of auditory inputs along the dendritic branches (D1,D2). At the 

axonal terminals (T1,T2), however, the spatial distribution of Ca
2+

 activity is not 

expected to directly depend on input frequency, but instead depend on the resultant 

spiking response.  

ON1 was stimulated with 1s sounds (75dB SPL, 0.25 Hz repetition rate) at 

frequencies between 3-20kHz (steps of 1kHz for 3-6kHz, steps of 2kHz for 8-20kHz) 

and Ca
2+

 was imaged. Adjacent regions of interest were defined along T2, T1, D1 and 

D2, each covering 35μm along the length of these neurites (Fig.3.6). The Ca
2+ 

response at each region of interest was normalised to the maximum response across 

the frequencies tested. As expected, along the axonal neurites T1,T2, which are 

activated by the spike pattern of the neuron, no spatial pattern of frequency 

representation occurred. Here the response to sound frequencies peaked at 4-5kHz 

corresponding to the tuning of the neuron (Schildberger 1988). Along the dendrites 

D1,D2, which respond to synaptic potentials and invading spikes, a tonotopic 

arrangement of sound frequency inputs was observed. The arborisations of D1 

responded more strongly to low frequency sound (4-5kHz), and D2 showed a greater 

responsiveness to high frequencies (~12kHz). The frequency tuning at the axonal 

terminals (T1,T2) reflects responses at D1 better than at D2. This is most likely due to 

the greater spatial proximity of D1 relative to the spike generating zone. Interestingly, 

in addition the low frequency band at T1,T2 is narrower than at D1,D2, with 

responses to frequencies below 4kHz at T1,T2 being weaker than compared to D1,D2. 
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DISCUSSION 

 

The planar structure of the Omega Neuron-1 offers the possibility to record Ca
2+

 

dynamics in both input and output neurites at the same time, and to relate Ca
2+

 

changes to simultaneously recorded electrical activity and the functional properties of 

the cell.  

 

Methodological considerations 

Due to the nature of our staining and recording techniques it was impossible to 

determine the absolute concentration of Ca
2+

 dye in the individual compartments of 

our cells. Inherent to the method chelating artefacts introduced by the dyes could 

affect time courses and diffusion velocities measured. For a review of problems 

associated with Ca
2+

 imaging using fluorescent indicators see Berridge (1998) or 

Augustine et al. (2003). Several steps were taken to minimise chelating artefacts: (1) 

minimal concentrations of dye which would yield a detectable fluorescent change 

upon acoustic stimulation were used. (2) A gap of at least 60mins between the 

staining and the recording process was left to allow diffusion of the dye throughout 

the cell. (3) Staining of the cell was performed at two different locations in different 

experiments (near the SGZ and in the axon near the terminals), and the effects of a 

dye concentration gradient after 60mins diffusion was judged minimal. (4) A low 

affinity dye (Calcium Green-5N) was employed to determine more exact time courses 

(Fig.3.1) to reduce the extent of chelating artefacts introduced by the higher affinity 

dye Oregon Green BAPTA-1. Consequently velocities of Ca
2+

 changes presented in 

this study are if anything an underestimation, with Fig.3.1 presenting the most 

accurate indication.  

The manipulation of specific ionic channels was not attempted. Accordingly 

conclusions drawn about possible ionic currents underlying the observed changes in 

cell physiology in response to acoustic stimulation are based on characterised Ca
2+

 

effects in similar studies (Wicher & Penzlin 1997, Single & Borst 1998, Nakamura et 

al. 1999, Augustine et al. 2003). 
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Ca
2+

 dynamics in different neurites 

Ca
2+

 may enter the cytosolic phase in three different ways: (1) entry through voltage 

gated Ca
2+

 channels (2) entry through ligand gated channels and (3) release from 

intracellular stores (Berridge 1998). Ca
2+

 entry at presynaptic terminals occurs via 

voltage gated channels (Berridge 1998). Ca
2+

 elevations at both the axonal terminals 

(T1,T2) and the dendrites (D1,D2) to single spikes (Fig.3.2A) suggest the presence of 

voltage gated Ca
2+

 channels at both types of neurites, and may underlie the rapid Ca
2+

 

dynamics at these branches in response to acoustic stimulation (Fig.3.1D). I could not 

distinguish between contributions from high and low voltage gated channels (Wicher 

and Penzlin 1997). The much slower Ca
2+

 dynamics at soma and axon varied as a 

function of distance from these primary entry areas and therefore indicates passive 

diffusion of Ca
2+

 (Fig.3.1A,D). 

Assuming passive electrical signal propagation properties in the dendrites, a 

leakage of Ca
2+

 through ligand gated channels or alternatively its release from 

intracellular stores at the dendrites (D1,D2) is suggested by the tonotopic arrangement 

of excitation. Additionally the observed small but significant Ca
2+

 elevation in axonal 

branches upon contralateral acoustic stimulation despite the absence of spike activity 

indicates an entry of Ca
2+

 through a mechanism other than through voltage gated 

channels at the terminals (T1,T2) (Fig. 6B-D). It can at this point not be concluded 

whether or not this elevation in Ca
2+

 contributes to the release of synaptic vesicles. 

 

A key question for the function of ON1 is where Ca
2+

 at the SGZ is derived from. The 

particularly slow Ca
2+

 dynamics at the SGZ are unlikely to be the result of a non-

uniform dye distribution as staining ON1 at different sites and with minimum 

concentrations of Calcium Green5N reliably yielded very similar spatio-temporal 

Ca
2+

 distributions. Instead they could be a result of the large size of the SGZ. The 

increased cytoplasmic volume dictates that free intracellular Ca
2+

 concentration rises 

more slowly than at thinner neurites if the same Ca
2+

 influx occurs. Alternatively the 

peak Ca
2+

 transient travelling from D1 to the SGZ (Fig.3.1E,F) may result from 

movement of Ca
2+

 ions through the cytosol. In comparison with the similar cytosolic 

volume compartment at the junction of the axonal terminals (T1) and the axon, the 

speed and amplitude of Ca
2+

 changes are much greater at the SGZ. A pure passive 

diffusion model is therefore unsatisfactory, and active transport or propagation 

processes from the dendrites to the SGZ may have to be assumed. Ca
2+

 waves in 
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neurons of similar spatio-temporal properties have been described previously, e.g. in 

hippocampal CA1 neurons (Nakamura et al. 1999, 2000). 

 

Interdependence of Ca
2+

 and membrane potential 

Ca
2+

 enters the cytosolic phase of ON1 as a result of depolarising synaptic input 

and/or intracellular release and spike activity. Once inside, Ca
2+

 contributes to the 

control of the membrane potential for example through a Ca
2+

 activated 

hyperpolarising current (Sah and Faber 2002) as in blowfly large monopolar cells 

(Hardie and Weckström 1990) as well as in ON1 (cricket: Acheta domestica, Sobel 

and Tank 1994). This negative feedback loop of cell excitability is a key element of 

ON1 response properties in temporal pattern processing and noise suppression. 

We observed that the after-stimulus hyperpolarisation correlates with the free 

cytosolic Ca
2+

 concentration at the SGZ, the dendrites and the axonal terminals 

(Fig.3.3). Notably any dendritic contribution to hyperpolarisation will have been 

attenuated at the recording site near T1. Since the amount of this attenuation is not 

known it was not included into calculations. Nonetheless, immediately after the end of 

acoustic stimulation hyperpolarisation and Ca
2+

 at the SGZ was particularly high 

(Fig.3.1D,F, Fig.3.3B). This suggests that hyperpolarisation of ON1 as a function of 

its own spike activity may be driven in particular by the SGZ. Functionally this 

appears to be a very efficient mechanism of ON1 to control spiking activity. The 

impact of EPSPs in generating spikes could be reduced at the very site where it is 

translated into a series of spikes. 

Increasing sound intensity resulted in linear increases of the final Ca
2+

 

elevation, rate of Ca
2+

 rise, mean spike rate and peak spike rate relative to the 

logarithmic dB scale, all saturating at 80dB (Fig.3.2B). Within the range of 50-80dB 

ON1 hence encodes stimulus intensity in dB linearly not only in spike rate parameters 

but also in Ca
2+

 rate of rise and concentration. Increasing stimulus onset rate strongly 

increased peak spike rate without changing the final mean spike rate (Fig.3.2C,D,E).  

Final Ca
2+

 elevation however correlated with mean spike rate. This indicates that the 

peak spike rate does affect the rate of Ca
2+

 rise while the final Ca
2+

 level and the mean 

spike rate are interdependent. The functional consequence of these particular Ca
2+

 

dynamics is that transient peaks in spike rate, thought critical in temporal pattern 

processing (Nabatiyan et al. 2003), are maintained relative to a generally suppressed 

background activity. In this way peaks in spike rate can not only operate to transmit 
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the temporal structure of species-specific song to postsynaptic targets, but at the same 

time maintain intracellular Ca
2+

 at a high level.   

 

Temporal pattern processing 

Upon species-specific song presentation Ca
2+

 levels oscillated in the chirp rhythm 

around a general sustained elevation, the level of which coincides with a 

simultaneously maintained hyperpolarisation between chirps (Fig.3.4B). This 

hyperpolarisation has previously been shown to keep background activity below the 

threshold for spike generation (Pollack 1988, Sobel and Tank 1994).  

Ca
2+

 did not decay during species-specific inter-syllable intervals (Fig.3.4A). 

However Ca
2+

 levels oscillated in the slower chirp rhythm. Ca
2+

 dynamics in ON1 

therefore provide a low pass filter of temporal pattern, as previously shown for peak 

spike rate (Nabatiyan et al. 2003).  

Over prolonged acoustic stimulation amplitudes of Ca
2+

 oscillations were 

constant in all cellular compartments (Fig.3.4C). Elevations in free intracellular Ca
2+

 

occurred only gradually in the axon and the soma, which in most insect neurons has 

only a passive role in electrical signalling. The Ca
2+

 elevation in the cell body may 

allow an activation of long-term processes such as the mobilisation of dormant 

proteins or even enhanced translation or transcription to meet the requirements of the 

neuron (West et al. 2001) exposed to continuous song.  

 

Integration of excitatory and inhibitory inputs 

The bilaterally paired ON1 form a network of recurrent inhibition (Selverston et al. 

1985) which allows for the enhancement of bilateral auditory contrast (Wiese and 

Eilts 1985) and supports directional processing. During sound processing ON1 

integrates ipsilateral excitatory inputs from auditory afferents (Imaizumi and Pollack 

2005) and inhibitory inputs from its contralateral counterpart. Presentation of a 

contralateral stimulus during ongoing ipsilateral stimulation demonstrated this 

integration not only in membrane potential but also in the Ca
2+

 signals (Fig.3.5A). 

The initial cessation of spiking in response to the contralateral sound is accompanied 

by a Ca
2+

 decay rate similar to the Ca
2+

 rate at ipsilateral sound offset. Changes in 

Ca
2+

 may therefore be the consequence of the decreased spike rate. Again, at the SGZ 

the decay in Ca
2+

 due to the inhibition was less pronounced than at the axonal 

terminals or dendritic areas. Therefore, the two different mechanisms acting to reduce 
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spiking activity in ON1, that is contralateral synaptic inhibition and internal Ca
2+

 

controlled K
+
 conductance at the SGZ, interfere only to a small degree. The functional 

consequence of this is that - in our stimulation paradigm - the two types of inhibition 

are effectively additive. A decrease in Ca
2+

 due to an inhibitory synaptic input was 

demonstrated in blowfly tangential neurons (Single and Borst 1998), however 

interactions between excitation and inhibition were not studied in detail. 

 

After removing ipsilateral excitatory inputs, intracellular recordings demonstrated 

distinct IPSPs to contralateral acoustic stimulation (Fig.3.5B). Now Ca
2+ 

at the 

dendrites (D1,D2) decreased due to the reduced resting spike activity (Fig.3.5C,D). 

Critically however, Ca
2+ 

at the axonal branches T1,T2 still showed a clear increase to 

the contralateral acoustic stimulus. This indicates a contralateral synaptic input to the 

axonal terminals of ON1 which was unmasked by removing the ipsilateral ear. It is 

unclear by what mechanism Ca
2+

 enters ON1 here, however it is unlikely to be 

dependent on voltage gated channels. Pre-synaptic inputs onto ON1 axonal terminals 

are indicated on the basis of ultrastructural studies (Watson and Hardt 1996), and may 

be the basis for the observed changes. 

 

Sound frequency integration 

The population of Gryllus bimaculatus auditory afferents encodes a frequency range 

of 3-20kHz (Oldfield et al. 1986). In other, closely related species, their axonal 

terminals project in a tonotopic fashion in the prothoracic auditory neuropil (Römer 

1983, Oldfield et al. 1986, Römer et al. 1988). In crickets high frequency coding 

afferents terminate both medially and laterally, while lower frequency afferents 

project medially (Imaizumi and Pollack 2005). The G. bimaculatus ON1 encodes a 

wider frequency range than individual afferents (Schildberger 1988, personal 

observations), and extends its dendrite along the same projection area as the 

tonotopicity map of afferent terminals. 

Accordingly, Ca
2+

 responses along the dendrites revealed a tonotopic input 

arrangement: medially low (4-5kHz) frequency inputs predominated (D1), the medial 

end of the lateral branches (D2) received both low and high (10-14kHz) frequency 

inputs, and towards the lateral tip of the lateral dendrites (D2) low frequency inputs 

ceased and 20kHz inputs occurred (Fig.3.6). At the axonal terminals (T1,T2) no such 

tonotopicity was observed. Here high frequency components, although prominent at 



  Chapter 3 

 54 

the lateral dendrite (D2), were weaker than low frequency components. Notably 

intracellular diffusion of Ca
2+

 may have contaminated the measurements which were 

taken over 1s, tonotopicity may therefore be more pronounced than presented here.   

Assuming passive electrical signal propagation properties in the dendrites 

(London and Häusser 2005), the large distance of D2 towards the SGZ, as compared 

to D1 towards the SGZ, may functionally result in spatial filtering of EPSPs between 

D2 and the SGZ, giving them a weaker effect on spike generation. This demonstrates 

how tonotopicity can be exploited for sound frequency filtering within a single 

neuron. However most synaptic connections between ON1 and auditory afferents are 

located towards the distal ends of the smaller neurites along D1 and D2 (Watson and 

Hardt 1996), therefore a large proportion of input attenuation may occur before 

reaching the main dendritic arms. Additionally Ca
2+

 transients measured at the lateral 

dendrite (D2) are generally weaker than at the medial dendrite (D1) (Fig.3.1B). 

Pollack (1994) found that presentation of 30kHz stimuli to ON1 in Teleogryllus 

oceanicus elcicited larger EPSP amplitudes at the SGZ than 5kHz inputs. However, 

given the increased flight activity and expanded hearing range towards the ultrasound 

of T. oceanicus relative to G. bimaculatus this finding may reflect an increased 

importance in high frequency sound processing in this species. This may be revealed 

using Ca
2+

 imaging in the Omega Neuron-1 of T. oceanicus.  

Given this underrepresentation of high frequency inputs an interesting 

question is why ON1 of G. bimaculatus receives these inputs at all? One possibility 

may lie in the extraction of timing information: high frequency auditory afferents also 

weakly respond to low frequency inputs (Oldfield et al. 1986). In response to each 

low frequency pulse almost the entire population of auditory afferents produces at 

least one spike at sound onset. ON1 may make use of this synchronised spike activity 

across the population of auditory afferents to extract the best estimate of sound onset 

timing. The high peak spike rates of ON1 in response to sound pulses with a sharp 

sound onset (Nabatiyan et al. 2003), but not to a slower ramped onset, are indicative 

of such a principle. 

Interestingly, the broad frequency band centred around 4-5kHz at the medial 

dendrite and the medial end of the lateral dendrite is narrower at the axonal terminals, 

with components below 4kHz reduced in amplitude. While it is unclear how such 

frequency filtering is achieved, it cannot result from the distance between inputs and 

the SGZ.  
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Future Experiments 

The manipulation of ion channels and internal Ca
2+

 release mechanisms through 

specific blockers could lead to a more complete understanding of the relationship 

between synaptic inputs, Ca
2+

 entry and the activation of hyperpolarising outwards 

currents in ON1. Furthermore site-specific flash photolysis of caged Ca
2+

, Ca
2+

 

buffers or Inositol-1-4-5-triphosphate should clarify the role of the SGZ in supporting 

the observed gain control properties of ON1. 
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Figure 3.1: The 

spatio-temporal Ca
2+

 

profile of the Omega 

Neuron-1. (A) 

Structure of ON1. 

Regions highlighted 

are: 2 main branches 

of axonal terminals 

(T1,T2), 2 branches of 

the dendrite (D1,D2), 

the spike generating 

zone (SGZ), axon and 

soma.  (B) Oregon 

Green BAPTA-1 

staining of ON1 in 

vivo. All major 

branches of the 

neuron can be imaged 

simultaneously. The 

soma is out of focus in 

the top right corner. 

(C) Distribution of 

Ca
2+

 changes (ΔF/F) 

after 1s of acoustic 

stimulation (90dB 

SPL, 4.8kHz). (D) 

Spatio-temporal Ca
2+

 

dynamics (ΔF/F) 

during acoustic stimulation as in (C), using Calcium Green-5N (10 trials averaged).  

T1,T2 and D1,D2 exhibited the most pronounced and fastest changes in Ca
2+

 

(τrise=177ms, τdecay=237ms). Slower, yet similar amplitude changes occurred at the 

SGZ (τrise=298ms, τdecay=1265ms). The axon was slowest to respond, and amplitude 

and time course varied as a function of distance from D1,D2 and A1,A2 (τrise>500ms, 
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τdecay>1.5s). (E) Spatial Ca
2+

 distribution at D1 and SGZ at t=100ms, 1000ms and 

1200ms. Recording as in Fig.3.1D. Ca
2+

 entering the cytosol at D1 peaked 100-200ms 

after sound pulse onset, and the peak Ca
2+

 transient travelled towards the SGZ during 

presentation of the acoustic stimulus. After stimulus offset Ca
2+

 remained highest at 

the SGZ. (F) Series of Ca
2+

 ΔF/F profiles between D1 and the SGZ along transect in 

(E). Profiles calculated at 100 ms intervals with 10 trials averaged. The peak elevation 

in Ca
2+

 shifts from D1 towards the SGZ within the first 500ms of stimulation. At the 

SGZ it remained high even seconds after stimulus offset, when Ca
2+

 at D1 had 

returned to resting levels. Different sets of pseudocolours were used in (E) and (F); 

(n=17 animals). 
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Figure 3.2:  Spike 

frequency determines 

Ca
2+

 influx. (A) 

Average Ca
2+

 responses 

at T1 and D1 to single 

spikes generated at low 

discharge rate (1000 

spikes averaged). (B) 

Increasing acoustic 

stimulus intensity (all 1s 

4.8kHz) from 50-90dB 

SPL revealed that peak 

spike rate (PSR), mean 

spike rate (MSR), final 

Ca
2+

 level ΔF/F at D1, 

and the reciprocal of the 

time constant of Ca
2+ 

rise at D1 (τCa
2+ -1

) scale 

linearly with stimulus 

intensity up to 80dB 

SPL. At 90dB SPL the 

system is saturated. 

Values were normalised to their maximum (100%). (C) Fast sound onset rates 

resulted in high peak spike rates, independent of mean spike rate. The velocity of Ca
2+ 

rise increased for higher peak spike rates. (D) Altering sound onset rate only had a 

small decreasing effect on mean spike rate and D1 final Ca
2+

 level (ΔF/F). (E) The 

sound onset rate had a strong effect on both peak spike rate and the reciprocal of the 

time constant of Ca
2+ 

rise (τCa
2+ -1

). Faster onset rates resulted in higher peak spike 

rates and shorter time constants of Ca
2+ 

rise; (n=3 animals). 
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Figure 3.3: Ca
2+

 determines membrane potential. (A) Single trial of 

simultaneously recorded responses of membrane potential and Ca
2+

 transients to a 1s, 

90dB sound pulse. At sound offset a marked hyperpolarisation occurs. Ca
2+ 

levels at 

the SGZ are highest for the entire decay phase. (B) The recovery from 

hyperpolarisation strongly correlated with the decay in Ca
2+

 level at the SGZ, D1 and 

T1; (n=3 animals). 
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Figure 3.4: 

Temporal pattern 

processing. (A) 

Simultaneously 

recorded spike 

frequency and Ca
2+

 

dynamics in response 

to chirps with 

different syllable 

periods (SP), averaged 

over 20 chirps. (B) 

Single trial of spike 

activity and Ca
2+

 

changes in ON1 

during presentation of 

artificial calling song. 

Ca
2+

 levels increased 

and clearly oscillated 

to individual chirps at 

input regions of the 

cell (D1) whereas 

Ca
2+

 at the SGZ 

showed weaker 

oscillations. (C) 

Continuous 

presentation of the 

artificial calling song 

for 5mins. Within 10s of acoustic stimulation Ca
2+

 transients reached the axon and 

soma (insets); (A), (B): n=8 animals with 3 simultaneous recordings of Ca
2+

 and 

membrane potential, (C): 4 animals. 
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Figure 3.5: 

Integration of 

excitation and 

inhibition. (A) Single 

trial simultaneous 

recording of 

membrane potential 

and Ca
2+

 dynamics 

demonstrating 

contralateral 

inhibition. 

Presentation of a short 

contralateral acoustic 

stimulus (500ms, 

60dB SPL) during 

presentation of a 

2000ms ipsilateral 

acoustic stimulus 

(60dB SPL) resulted 

in a decreased spike 

rate. This was 

accompanied by 

strong reductions in 

Ca
2+

 level at D1 and 

T1, and a weaker reduction at the SGZ. (B) After removal of the ipsilateral ear 

distinct IPSPs were elicited upon contralateral acoustic stimulation. (C) Now 

contralateral acoustic stimulation resulted in a decrease of Ca
2+

 at D1, whereas at T1 

an increase occurred. (D) Spatial distribution of changes as in seen in C (ΔF/F), 

demonstrates the opposite responses in dendrite (D1) and terminals (T1); ((A): n=10 

animals, (B-D): 7 animals). 
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Figure 3.6: Frequency integration 

and tonotopicity. Ca
2+

 responses to 

acoustic stimuli (1s, 75dB) at varying 

sound frequencies, shown for a single 

animal. Responses were calculated 

for adjacent positions along T2, T1, 

D1 and D2 as indicated by arrows. 

The responses to all frequencies 

tested were normalised to the 

maximal response at each position 

indicated. Peak Ca
2+ 

ΔF/F to each 

stimulus are colour coded as 

indicated in the dots next to the 

example traces. The peaks of the 

three example traces in the bottom 

denote the differential frequency 

tuning at the three positions 

indicated. A tonotopic organisation of 

inputs along the dendrite (D1,D2) is 

revealed. The peripheral dendritic 

branch (D2) responded strongest to 

high frequency components 

(>10kHz) and D1 responded most 

strongly to lower frequencies (4-5kHz). Along the two axonal branches (T1,T2) no 

such differentiation occurred. (n=5 animals). 
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CHAPTER 4 

 

Dynamics of Free Intracellular Ca
2+

 during Synaptic and Spike 

Activity of Cricket Tibial Motoneurons 
 

SUMMARY  

 

The spatio-temporal dynamics, mode of entry and role of free intracellular Ca
2+

 in 

cricket (Gryllus bimaculatus) front leg tibial extensor and flexor motoneurons were 

investigated. Synaptic activation or intracellular depolarising current injection 

uniformly increased Ca
2+

 with the same dynamics throughout the primary and 

secondary branches of the dendritic tree of all motoneurons. Ca
2+

 rise times (τrise: 180-

215ms) were faster than decay times (τdecay: 1400-1700ms) and resulted in an elevated 

Ca
2+

 plateau during repetitive activation, such as during walking. The neurons 

therefore operate in a different Ca
2+

 environment during walking than during episodic 

leg movements. Ca
2+

 enters the dendritic processes of motoneurons predominately via 

low voltage activated Ca
2+

 channels. In addition smaller contributions via high 

voltage activated Ca
2+

 channels and via ligand gated Ca
2+

 channels may exist. Ca
2+

 

does not activate any prominent secondary currents, or contribute to membrane 

potential in any obvious way. EPSPs evoked by descending inputs are unaffected by 

the level of free intracellular Ca
2+

. Unlike in most neurons, the activity of tibial 

motoneurons therefore appears to be independent of the level of free intracellular Ca
2+

 

in dendrites. This may represent an essential prerequisite for the generation of spike 

patterns given the wide range of different motor sequences supported.  

 

INTRODUCTION  

 

Ca
2+

 in neurons may act in a plethora of ways to support and regulate neuronal 

processing (Borst and Egelhaaf 1992, Sobel and Tank 1994, London and Häusser 

2005), signalling and cellular processes (Berridge 1998, Bootman et al. 2001). 

Through binding to secondary proteins it may contribute to membrane potential, 

regulate synaptic transmission both pre- and postsynaptically or affect gene 

transcription and translation. Due to a precise regulation of the spatio-temporal Ca
2+
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concentration within neurons (Albritton et al. 1992, Berridge 1998, Bootman et al. 

2001, London and Häusser 2005), Ca
2+

 can play different roles in different regions of 

the same neuron at the same time (Augustine et al. 2003). To therefore understand 

neuronal processing it is critical to identify the source, spatio-temporal distribution 

and function of Ca
2+

 within neurons. 

While several studies investigated the role of free intracellular Ca
2+

 in insect 

sensory neurons (Borst and Egelhaaf 1992, Sobel and Tank 1994, Single and Borst 

1998, Galizia et al. 2000, Ogawa et al. 2002, Baden and Hedwig 2007), and the role 

of Ca
2+

 in vertebrate (Sah and McLachlan 1992, Housgaard and Kiehn 1993, Bonnot 

et al. 2002) and non-insect invertebrate (Kloppenburg et al. 2000) motoneurons, there 

is no data on free intracellular Ca
2+

 in insect motoneurons. I therefore aimed to 

demonstrate the mode of entry, the spatio-temporal distribution and the role of free 

intracellular Ca
2+

 in the cricket (Gryllus bimaculatus) front leg tibal motoneurons 

during rhythmic activity, synaptic activation and during intracellular current injection. 

The functional properties of these motoneurons are of behavioural relevance as they 

are an output pathway for phonotactic steering movements. 

 

METHODS 

 

Animals 

Female crickets (Gryllus bimaculatus) with intact front legs were selected from the 

colony kept at the Department of Zoology, University of Cambridge, which is 

maintained on a 12L:12D light cycle. Prior to dissection animals were cold 

anaesthetised at 4°C for 10-20mins. 

 

Dissections 

Animals were placed dorsal side up in Plasticine
TM

 with only the left front leg free to 

move. Left is referred to as ipsilateral. The leg was fixed with bees wax to a holder at 

the proximal femur to allow free movement of the tibia and tarsus. Following a dorsal 

incision, the gut was removed and the prothoracic ganglion exposed. The thoracic 

cavity was filled with insect saline (140mM NaCl, 10mM KCl, 4mM CaCl2, 4mM 

NaHCO3, 6mM NaH2PO4). A small metal platform with an optic fibre embedded in 

it was placed underneath the ganglion. The optic fibre was used for bright field 
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illumination. The connectives between the pro- and mesothoracic ganglia were cut but 

the connectives towards the subesophageal ganglion as well as all side nerves were 

left intact. Experiments were performed at room temperature (21-23ºC). A total of  

about 200 crickets were used, of which 51 yielded the presented data.  

 

EMG recordings  

Two varnish coated steel wires (ø: 30μm) were placed into the extensor tibia muscle 

through two small holes in the dorsal distal femur. The electrodes recorded extensor 

muscle potentials at 2-15mV amplitude and flexor muscle potentials at 0.2-3mV. 

EMG signals were recorded using an extracellular amplifier (A-M Systems, 

Differential AC Amplifier Model 1700, Sequim, WA). 

 

Electrophysiological recordings and dye injection 

Thick walled micropipettes (øouter: 1mm, øinner: 0.5mm) were used to intracellularly 

record from the main neurites of motoneurons. Tips of electrodes were back-filled 

with 400μM Oregon Green BAPTA-1 (Molecular Probes, Eugene, Oregon) dissolved 

in 400μM potassium acetate and shafts were filled with 1M potassium acetate. 

Resistances were 60-120 M and recordings lasted for up to 1h. Cells were filled 

with the Ca
2+

 indicator by applying a 1-9nA hyperpolarising current for 10-30mins 

and left for at least 30mins to allow for diffusion of the dye. This sometimes required 

re-penetration after the diffusion period. To confirm the identity of stained 

motoneurons following re-penetration I observed Ca
2+

 changes following intracellular 

depolarising current injection, and also compared the amplitude and waveform of 

elicited muscle potentials. To minimise chelating artifacts care was taken to achieve 

the lowest possible intracellular dye concentration that yielded detectable 

fluorescence. I could not determine the exact concentration of the dye in the cell 

which introduced variability in time courses of Ca
2+

 dynamics. Therefore values given 

indicate the most typical examples of responses. Intracellular signals were measured 

using an SEC-10L amplifier (NPI, Tamm, Germany).  

 

Optical recordings 

Monochromatic light at 488nm with 10nm bandwidth was used (Optoscan 

Monochromator, CAIRN Research, Faversham, UK). Indicator fluorescence emission 
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in the range of 515-560nm was detected by a cooled CCD camera (Andor iXon 

DV887, Belfast, Northern Ireland; back illuminated, 90% quantum efficiency with 

single photon sensitivity at -65ºC) operating at 50Hz with 256x256 pixel resolution. 

In another recording mode the camera operated at 140Hz at 64x64 pixel resolution. 

Due to the slow Ca
2+

 kinetics observed I judged 50Hz video data acquisition to be 

sufficient to accurately reflect Ca
2+

 changes. This also allowed a better spatial 

resolution than the fast recording mode. The camera was attached to a Leica DMLFS 

(Wetzlar, Germany) microscope. A 10X dry objective (Leica: N.A. 0.25, 19.5mm 

working distance) was used to allow space for the microelectrode. Imaging data was 

sampled using AQM Advance 6 software (Kinetic Imaging – Andor, Belfast, N. 

Ireland) and synchronised with electrophysological recordings using camera 

generated trigger pulses. All imaging analysis considers primary and secondary 

neurites and the summed activity of adjacent smaller branches. Due to light scattering 

I could not specifically resolve the Ca
2+

 signal in individual small diameter secondary 

and tertiary neurites.  

 

Electrical stimulation of descending connectives 

A small bipolar hook electrode was placed under the ipsilateral connective between 

the pro- and subesophageal ganglion, and insulated with a mixture of 90% Vaseline
TM

 

and 10% paraffin. Stimuli were generated using a Stimulus Isolation Unit (WPI A360 

SIU, Stevenage, UK), triggered by a custom built pulse generator.  

 

Pharmacological stimulation  

The ganglion was bathed in the muscarinic agonist pilocarpine (10
-3

M in saline) for 

the entire duration of pharmacological stimulation. Increased motor activity was 

commonly observed after 20-30s and persisted until the entire thoracic cavity was 

washed in saline.   

 

Data sampling and analysis  

Electrophysiological data was digitised at 10kHz using an AD board (MIO 16E4 

National Instruments, Austin, Texas) linked to custom built software  running under 

LabView 5.01 (National Instuments) and analysed in Neurolab (Hedwig and Knepper 

1992). Imaging data was first converted in AQM Advance 6 to be read by ImageJ 

1.33u (US National Institutes of Health). Grey levels over time could be calculated for 
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arbitrary regions of interest. Values given are changes in fluorescence relative to 

background intensity at that region (ΔF/F). Imaging data was precisely aligned with 

electrophysiological data using camera generated TTL pulses for every frame taken. 

Further data analysis was performed using MatLab 6.5 (Mathworks, Natick, MA). 

 

RESULTS 

 

We aimed to study the spatio-temporal Ca
2+

 dynamics in cricket front leg tibial 

motoneurons, and link them to their simultaneously measured membrane potential 

and muscle activity. I further aimed to analyse the mode of entry and role of free 

intracellular Ca
2+

, and relate them to both episodic and rhythmical activity patterns of 

these motoneurons.  

 

Quality of stainings 

We recorded from all five types of front tibial motoneurons: the Fast Extensor Tibia 

(FETi, n=6), the Slow Extensor Tibia (SETi, n=22), the Fast Flexor Tibia 1 (FFTi1, 

n=8), the group of Fast Flexor Tibia 2-5 (FFTi2-5, n=6), and the group of Slow Flexor 

Tibia 1-3 (SFTi1-3, n=9). After staining with Oregon Green BAPTA-1 all primary 

and several secondary branches were discernable during in vivo conditions. All 

neurons could clearly be identified, but due to light scattering by the superficial tissue 

in the light path tertiary neurites could not be individually resolved. The ventral 

location of somata meant that these were outside the plane of focus. The optical signal 

quality allowed measuring of free intracellular Ca
2+

 in all main branches without the 

need for averaging and also to simultaneously record and manipulate the membrane 

potential of the motoneurons. 

 

Ca
2+

 dynamics during pharmacologically elicited spike activity 

All front tibial motoneurons receive excitatory inputs from prothoracic networks. To 

characterise and compare the spatio-temporal Ca
2+

 dynamics within different 

motoneurons I therefore elicited motor activity by bathing the ganglion in 10
-3

M 

pilcocarpine (Ryckebusch and Laurent 1993, Büschges et al. 1995). The intracellular 

electrode was withdrawn after staining and the EMG activity was used as a monitor of 

the motoneuron spike activity. The structure of SETi is given in Fig.4.1A and a bright 
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field image of the stained motoneuron in vivo is given in Fig.4.1B. Changes in relative 

fluorescence throughout the main neurites of SETi during a burst of spike activity are 

shown in Fig.4.1C. Based on each neuron’s morphology I defined three key regions of 

interest: the primary neurite (green), the main medial neurite including its tertiary 

branches (red) and the other main neurite including tertiary branches (blue) 

(Fig.4.1B). Pilocarpine elicited highly irregular bursts of activation in both extensor 

and flexor motoneurons which was monitored using an EMG recording of the 

extensor tibia muscle (Fig.4.1D). An enlarged burst  illustrates how different motor 

units could be discriminated in the EMG recording (Fig.4.1E). Motor bursts were 

accompanied by Ca
2+

 elevations that were salient without averaging (Fig.4.1D). The 

amplitude of Ca
2+

 elevations was always highest in the primary neurite and reached 

up to 25% fluorescence change, followed by the main posterior neurite exhibiting 

slightly higher amplitudes than the main medial neurite. Ca
2+

 elevations measured in 

the axon of all neurons were less than 5% fluorescence change and were not 

considered. Ca
2+

 kinetics were similar in all main neurites, with distinctly faster rise 

than decay times (τrise: 185ms; τdecay: 1470ms). This resulted in temporal summation 

of Ca
2+

 levels between bursts occurring in close succession. 

Application of pilcoarpine also activated FETi (Fig.4.2A-D) and FFTi1 

(Fig.4.2E-H). As in SETi, Ca
2+

 dynamics in the three regions of interest of each 

motoneuron were very similar, and exhibited faster rise than decay times. No 

consistent differences in Ca
2+

 dynamics were observed between different 

motoneurons. All time constants of Ca
2+

 rise ranged between 180 and 215ms, and 

time constants of Ca
2+

 decay ranged between 1400 and 1700ms. Amplitudes of Ca
2+

 

elevations were up to 25% fluorescence change and very similar between the 

corresponding branches of all motoneurons. Due to the high variability in motoneuron 

activation using pilocarpine I did not perform a statistical analysis of Ca
2+

 dynamics. 

Since the spatio-temporal parameters of changes in free intracellular Ca
2+

 were very 

similar in all motoneurons I present data only from SETi which was easiest to identify 

and record from. Only fluorescence changes of the primary neurite are shown for 

clarity in most following experiments. 

Pharmacologically elicited spike activity gave rise to different ranges of spike 

rates in different motoneurons. FETi exhibited lowest spike rates (up to 50Hz, 

Fig.4.2D), followed by FFTi1 (up to 100Hz, Fig.4.2H) and SETi (up to 150Hz, 

Fig.4.1D). Nonetheless amplitudes of Ca
2+

 elevations in response to the largest burst 
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observed in each motoneuron were very similar. This indicated that Ca
2+

 influx 

mechanisms are not matched to spike activity in the same way in every motoneuron. 

 

Ca
2+

 dynamics during depolarising current injection 

Ca
2+

 in neurons may control secondary currents, such as Ca
2+

 gated hyperpolarising 

K
+
 currents or Ca

2+
 dependent depolarising Ca

2+
 or Na

+
 currents (McLarnon 1995, 

Harris-Warrick 2002, Berridge 1998). Furthermore Ca
2+

 is a cation and therefore 

directly contributes to membrane potential. Spike frequency adaptation or after-

stimulus hyperpolarisation effects can be an indication of the action of Ca
2+

 on K
+
 

channels, while after-stimulus depolarisations can be an indication of a Ca
2+

 activated 

depolarising current or a significant contribution of free intracellular Ca
2+

 to 

membrane potential (e.g. Viana et al. 1993). I therefore studied possible links between 

free intracellular Ca
2+

 and spike frequency adaptation, after-stimulus 

hyperpolarisation or depolarisations (Fig.4.3). Injection of depolarising current pulses 

into labelled motoneurons allowed analysing the temporal Ca
2+

 changes in greater 

detail than with pharmacologically elicited motor bursts. A 1s 2nA depolarising 

current reliably evoked spikes in SETi (Fig.4.3). In the example presented the time 

constant for Ca
2+

 rise (τrise) in the primary neurite was 205ms while the time constant 

for decay (τdecay) was 1630ms. Injection of a 2nA 2.5s hyperpolarising current had no 

effect on the Ca
2+

 level (n=11). Depolarising current injection gave rise to a peak 

discharge rate (up to 400Hz) at the beginning of stimulation, followed by a lower near 

tonic discharge rate (~150Hz). The initial peak in spike frequency occurred during a 

time when Ca
2+

 was near resting levels. The gradual increase of free intracellular Ca
2+

 

throughout stimulation was not accompanied by a gradual decay in spike rate 

indicating that Ca
2+

 had no significant impact on the frequency of spike generation. 

However the rise in Ca
2+

 levels was accompanied by a gradual spike height reduction. 

It is unclear whether Ca
2+

 contributes to this effect. Although Ca
2+

 was maximal at 

stimulus offset, no effect on membrane potential was obvious. This indicated that any 

contribution of Ca
2+

, directly or indirectly via Ca
2+

 dependent secondary currents, to 

membrane potential is minimal. 

 

Rhythmical depolarising current injection  

Cricket leg motoneurons are rhythmically activated during walking (Laurent and 

Richard 1986). Natural stepping rhythms range between 2-5Hz. To investigate the 
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Ca
2+

 levels that are likely to occur in front tibial motoneurons during walking I used 

rhythmical depolarisation patterns (100ms 2nA pulses at 1,2,3,5Hz) (Fig.4.4A-D, 

n=6). This elicited up to 6 spikes per pulse. Even at stimulus repetition rates below 

natural stepping patterns (1Hz) Ca
2+

 did not decay towards baseline levels between 

stimuli. Instead, clear Ca
2+

 summation occurred (Fig.4.4A). This degree of summation 

increased for higher pulse repetition rates (Fig.4.4B-D). Above 3Hz stimulation a 

Ca
2+

 plateau level established within 2-4s, with Ca
2+

 responses to individual current 

pulses oscillating around the plateau (Fig.4.4C,D). At these highest depolarisation 

rates spike generation frequently failed during the later pulses, without affecting the 

Ca
2+

 responses towards these individual current pulses (Fig.4.4D). However at lower 

pulse repetition rates almost no spike frequency adaptation occurred despite strongly 

elevated Ca
2+

 levels (Fig.4.4A-C). At highest Ca
2+

 elevations (up to 28% fluorescence 

change) Ca
2+

 remained above baseline level for up to 5s after stimulus offset. Even at 

these high Ca
2+

 elevations, no change in membrane potential was obvious after 

stimulation.  

 

Stimulation of descending inputs 

Extracellular electrical stimulation of descending pathways reliably evokes EPSPs in 

all front tibial motoneurons of G. bimaculatus. To investigate Ca
2+

 responses to 

synaptic activation I therefore electrically activated these pathways, while 

intracellularly recording membrane potential and optically measuring free 

intracellular Ca
2+

 in SETi (Fig.4.5A, n=4). Extracellular stimuli were sequences of 31 

pulses with 2ms duration at 50Hz (total time: 602ms), with an amplitude between 1 

and 40 μA. At low amplitude stimulation each pulse gave rise to a single EPSP in 

SETi, which summated towards a subthreshold depolarisation (2-4mV) during the 

stimulation period (inset 4). Already at this depolarisation level small Ca
2+

 signals (1-

2% fluorescence change) were elicited (asterisks). Increasing the stimulation 

amplitude raised the membrane potential above spike threshold (inset 5). At higher 

amplitudes more pulses gave rise to a single action potential (insets 7,9).  

The gradual change from subthreshold to suprathreshold responses offered the 

chance to determine the role of spike activity in supporting Ca
2+

 influx. Spike activity 

may facilitate the opening of high voltage activated (HVA) Ca
2+

 channels, giving rise 

to an additional Ca
2+

 elevation. I therefore compared the number of spikes with the 

peak elicited Ca
2+

 level at each stimulation trial (Fig.4.5B). Peak Ca
2+

 levels followed 
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the increasing stimulus amplitudes and did not show any supralinear increase with the 

first occurrence of spikes. This indicated that the contribution of HVA Ca
2+

 channels 

to the overall Ca
2+

 signal is small. The kinetics and spatial distribution of free 

intracellular Ca
2+

 changes in response to activation of descending pathways were very 

similar to those observed during pharmacological activation.  

 

The mode of Ca
2+

 entry into motoneurons 

Ca
2+

 may enter the cytosolic phase of neurons through voltage activated channels, 

through ligand gated channels and via release from internal stores (Berridge 1998). 

Elevated Ca
2+

 levels in response to depolarising current injection (Figs.4.3, 4.4) 

indicated the presence of voltage activated Ca
2+

 channels. Activation of descending 

pathways (Fig.4.5) indicated that any contribution of high voltage activated (HVA) 

Ca
2+

 channels (Hofmann et al. 1994) is probably minimal. However it did not 

distinguish between Ca
2+

 influx through low voltage activated (LVA) Ca
2+

 channels 

(Huguenard 1996) and influx through ligand gated channels opened upon synaptic 

activation. I therefore tested the effect of subthreshold depolarisation on Ca
2+

 

elevation. Injection of a 500ms 0.5nA depolarising current gave rise to a distinct Ca
2+

 

elevation despite the absence of spikes (Fig.4.6A, n=6). This strongly pointed towards 

the presence of LVA Ca
2+

 channels. 

To test for a mechanism of Ca
2+

 entry as a direct result of synaptic activation I 

stimulated descending pathways during injection of a strong hyperpolarising current 

(5nA). Clear Ca
2+

 elevations in response to activation of these synaptic inputs were 

recorded (Fig.4.6B, n=5). Hyperpolarsing current injection was likely to have reduced 

activation of voltage-dependent Ca
2+

 entry mechanisms. This therefore points towards 

the existence of a voltage-independent mechanism of Ca
2+

 entry, such as through 

ligand gated channels or via release from intracellular stores. 

 

Ca
2+

 and post synaptic potentials 

Ca
2+

 in neurons is involved in presynaptic transmission, and frequently also regulates 

a multitude of postsynaptic processes ranging from changes in synaptic efficacy to the 

activation of local gene translation (Berridge 1998, Bootman et al. 2001, Augustine et 

al. 2003). I therefore tested the effect of dendritic Ca
2+

 on EPSP shapes and sizes. I 

continuously stimulated descending pathways with 2ms, 30μA pulses at 10Hz. This 

gave rise to large (5-6mV) subthreshold EPSPs in response to each pulse in SETi 
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while avoiding temporal EPSP summation (Fig.4.7, n=4). This rate of stimulation did 

not affect EPSP amplitudes or waveforms, when compared to EPSPs elicited in 

isolation (Parker 1995a,b). I then intracellularly applied a 1200ms, 3nA depolarising 

current pulse. The elevation of Ca
2+

 in response to this depolarisation was estimated 

based on time constants determined previously (Fig.4.7A, top trace). Accordingly 

Ca
2+

 would have been maximal immediately after the end of depolarising current 

injection. I then compared the amplitude and shape of the evoked subthreshold EPSPs 

before and immediately after depolarisation. Superimposing EPSPs before and 

immediately after current injection revealed no changes in EPSP shapes, amplitudes 

or membrane potential between EPSPs (Fig.4.7B). This indicated that postsynaptic 

Ca
2+

 has no effect on synaptic efficacy in this pathway.  

 

Non-spiking interneurons 

To compare our measurements of the spatio-temporal Ca
2+

 dynamics in motoneurons 

with other neurons of the motor system, I also recorded from several unidentified 

prothoracic non-spiking interneurons (n=6). Such neurons may form part of a 

premotor network like in stick insects and locusts (Büschges and Wolf 1995, Wolf 

and Büschges 1995) or in cockroaches (Pearson and Fourtner 1975). Classification of 

non-spiking interneurons was based on their very large PSPs (up to 12mV), their 

absence of any obvious axonal processes and their absence of spikes even during 

strong depolarising current injection. Fig.4.8A shows a bright field image of a stained 

non-spiking interneuron in the prothoracic ganglion. Fig.4.8B and C show the relative 

changes of free intracellular Ca
2+

 in response to depolarising and hyperpolarising 

injection, respectively. As in tibial motoneurons, injection of a depolarising current 

(2s, 4nA) gave rise to a spatially uniform elevation in free intracellular Ca
2+

 of up to 

20% fluorescence change in all major processes of the neuron (Fig.4.8B,D). However 

injection of a 2s 4nA hyperpolarising current gave rise to a Ca
2+ 

decrease of 15% 

fluorescence change below resting levels (Fig.4. 8C,D). A decrease in free 

intracellular Ca
2+

 in response to hyperpolarising current injection was never observed 

in any tibial motoneuron (Fig.4.3). At rest the non-spiking interneuron exhibited 

frequent large (7-12mV) PSPs (Fig.4.8E). The amplitude of PSPs was reduced during 

depolarising current injections (1-5mV) (Fig.4.8F), but increased during 

hyperpolarising current injections (up to 50mV) (Fig.4.8G). Bursts of EPSPs could 

furthermore be accompanied by clear Ca
2+

 elevations (Fig.4.8H). These findings are 
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clearly different from our observations in motoneurons, and highlight the likely 

different cellular and molecular processes underlying the distribution and role of Ca
2+

 

in these non-spiking interneurons.  

 

DISCUSSION 

 

We aimed to analyse the spatio-temporal Ca
2+

 dynamics, mode of entry and the 

possible links between the Ca
2+

 dynamics and electrical activity patterns of Ca
2+

 in 

cricket front tibial motoneurons.  

 

Ca
2+

 dynamics in motoneurons and non-spiking interneurons 

In all five types of tibial motoneurons Ca
2+

 changes during activation were 

remarkably large, reaching up to 28% fluorescence change. Ca
2+

 dynamics were slow 

(τrise: 180-215ms, τdecay: 1400-1700ms) and temporally uniform over all main neurites 

(Figs.4.1, 4.2). In contrast, peak Ca
2+

 elevations in a cricket auditory interneuron, 

using the low affinity Ca
2+

 indicator Calcium Green-5N, reached only up to 20% 

fluorescence change, and the dynamics of Ca
2+

 decay were faster with a time constant 

for Ca
2+

 decay of 237-1265ms, depending on the neurite (Baden and Hedwig 2007). 

The use of the high affinity Ca
2+

 indicator Oregon Green BAPTA-1 may have 

introduced additional chelating artifacts, therefore in particular the natural decay time 

constants may be smaller than observed. I judge this effect as small, as care was taken 

not to overload motoneurons with the dye (see also Ch3. “Methodological 

considerations”). Within the sensitivity limits of our optical recording system, there 

was no difference in the Ca
2+

 dynamics occurring within motoneurons in response to 

either depolarising current injection or synaptic activation via prothoracic or 

descending pathways. Furthermore between the five different groups of motoneurons 

no clear differences in their Ca
2+

 dynamics were observed. However, I cannot exclude 

the possibility that potentially different Ca
2+

 changes in tertiary neurites may occur, 

that could not be resolved by our system (Kloppenenburg et al. 2000). 

In both tibial motoneurons and in non-spiking interneurons depolarising 

current injection gave rise to a prolonged uniform elevation of free intracellular Ca
2+

. 

However only in non-spiking interneurons hyperpolarising current injection resulted 

in a Ca
2+

 decrease below resting levels (Fig.4.8A). A decrease in Ca
2+

 below resting 
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levels has been reported upon inhibitory synaptic activation in fly visual interneurons 

(Single and Borst 1998) and in the cricket Omega Neuron-1 (Baden and Hedwig 

2007). The Ca
2+

 decrease in these latter neurons was small compared to their Ca
2+

 

elevation levels during activation. However in non-spiking neurons recorded in this 

study, the decrease in Ca
2+

 upon 2nA hyperpolarising current injection was almost as 

pronounced as the increase in Ca
2+

 towards 2nA depolarising current injection. This 

implies that Ca
2+

 levels are maintained at high resting level in these neurons. In leech 

heart interneurons large uniform Ca
2+

 elevations drive graded synaptic transmission 

(Ivanov and Calabrese 2000,2003,2006). It is possible that Ca
2+

 in cricket non-spiking 

interneurons may underlie similar processes.  

 

The mode of Ca
2+

 entry  

Ca
2+

 may enter neurons by three main, non exclusive mechanisms (Berridge 1998):  

(1) entry though voltage activated Ca
2+

 channels, (2) entry through ligand gated Ca
2+

 

channels, and (3) via release from intracellular stores. Furthermore a 4
th

 mechanism, 

via voltage dependent G-protein mediated release from intracellular stores, has 

recently been suggested (Ryglewski et al. 2007). Both suprathreshold (Fig.4.3, 4.4) 

and subthreshold (Fig.4.6A) depolarising current injections resulted in clear Ca
2+

 

elevations in all main neurites. This demonstrates the existence of either LVA Ca
2+

 

channels (membrane potential at which 50% of channels are open (V½) =-60 to -

20mV, Huguenard 1996), or a voltage dependent G-protein mediated mechanism 

(V½=-44mV Ryglewski et al. 2007). Through the use of either LVA or HVA Ca
2+

 

channels the neuron’s electrical activity directly drives the level of free intracellular 

Ca
2+

, giving rise to the observed spatially uniform dendritic Ca
2+

 dynamics (Ivanov 

and Calabrese 2000). It remains to be established whether HVA Ca
2+

 channels 

(Hofmann et al. 1994) coexist with either of the latter mechanisms as in the somata of 

cockroach Dorsal Unpaired Median (DUM) cells (Grolleau and Lapied 1996), in 

leech heart interneurons (Angstadt and Calabrese 1991, Ivanov and Calabrese 2000) 

and in rat spinal motoneurons (Viana et al. 1997). Without the use of selective 

channel blockers and patch clamp techniques the presence of HVA channels is 

difficult to test for directly in tibial motoneurons. However two of our findings argue 

against a major contribution from HVA Ca
2+

 channels towards the overall Ca
2+

 level. 

Firstly, even when no spikes were elicited during rhythmical depolarising current 

injections the amplitude of Ca
2+

 increases to individual pulses was unaffected 
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(Fig.4.4D). However, I cannot exclude the possibility that injection of the 

depolarising current alone may have opened HVA Ca
2+

 channels. Secondly and more 

importantly, HVA channels are gated by spike activity, and therefore give rise to a 

Ca
2+

 influx whenever the neuron generates spikes. However, gradual increasing EPSP 

amplitudes upon stimulation of the descending pathways did not give rise to any 

supralinear increase of Ca
2+

 signals when the first spikes were elicited (Fig.4.5B). 

Interestingly, Ca
2+

 elevations in leech heart interneurons are, as in tibial motoneurons, 

remarkably uniform throughout all main neurites, and are primarily driven by LVA 

Ca
2+

 currents (Ivanov and Calabrese 2000,2003,2006).  

FETi discharge rates rarely exceed 50Hz but SETi discharges at up to 150Hz. 

With a high contribution of HVA channels to the overall Ca
2+

 influx this difference in 

spike rates would cause higher elevations in free intracellular Ca
2+

 in SETi because it 

generates more spikes than FETi. I observed Ca
2+

 elevations of similar amplitude in 

response to the largest motor bursts of each motoneuron, independent of the 

respective spike rate (Figs.4.1, 4.2). Through a strong contribution of LVA, rather 

than HVA channels towards dendritic Ca
2+

 levels these motoneurons may therefore 

match their dynamic range of Ca
2+

 elevations to their levels of graded depolarisation 

rather than spike frequency.  

 

The activation of both subthreshold and supratheshold synaptic inputs also gave rise 

to Ca
2+

 elevations throughout the entire dendritic tree of the neurons (Figs.4.5, 4.6B). 

A small proportion of this influx in Ca
2+

 remained when a strong hyperpolarising 

current (5nA) was injected (Fig.4.6B). The hyperpolarisation was likely to minimise 

Ca
2+

 influx via depolarisation activated mechanisms. Any remaining Ca
2+

 influx was 

therefore most likely the direct result of synaptic activation. Both voltage dependent 

as well as voltage independent mechanisms of Ca
2+

 entry may therefore exist 

throughout the dendrites of motoneurons. Single and Borst (2002) report a neurite 

specific separation of Ca
2+

 channel types between the area of tertiary neurites and the 

larger secondary and primary neurites in fly vertial motion-sensitive neurons: while 

all neurites contained voltage activated Ca
2+

 channels only the smallest neurites 

showed evidence for an additional voltage independent mechanisms of Ca
2+

 entry. 

The voltage independent mechanism of Ca
2+

 entry points towards either a 

direct influx of Ca
2+

 through ligand gated Ca
2+

 channels, or an indirect effect via 

synaptically activated release of Ca
2+

 from intracellular stores. I did not distinguish 
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between these two options, for example by using blockers of inositol-3-phosphate 

receptors (IP3R) or ryanodine receptors (RYR) (Berridge 1998, Bootman et al. 2001). 

This was due to the inherent difficulty to selectively apply pharmacological blockers 

only to the recorded cell during in vivo conditions. This also prevented us from 

attempting selective pharmacological inactivation of HVA or LVA Ca
2+

 channels in 

order to determine the contribution of either mechanism to the overall Ca
2+

 level of 

tibial motoneurons in more detail.  Furthermore bath application of selective channel 

blockers would have required large quantities of expensive pharmacological agents.  

 

The role of Ca
2+

 in motoneurons 

Ca
2+

 in neurons may have many different effectors involved in signal processing, cell 

gene transcription and translation, homeostasis regulation or apoptosis (Berridge 

1998, Bootman et al. 2001, Augustine et al. 2003, London and Häusser 2005). 

Common roles for Ca
2+

 in neuronal signal processing include activation of secondary 

currents (Sah and McLachlan 1992, Sobel and Tank 1994, McLarnon 1995, Sah and 

Faber 2002), direct contribution to membrane potential (Viana et al. 1993, 

Hounsgaard and Kiehn 1993,  London and Häusser 2005) or the regulation of synaptic 

inputs and outputs (Ogawa et al. 2001, Augustine et al. 2003). Following depolarising 

current injection or stimulation of descending synaptic inputs, the membrane potential 

of cricket tibial motoneurons returned to its resting level within less than 10ms, while 

Ca
2+

 could remain elevated for several seconds (Figs. 4.3, 4.4, 4.7). In contrast to Ca
2+

 

in several vertebrate motoneurons (Sah and McLachlan 1992, Hounsgaard and Kiehn 

1993) this strongly argues against the existence of Ca
2+

 activated secondary currents 

that may have any effect on membrane potential in cricket tibial motoneurons. This is 

further supported by the very weak spike frequency adaptation in response to 

continuous or low frequency repetitive stimulation (Figs. 4.3, 4.4). During fast (5Hz) 

repetitive depolarisation (Fig.4.4D) spike generation frequently failed in response to 

individual pulses. While I cannot explain this spike failure, it is unlikely to be directly 

related to the elevated Ca
2+

 level: spike generation does not reliably fail as a function 

of Ca
2+

 elevations. During 5Hz stimulation some pulses do give rise to spikes 

(Fig.4.5D), and during 3Hz stimulation (Fig.4.5C) Ca
2+

 levels are only slightly lower 

(3Hz: ~25%; 5Hz ~28% fluorescence change) but spike failure never occurred.  

 As Ca
2+

 is a divalent cation it also directly contributes to membrane 

potential. This effect is particularly important in neurons where Ca
2+

 spikes occur 
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(e.g. Hounsgaard and Kiehn 1993). These are usually broader than Na
+
 spikes, and 

therefore easily identified in intracellular recordings. No Ca
2+

 spikes occurred in tibial 

motoneurons, and no gradual depolarisation correlated with Ca+ elevations, indicating 

that the direct contribution of Ca
2+

 to membrane potential is low.  

Another common effect of free intracellular Ca
2+

 in neurons is to regulate the 

efficacy of synapses (Berridge 1998, Augustine et al. 2003) through both pre- and 

postsynaptic mechanisms. Ogawa et al. (2001) for example demonstrated neurite 

specific Ca
2+

 controlled synaptic depression in the giant cercal interneuron of the 

cricket. Similarly, in locust the EPSP amplitude in hind tibial flexor motoneurons in 

response to antagonist motoneuron activation was dependent on the level of 

postsynaptic Ca
2+

 (Parker 1995a,b). Dendrites of cricket tibial motoneurons receive 

sensory, descending as well as local prothoracic synaptic inputs. I therefore tested 

whether the elevated Ca
2+

 immediately after strong depolarising current injection 

affected the amplitude of subthreshold EPSPs evoked by descending excitatory 

synaptic inputs. There was no effect, arguing against Ca
2+

 affecting synapses of this 

particular pathway at the postsynaptic site.  

 

Ca
2+

 in motoneurons during behaviour 

Tibial motoneurons are activated in two fundamentally different contexts: during 

episodic leg movements or continuously during walking. As a result of the low 

preceding electrical activity episodic leg movements will most often occur during a 

time when Ca
2+

 levels within the tibial motoneurons are at resting levels. However, 

due to the slow kinetics of Ca
2+

 decay repetitive motoneuron activation as during 

walking will maintain the Ca
2+

 level elevated (Fig.4.4). This implies that these 

motoneurons operate in two fundamentally different functional states as defined by 

the overall level of free intracellular Ca
2+

. Similarly lamprey spinal motoneurons 

(Bacskai et al. 1995) and an auditory interneuron of the cricket, the Omega Neuron-1 

(Sobel and Tank 1994, Baden and Hedwig 2007) maintain elevated Ca
2+

 levels during 

continuous stimulation. In the cricket Omega Neuron-1 Ca
2+

 elevations in response to 

acoustic stimulation functions as a noise filter through a Ca
2+

 activated 

hyperpolarising current (Pollack 1988, Sobel and Tank 1994, Baden and Hedwig 

2007). This is quite different from our findings in cricket tibial motoneurons where 

Ca
2+

 had no obvious effect on activity patterns, synaptic inputs or membrane 

potential. Activation patterns of motoneurons controlling limb movements are some 
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of the most diverse in neurons. Short, unique bursts of activity, as required for 

example for scratching or grasping/reaching must be supported as well as highly 

repetitive, stereotype movements during locomotion. It may therefore be highly 

desirable for motoneurons controlling limb movements to always remain unadapted. 

The independence of motoneuron spike activity from dendritic Ca
2+ 

levels may 

support permanent functional readiness.  
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Figure 4.1: Ca
2+

 in the SETi motoneuron during pharmacological activation. (A) 

Morphology of SETi. (B) Bright field image of SETi stained with Oregon Green 

BAPTA-1. Three regions of interest (ROI) were defined: the primary neurite (green), 

the main medial neurite (red) and the main posterior neurite (blue). (C) Peak relative 

(ΔF/F) fluorescence changes during activity in SETi. (D) Application of pilocarpine 

(10
-3

M) elicited burst activity  with up to 150Hz spike rate in SETi. Bursts were 

accompanied by large Ca
2+

 elevations at all ROIs of up to 25% fluorescence change. 

The Ca
2+

 rise times (τrise: 185ms) were faster than decay times (τdecay: 1470ms), and 

were similar for all ROIs. (E) Enlarged EMG trace showing the activity of different 

motor units innervating tibial muscles. Motor units were discriminated by their 

amplitude. 
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Figure 4.2: Ca
2+

 in the FETi and FFTi1 motoneurons during pharmacological 

activation. (A) Morphology, (B) bright field image and (C) relative fluorescence 

changes during activity of the FETi motoneuron. Three ROIs were defined 

corresponding to those used for SETi. (D) Burst activity with up to 50Hz in FETi was 

accompanied by up to 25% fluorescence change Ca
2+

 elevations, which were 

temporally uniform across all ROI. (E) Morphology, (F) bright field image and (G) 

relative fluorescence changes during activity of the FFTi1 motoneuron. ROI were 

defined as indicated in F. Ca
2+

 amplitudes and kinetics during pharmacologically 

elicited motor activity were similar to both SETi and FETi. FFTi Burst spike rates 

reached up to 100Hz.  



  Chapter 4 

 81 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Ca
2+

 during current injection. Injection of a 1s 2nA depolarising 

current evoked spike activity in SETi. Ca
2+

 at the primary neurite gradually increased 

towards 30% fluorescence change (τrise: 185ms), and decreased towards resting levels 

after stimulation (τdecay: 1630ms). Injection of a 2.5s 2nA hyperpolarising current had 

no effect on the Ca
2+

 level.  
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Figure 4.4: Rhythmical 

depolarising current injection. 

Depolarising current pulses of 

100ms duration and 2nA amplitude 

were injected into SETi at repetition 

rates of 1,2,3 and 5 Hz. (A) 1Hz 

stimulation. Each pulse gave rise to 

5-6 spikes, and there was no spike 

frequency adaptation. Clear 

temporal Ca
2+

 summation occurred 

at all ROI between pulses. (B,C) 2 

and 3 Hz stimulation, respectively. 

Faster pulse repetition rates gave rise 

further temporal summation of Ca2+ 

levels between pulses, but not to 

spike frequency adaptation. (D) At 

5Hz stimulation spike generation 

failed during some but not all pulses. 

Nonetheless clear Ca
2+

 elevations 

occurred in response to each current 

pulse.  
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Figure 4.5: Ca
2+

 and descending synaptic inputs. Descending pathways were 

electrically stimulated using a hook electrode. Series of 2ms 1-40μA pulses were 

applied at 50Hz repetition rate over 602ms (31 pulses). (A) Increasing stimulation 

amplitude elicited first only EPSPs and then also spikes in SETi (insets 4,5,7,9), and 

gave rise to Ca
2+

 elevations of increasing amplitude. Clear Ca
2+

 elevations occurred 

even in the absence of spike activity (asterisks; inset 4). Stimulation artifacts were cut 

off for clarity in the insets. (B) Peak Ca
2+

 elevations and spike number in response to 

each stimulation series. Ca
2+

 levels linearly increased with stimulation amplitude. 

There was no supralinear Ca
2+

 elevation with the occurrence of spikes.  
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Figure 4.6: The mode of Ca
2+

 entry. (A) Injection of a 0.5nA subthreshold 

depolarising current into SETi gave rise to a clear  Ca
2+

 elevation (3% fluorescence 

change) at all ROI, indicating the presence of LVA Ca
2+

 channels. (B) Stimulation of 

descending pathways during 5nA hyperpolarising current injection gave rise to a 

small (1.5% fluorescence change) elevation of Ca
2+

 in SETi. This points towards the 

presence of a voltage independent mechanism of Ca
2+

 entry. Artifacts due to 

descending pathway stimulation are shaded grey for clarity.  
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Figure 4.7: Ca
2+

 and postsynaptic potentials (A) Continuous stimulation of 

descending pathways at 10Hz (2ms pulses) gave rise to 5-6mV subthreshold EPSPs in 

SETi. Simultaneously, injection of a 1200ms 3nA depolarising current elicited spike 

activity. The resultant Ca
2+

 elevation was estimated using the time constants of Ca
2+

 

rise and decay determined previously. Ca
2+

 elevations following depolarising current 

injection had no effect on EPSP amplitudes or membrane potential, when compared 

with resting Ca
2+

 levels before stimulation. (B) Superimposed sections of EPSPs 

before (blue) and after (red) current injection. Neither EPSP amplitudes, EPSP shape 

or membrane potential was affected by the increased Ca
2+

 levels.  
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Figure 4.8: Ca
2+

 in a non-spiking interneuron. (A) Bright field image of the stained 

interneuron. The dye-filled microelectrode obscures the top right quadrant. (B) 

Relative Ca
2+

 changes during depolarising and (C) hyperpolarising current injection. 

(D) Ca
2+

 changes and membrane potential. The neuron exhibited frequent post 

synaptic potentials (PSP) at rest. During 2s 4nA depolarising current injection Ca
2+

 

levels increased by 20% fluorescence change throughout all main neurites, and PSP 

amplitudes were reduced. In contrast 2s 4nA hyperpolarising current injection 

resulted in a large decrease in Ca
2+

 levels below resting levels of 15% fluorescence 

change, and increased PSP amplitudes. (E) Enlarged sections of intracellular 

recordings during resting, (F) depolarised and (G) hyperpolarised membrane 

potentials. (H) An isolated burst of EPSPs is correlated with a transient Ca
2+

 

elevation.
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CHAPTER 5: GENERAL DISCUSSION 

 

Background 

Information processing in any nervous system is dependent upon the internal 

processing of each individual neuron. Moreover, neurons are adapted to their role 

within the nervous system. Some principles of neuronal function, such as the use of 

Na
+
 and K

+
 as primary charge carriers in signal propagation, are universal. Other 

principles, such as the employment of Ca
2+

 controlled hyperpolarising currents, are 

common, but not universal (Sah and McLachlan 1992, Sobel and Tank 1994, Sah and 

Faber 2002). In evolving its specific processing principles any one neuron is open for 

task specific adaptations through a vast array of morphological, biochemical or 

electrical building blocks (Berridge 1998, Bootman et al. 2001, Augustine et al. 2003, 

London and Häusser 2005). To understand the function of any neuronal network we 

therefore need to study the principles of information processing of each of their 

individual neuronal elements.  

I studied the signal processing of individual neurons within the neuronal 

network underlying cricket phonotactic behaviour (Wohlers and Huber 1978, Pollack 

and Hoy 1980, Schildberger et al. 1989, Horseman and Huber 1994, Pollack 2001, 

Hedwig and Poulet 2005). I analysed how individually identifiable neurons of this 

network are adapted to their role in generating the behaviour, and how the specific 

processing requirements of each neuron are met by its intracellular signalling 

machinery. I optically imaged free intracellular Ca
2+

 while simultaneously 

intracellularly recording and manipulating membrane potential.  

I compared two fundamentally different neuron types of the neuronal network 

underlying auditory steering: the Omega Neurons-1 (ON1) are first order auditory 

interneurons, and are therefore located at an early stage of the auditory-to-motor 

pathway (Wohlers and Huber 1978, Wiese and Eilts 1985). In contrast, the tibial 

extensor and flexor motoneurons are the final neuronal elements of the network, 

conveying the steering motor output. 
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Front tibial movements and motoneurons underlie phonotactic steering 

Phonotactically orienting crickets perform rapid steering movements with a latency of 

55-60ms after sound presentation (Hedwig and Poulet 2004, 2005). These steering 

movements only occur during phonotaxis, elicited by presentation of species specific 

song. Once in a phonotactically responsive state, crickets also steer towards 

unattractive sounds interspersed into the calling song (Poulet and Hedwig 2005). A 

direct auditory-to-motor loop may therefore exist, gated or controlled by a pattern 

recognition system for song. Such a system may be located in the brain (Pollack and 

Hoy 1980, Schildberger 1984). However the location of the gating and the auditory 

pathway towards these motoneurons remain unclear. 

Steering during walking in insects can be achieved through asymmetrical 

positioning and movements of the front legs (Dürr and Ebeling 2005, Rosano and 

Webb 2007). To identify motoneurons underlying auditory steering I therefore 

investigated front leg movement patterns during phonotaxis. This pointed towards the 

importance of tibial extension and flexion movements in the control of auditory 

steering. Using EMG recordings I demonstrated auditory responses in the front tibial 

muscles. This was only present during phonotaxis giving support to the idea of a 

phonotaxis dependent auditory-to-motor pathway. The latency of 35-40ms at this 

level points towards a cephalic pathway for sound inputs to the motor system. Several 

descending brain neurons that respond to sound and terminate dorsally in all thoracic 

ganglia are known (Staudacher 2001). These may connect to tibial motoneurons: 

extracellular stimulation of the connectives between the pro- and subesophageal 

ganglia during intracellular recordings of tibial motoneuons indicated a direct 

polyneural descending input. A possible auditory-to-motor loop via the brain is 

summarised in Fig.5.1. The model represents a sequential signal propagation pathway 

from the auditory afferents via 3 interneuron classes onto tibial motoneurons. This 

system would allow for the sound reflex-like tibial movements observed at the 

behavioural level (Pollack and Hoy 1980, Hedwig and Poulet 2004, 2005). A pattern 

recognition system may operate in parallel to this pathway, modulating its gain 

depending on the pattern of the incoming sounds.  

 



  Chapter 5 

 

 89 

Activity patterns of the Omega Neurons-1 and tibial motoneurons 

Following the identification of a neuronal output pathway for phonotactic steering I 

compared the roles and functional adaptations of front tibial motoneurons with those 

of ON1. Both types of neurons are activated rhythmically during phonotactic steering, 

however due to different reasons. Activity patterns of ON1 during phonotaxis convey 

the temporal pattern of the calling song. The frequency tuning of ON1 is matched to 

the carrier frequency of the calling song. Furthermore auditory activity evoked by 

environmental noise is suppressed, while activity associated with song is enhanced 

(Pollack 1988). In contrast rhythmical activity of tibial motoneurons during walking is 

driven by central motor networks. During phonotactic steering, auditory information 

from the calling song is integrated with the step rhythm. Tibial motoneurons should 

therefore retain responsiveness to auditory synaptic inputs during walking. I obtained 

intracellular recordings of ON1 and tibial motoneurons while simultaneously imaging 

their level and distribution of free intracellular Ca
2+

. By relating the spatio-temporal 

distribution of cytosolic Ca
2+

 upon neuronal activation to changes in membrane 

potential I studied their individual response properties at a cellular and sub-cellular 

level.  

 

Ca
2+

 and electrical activity in inter- and motoneurons 

Neurons have several sub-cellular compartments. The soma harbours the nucleus of 

the cell. In insects it typically plays only a passive role in electrical signal processing. 

The dendrites are predominantly postsynaptic elements, while the axonal terminals 

mainly form presynaptic sites. Spiking neurons contain at least one spike generating 

zone, as well as an axon to actively propagate spikes towards the axonal terminals. 

This subdivision of function is common to both ON1 as well as tibial motoneurons. I 

will therefore compare the specific processing and adaptations at each of these sub-

neuronal sites in these neurons. 

 

Dendrites 

In both vertebrate and invertebrate neurons dendritic Ca
2+

 levels are driven by a 

plethora of different Ca
2+

 influx mechanisms (Trimmer and Rhodes 2004). Global 

Ca
2+

 elevations, neuronal Ca
2+

 waves (Nakamura et al. 1999, 2000) or highly 
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localised hot spots of Ca
2+

 concentration (Kloppenburg et al. 2000) may occur 

throughout dendrites. Similarly, the scope of Ca
2+

 effectors leading to dendritic 

integration and signal refinement towards spike generation is vast. Postsynaptic 

regulation of synaptic efficacy, activation of neurite specific secondary currents or a 

support of backpropagating action potentials are but a few examples of Ca
2+

 mediated 

dendritic processing principles (London and Häusser 2005). I will first consider 

dendritic Ca
2+

 dynamics driven by synaptic activation. I will then discuss mechanisms 

of voltage activated Ca
2+

 influx and their functional consequences in both types of 

neurons. Finally I will consider the impact of dendritic Ca
2+

 levels on spike 

generation. 

 

Dendritic Ca
2+

 and synaptic activation 

Synaptic inputs to the main dendrite of ON1 are tonotopically organised. Low 

frequency inputs predominately activated the medial dendrites of ON1, while high 

frequency predominately activated lateral branches. Assuming a passive electrical 

signal propagation properties of the dendrites this may bear important consequences 

for weighting of synaptic inputs towards spike generation. As the spike generating 

zone of ON1 is located medially low frequency inputs may have a stronger impact on 

spike generation than high frequency inputs. Consequently the output tuning of ON1, 

as represented in the spike pattern as well as the Ca
2+

 response at the axonal terminals, 

is a weighted average of synaptic inputs from all auditory afferents, biased towards 

low frequency components. The high frequency inputs are underrepresented in the 

neuron’s output, but may support the extraction of timing information.  

Like ON1, tibial motoneurons receive excitatory synaptic inputs from different 

sources: local inputs from central pattern generating networks are integrated with 

descending inputs as well as inputs from sensory neurons of the innervated leg. 

However selective activation of no one individual input pathway gave rise to 

detectable spatial differences in activation patterns along the dendrites of individual 

motoneurons. This may be due to two non-exclusive reasons. Tibial motoneurons are 

the output channels of complex computations performed by the nervous system – 

sources of synaptic inputs may therefore more distributed in space, lacking the simple 

tonotopic organisation of auditory afferent terminals (Römer 1983, Imaizumi and 

Pollack 2005). Furthermore the prominent low voltage gated Ca
2+

 currents of these 

motoneurons will spatially distort any localised Ca
2+

 elevations. 
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In addition to excitatory inputs from auditory afferents, each ON1 receives inhibitory 

inputs from its mirror image partner (Selverston et al. 1985). This offered the 

opportunity to study the interplay of inhibitory and excitatory synaptic inputs in this 

neuron. Presentation of a contralateral sound during ipsilateral auditory stimulation 

gave rise to a drop in Ca
2+

 levels in both axonal and dendritic compartments. This 

indicates that inhibitory terminals of the contralateral neuron synapse onto the 

dendritic compartment, as suggested by the morphology of the neurons (Wohlers and 

Huber 1982). It is not clear whether the reduced Ca
2+

 levels in the axonal terminals 

are a result of the drop in spike rate or due to direct inhibition at this site. Following 

removal of all ipsilateral inputs through cutting the ipsilateral front leg Ca
2+

 levels 

increased in axonal terminals in response to contralateral acoustic stimulation, but 

decreased in the dendritic compartment. The Ca
2+

 elevations in axonal terminals could 

either be indicative of a local excitatory inputs from contralateral sensory auditory or 

vibration sensitive systems (Wiese and Eilts 1981), or be the result of a presynaptic 

inhibition, mediated by output synapses of the dendritic compartments of the 

contralateral ON1 (Watson and Hardt 1996).  

 

As postsynaptic Ca
2+

 frequently regulates synaptic efficacy Ca
2+

 influx driven by 

synaptic activation is a powerful tool to locally affect synaptic transmission. Such 

effects range from the millisecond range, for example mediated via Ca
2+

 controlled 

phosphorilation or dephosphorilation of synaptic receptor proteins (Zucker and 

Regehr 2002), to hours or even days such as during long term potentiation (LTP) or 

depression (LTD) (Takagi 2000, Hartmann and Konnerth 2005, Kullmann and Lamsa 

2007). In the giant cercal interneuron of the cricket a dendrite specific synaptic 

depression occurs due to local Ca
2+

 influx (Ogawa et al. 2001).  

Both ON1 and tibial motoneurons exhibit Ca
2+

 elevations as a result of synaptic 

activation. However I did not find any evidence of postsynaptic Ca
2+

 affecting 

synaptic efficacy in either type of neuron. Subthreshold stimulation of descending 

pathways reliably evoked EPSPs in tibial motoneurons. Depolarising current injection 

was used to elevate dendritic Ca
2+

 levels. However, this had no effect on EPSP 

amplitude nor shape. 

In both neuron types the contribution towards the overall Ca
2+

 level directly 

through synaptic activation route is small compared to the contribution via voltage 
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activated mechanisms of Ca
2+

 influx. In particular for ON1 this may be important 

during prolonged presentation of species specific song: a synapse specific synaptic 

depression as a result of continuous synaptic activation would shift the frequency 

tuning of ON1 towards high frequency inputs when exposed to low frequency 

stimulation of species specific song, as this would selectively attenuate synaptic 

inputs from low frequency coding auditory afferents.   

 

Dendritic Ca
2+

 and membrane potential 

Dendritic Ca
2+

 levels are often driven by voltage activated Ca
2+

 currents (Harris-

Warrick 2002). Ca
2+

 influx through voltage activated Ca
2+

 channels gave rise to large 

Ca
2+

 elevations during neuronal activity in the dendrites of both ON1 and tibial 

motoneurons. The speed of the passive spread of electrical current throughout the 

neurites of neurons far exceeds the speed of diffusion of free intracellular Ca
2+

 (Koch 

1984, Huguenard 1996, Harris-Warrick 2002). Through a uniform expression of 

voltage activated Ca
2+

 channels throughout the dendritic tree of a neuron a spatio-

temporally uniform control over global dendritic Ca
2+

 levels can be achieved 

(Trimmer and Rhodes 2004). The highly uniform Ca
2+

 elevations observed through 

dendrites of tibial motoneurons are indicative of such a principle. Global Ca
2+

 

elevations may synchronise Ca
2+

 mediated events across different neurites.  

Voltage activated currents may be divided into high voltage activated (HVA) 

and low voltage activated (LVA) currents (Hofmann et al. 1994, Huguenard 1996, 

Trimmer and Rhodes 2004). While HVA currents generate Ca
2+

 elevations driven by 

spike activity, LVA currents allow Ca
2+

 entry already at subthreshold depolarisation, 

and are largely independent of spike generation. The dendrites of many neurons 

support both HVA and LVA Ca
2+

 currents (Huguenard 1994, Hofmann et al. 1994). 

For example Ca
2+

 dynamics in leech heart interneurons are heavily dependent on 

LVA Ca
2+

 channels, but also exhibit a smaller contribution to dendritic Ca
2+

 levels 

through HVA channels (Ivanov and Calabrese 2000). Here LVA Ca
2+

 channels allow 

Ca
2+

 levels to follow membrane potential in a graded fashion, giving rise to graded 

activation of synaptic output, while the additional Ca
2+

 influx through HVA channels 

supports synaptic activation during spike activity (Ivanov and Calabrese 2003, 2006). 

Dendritic Ca
2+

 elevations in response to backpropagating spikes in many vertebrate 

neurons are driven by LVA Ca
2+

 currents (Eilers and Konnerth 2007). A co-

expression of HVA and LVA channels can also be important in shaping the waveform 
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of action potentials (Bean 2007). In rat hypoglossal motoneurons for example Ca
2+

 

influx through HVA Ca
2+

 channels gives rise to spike after-hyperpolarisaion through 

activation of a K
+
 current, while LVA Ca

2+
 currents are responsible for spike 

afterdepolarisation (Umemiya and Berger 1994).  

A choice over the expression of HVA or LVA Ca
2+

 channels provides a 

powerful processing tool as also illustrated on the examples of the ON1 versus tibial 

motoneurons. While ON1 dendritic Ca
2+

 levels are likely to be predominately driven 

by HVA Ca
2+

 currents, Ca
2+

 levels in the dendritic compartments of tibial 

motoneurons are probably driven by LVA Ca
2+

 currents. Accordingly Ca
2+

 levels in 

ON1 dendrites are spike-rate dependent, but Ca
2+

 levels in tibial motoneuron 

dendrites are largely spike-rate independent. As a result the peaks in ON1 spike rates 

at each sound onset (Nabatiyan et al. 2003) may be a highly effective means to drive 

and maintain high Ca
2+

 levels when listening to the species specific song. In contrast a 

stronger contribution to Ca
2+

 levels by LVA Ca
2+

 currents in tibial motoneurons may 

allow matching the dynamic range of Ca
2+

 elevations to the degree of depolarising 

inputs to each motoneuron, rather than its spike rate. This is important as the different 

types of motoneurons exhibit similar graded depolarisations but highly different spike 

rates during behaviour.  

 

 

Spike generation 

Spiking neurons translate the amplitude of graded depolarisations into a temporal 

code of spikes. Spike generation occurs at areas of particularly low spike threshold 

within the neuron, and is commonly based on a local high concentration of voltage 

gated Na
+
 channels (Wollner and Catterall 1986, Safronov 1998). Such areas are 

associated with the axon hillock in vertebrates, but can occur throughout all areas of 

neurons (e.g.: Zecević 1996). In insect neurons the spike generating zones are 

commonly located at junctions between dendritic and axonal compartments. The level 

of free intracellular Ca
2+

 can affect spike generation directly, or via the activation of 

Ca
2+

 dependent secondary currents (Berridge 1998, Augustine et al. 2003, London 

and Häusser 2005).  

The Ca
2+

 dynamics in the dendrites of tibial motoneurons are uniform 

throughout all primary and secondary branches. In contrast Ca
2+

 dynamics at the spike 

generating zone in ON1 are much slower than in any of the neighbouring dendrites. 
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Interestingly the time constant of Ca
2+

 decay following elevations in the dendrites of 

tibial motoneuron is much slower than in the dendrites of ON1, but is similar to that 

of the spike generating zone of ON1. While it is unclear where exactly the spike 

generating zone is in tibial motoneurons, its location is likely to coincide with at least 

part of the larger dendrites (Gwilliam and Burrows 1980). Therefore, despite the 

different Ca
2+

 dynamics in the dendrites of both types of neurons, the Ca
2+

 dynamics 

at the spike generating zones in both neurons are probably very similar. In general the 

level of Ca
2+

 at the spike generating zone is particularly important as any changes in 

membrane excitability due to local Ca
2+

 activated secondary currents will directly 

affect spike generation. The slow time constants of Ca
2+

 decay at the spike generating 

zone in both neurons result in prolonged Ca
2+

 elevations due to presentation of 

species specific song or due to walking. Consequently the spike generating zones of 

both ON1 and tibial motoneurons operate in a different Ca
2+

 environment during 

continuous stimulation than at rest. A Ca
2+

 summation during rhythmical motor 

activity has been shown in the dendrites of lamprey (Bacskai et al. 1995) and rat 

(Viana et al. 1993) spinal motoneurons. Furthermore fly visual interneurons summate 

Ca
2+

 elevations during periodic visual pattern presentation (Single and Borst 1998).  

The functional role of Ca
2+

 in neurons is critical. In ON1 Ca
2+

 controls an 

outward current, resulting in hyperpolarisation of the neuron following activity (Sobel 

and Tank 1994). In contrast, Ca
2+

 in tibial motoneuron has no obvious impact on 

membrane potential or spike generation. The elevated dendritic Ca
2+

 levels in ON1 

during continuous stimulation drive membrane potential to a more negative state, 

further from spike threshold.  This gives rise to a shift in the neuron’s input-output 

function resulting in a noise filter effect (Pollack 1988): only strong inputs, such as 

from loud chirps, will be represented in ON1’s spike pattern while weaker synaptic 

inputs such as from environmental sounds are suppressed. Contralateral inhibition 

mediated by its mirror image partner gives rise to a decrease in ON1 spike rate. 

Consequently Ca
2+

 levels drop in the dendrites, effectively disinhibiting the neuron 

from internally driven inhibition through a Ca
2+

 activated outwards current. In order 

to maximise the combined effect of internally generated inhibition through Ca
2+

 and 

externally generated inhibition through synaptic inputs, the impact of synaptic 

inhibition on Ca
2+

 levels in particular at the spike generating zone should be 

minimised: indeed contralateral inhibition resulted in a smaller drop in Ca
2+

 levels at 

the spike generating zone than in neighbouring dendritic compartments. 
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In contrast, Ca
2+

 in tibial motoneurons does not activate any prominent secondary 

currents, and the role of the large prolonged Ca
2+

 elevations observed in tibial 

motoneurons during repetitive stimulation remains unclear. The absence of Ca
2+

 

controlled secondary currents in tibial motoneurons allows these neurons retain equal 

responsiveness to synaptic inputs during walking and rest. This may represent a 

necessary prerequisite for flexible motor control which allows supporting the range of 

very different behavioural tasks of these motoneurons such as walking, scratching or 

kicking.  

Dendrites of neurons may also express mechanisms for Ca
2+

 mediated Ca
2+

 

release (Berridge 1998). This can be important in supporting synaptic vesicle release 

from dendritic presynaptic terminals (Rusakov 2006), or in the generation and 

propagation of neuronal Ca
2+

 waves (Nakamura et al. 1999, 2000). In ON1 Ca
2+

 

appears to travel from dendritic compartments towards the spike generating zone 

during prolonged activation. It is however unclear to what extent this apparent wave is 

driven by Ca
2+

 mediated Ca
2+

 release, or a direct consequence of the different neurite 

volumes between the dendritic and spike generating compartments of this neuron. 

 

Axon and Soma 

The axon actively propagates action potentials between the spike generating zone and 

the axonal terminals. Action potentials in both vertebrate and invertebrate neurons can 

be supported by Ca
2+

 currents, and axons can locally express Ca
2+

 channels (DiPolo 

and Beauge 1987, Bean 2007, Zheng and Poo 2007). However axonal Ca
2+

 entry 

mechanisms are generally less abundant than in the dendrites or at the axonal 

terminals (Trimmer and Rhodes 2004). The axon of both ON1 as well as all tibial 

motoneurons exhibited Ca
2+

 elevations of much lower amplitude and slower time 

course than dendritic compartments. In ON1 increases in axonal Ca
2+

 levels depended 

on the distance from the dendrites and from the axonal terminals. The main mode of 

Ca
2+

 entry in the axon may therefore be by passive diffusion from the neighbouring 

dendrites or axonal terminals. This slow accumulation of Ca
2+

 in the axon may play 

an important functional role in ON1. The soma of ON1 attaches to the axon via a thin 

neurite. Like the axon, the soma showed no signs of active Ca
2+

 entry mechanisms 

during episodic activity. However, during prolonged stimulation Ca
2+

 entered the 

soma via the axon. I could not directly study this effect in tibial motoneurons due to 
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the ventral location of somata. However the neurite leading towards the soma only 

showed small Ca
2+

 elevations during episodic stimulation indicating that similar 

principles may apply. Similar to ON1, the somata of fly visual interneurons or the 

cricket giant cercal interneuron only exhibit weak Ca
2+

 changes upon neuron 

activation (Ogawa et al. 1996, Single and Borst 1998). A mechanism of Ca
2+

 entry to 

the soma via diffusion from neighbouring neurites may be an effective way of 

generating a threshold to local Ca
2+

 triggered intracellular events, and give rise to a 

simple and effective control over transcription and translation required only during 

prolonged neuronal activity (Berridge 1998, Augustine et al. 2003). This is in clear 

contrast to vertebrate neurons. Here the soma exists as a key site of electrical 

processing, acting both as a site of signal integration as well as hosting the axon 

hillock, an area of low spike threshold. Ca
2+

 dynamics in vertebrate somata are often 

driven by powerful Ca
2+

 entry mechanisms giving rise to large Ca
2+

 elevations during 

electrical and synaptic activity. Some insect neurons do however also exhibit local 

mechanisms of Ca
2+

 influx. For example locust Dorsal Unpaired Median  cells exhibit 

several voltage dependent Ca
2+

 currents (Wicher and Penzlin 1997) including a 

voltage dependent pathway through a G-protein couple cascade acting on intracellular 

Ca
2+

 release mechanisms (Ryglewski et al. 2007).  

 

Axonal Terminals 

In ON1 it was possible to measure Ca
2+

 dynamics in the axonal terminals. These were 

voltage dependent, and followed a time course of rise and decay similar to the 

dendrites of the neuron. Ca
2+

 at presynaptic terminals controls synaptic vesicle release 

(Rusakov 2006, Evans and Zamponi 2006). Due to the nature of our optical recording 

technique I could not resolve individual synapses. However at the level of entire 

branchlets of axonal terminals Ca
2+

 did not decay towards baseline between spike 

responses to syllables or even between chirps. This implies that in the absence of 

spiking activity Ca
2+

 remains inside the axonal terminals. Accordingly the presynaptic 

Ca
2+

 buffering capacity, defined by the concentration of unbound Ca
2+

 buffers will 

decrease. Any free Ca
2+

 transients following spike evoked Ca
2+

 entry may therefore 

be enhanced compared to that under the low resting Ca
2+

. This could give rise to a 

tighter coupling between further Ca
2+

 influx and synaptic vesicle release (Rusakov 

2006).  
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Ca
2+

 in presynaptic terminals may also control secondary currents as in 

Aplysia sensory neurons (Byrne and Kandel 1996). Here Ca
2+

 mediated deactivation 

of a local K
+
 current gives rise to spike broadening, thus increasing synaptic output. 

Changes in the spike waveform may also affect the dynamics of synaptic efficacy: a 

reduction in presynaptic spike width at the synapse between two identified 

motoneurons of the locust gave rise to a smaller decrease of EPSP amplitudes over 

repeated stimulation (Niven and Burrows 2003). However no effect on spike 

amplitude or shape following spike activity was obvious when recording near axonal 

terminals of ON1 arguing against the existence of Ca
2+

 controlled secondary currents 

at this site. 

 

Summary of functional specialisations of ON1 and tibial motoneurons 

Spatial arrangements of input synapses 

- The spatial proximity of low frequency inputs to the spike generating zone 

biases the output tuning of ON1 towards low frequencies 

- The additional high frequency auditory inputs to ON1 may enhance the acuity 

of the song’s temporal representation.  

- In tibial motoneurons there is no indication for a spatial separation of synaptic 

inputs from different presynaptic sources. 

Dendritic Ca
2+

 and postsynaptic regulation of synaptic efficacy 

- Neither type of neuron exhibited any obvious changes in dendritic synaptic 

efficacy during elevated Ca
2+

 levels. 

Voltage activated Ca
2+

 currents 

- The dendritic Ca
2+

 levels in ON1 are driven by likely to be driven by HVA 

Ca
2+

 currents. Therefore high spike rates in ON1 maintain elevated dendritic 

Ca
2+

 levels during phonotaxis.  

- The dendritic Ca
2+

 levels of tibial motoneurons are likely to be predominately 

driven by LVA currents. Ca
2+

 elevations within each motoneuron are therefore 

largely independent of spike activity, but are instead driven by graded 

depolarisations due to synaptic activity. 

Spike generation and secondary currents: 
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- At the spike generating zone in both ON1 and tibial motoneurons the slow 

Ca
2+

 dynamics give rise to prolonged Ca
2+

 elevations during rhythmical 

activation. 

- In ON1 Ca
2+

 activates an outward current which acts as a noise filter.  

- Inhibition of ON1 from its contralateral partner neuron results in a drop in 

spike rate and a subsequent decrease in Ca
2+

 levels. This decrease is less 

pronounced at the spike generating zone than in the dendrites.  

- In tibial motoneurons no Ca
2+

 activated secondary currents were obvious.  

Axon and soma: 

- In both ON1 and tibial motoneurons the axon and soma did not show any 

pronounced Ca
2+

 elevations during episodic activation. 

- During prolonged activation Ca
2+

 appeared to diffuse into the axon and soma 

of ON1 from the dendrites and axonal terminals. Similar mechanisms may 

apply in tibial motoneurons.  

 Axonal terminals:  

- Ca
2+

 remaining inside axonal terminals of ON1 between spike responses to 

individual syllables and chirps. This may reduce the local buffering capacity 

of axonal terminals, and may cause an increased coupling between the Ca
2+

 

influx due to spike arrival and synaptic vesicle release. 

 

Future projects 

I have studied how two types of neurons of the neuronal network underlying 

phonotactic steering in crickets are adapted to their different functional roles. By 

studying their synaptic inputs, morphology and neuronal processing supported by 

Ca
2+

 I analysed how both classes of neurons integrate and process auditory or motor 

inputs. However not all elements of this auditory-to-motor network have been 

identified (Schildberger et al. 1989). In attempting to achieve a more comprehensive 

understanding of the specific processing requirements and adaptations of each neuron 

within this network, the missing neuronal elements need to be identified. Especially 

auditory processing within the brain remains unclear (Schildberger 1984, Staudacher 

2001). Studying both newly identified as well as known neuronal elements during 

phonotaxis will lead to a better understanding of the roles played by each of the 

neuronal elements controlling the behaviour.  
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Another important focus is the causality between elevations in free 

intracellular Ca
2+

 and its intracellular effectors. In particular the use of photoreleased 

caged Ca
2+

 compounds will be a key approach, as it allows to control Ca
2+

 levels 

independent of synaptic inputs and a neuron’s depolarisation state (Petersen 2002, 

Kurtz et al. 2008). Furthermore the application of activators or blockers of parts of 

intracellular Ca
2+

 cascades, such as caged IP3 or selected Ca
2+

 channel blockers will 

lead to a deeper understanding of the cellular mechanisms that govern the control over 

and control by Ca
2+

 in ON1 and tibial motoneurons (Huguenard 1996, Viana et al. 

1997). In addition the use of different, more sophisticated imaging techniques such as 

high speed confocal imaging or two-photon microscopy would allow studying Ca
2+

 

dynamics within these neurons with much improved spatial and temporal resolution, 

allowing to reveal the effects of Ca
2+

 at the level of tertiary neurite or even individual 

synapses (e.g. Kloppenburg et al. 2000). Finally the specific conclusions drawn from 

the data presented here need to be tested in the context of different neuronal networks, 

as well as the neurons of homologous neuronal networks of different species, such as 

Teleogryllus oceanius (Pollack 2003, Tunstall and Pollack 2005, Marsat and Pollack 

2005). Are findings presented from Gryllus bimaculatus universal to the control of 

phonotactic behaviour in crickets, or specifically adapted only for this species? How 

do findings relate to neurons found in completely different contexts still? The toolkit 

for task specific adaptations of neurons is vast and we are only beginning to scratch 

the surface of what nature holds possible.  
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Figure 5.1: A thoraco-cephalic pathway for auditory steering? Acoustic 

stimulation during phonotaxis results in steering leg movements with a latency of 55-

60ms. Tibial muscles are activated with a latency of 35-40ms, and prothoracic tibial 

motoneurons generate spikes 31-36ms following acoustic stimulation. Auditory 

activation of tibial motoneurons may be achieved via a direct polyneural pathway 

from Descending Brain Neurons (DBN). These may receive auditory information 

from cephalic projections of Ascending Neuron-1 (AN1) via Local Brain Neurons 

(LBN). AN1 receives direct synaptic inputs from auditory afferents in the prothoracic 

ganglion (TH1), and responds with a latency of 20-22ms in the brain. Auditory inputs 

to the motor system only occur during phonotaxis. A gating mechanism of auditory-

to-motor control, driven by cephalic pattern recognition networks may exist. (asterisks 

indicate calculated, as opposed to measured latencies). 
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LIST OF ABBREVIATIONS USED 

 

EMG: Electromyogram 

FETi: Fast extensor tibiae 

SETi: Slow extensor tibiae 

FFTi: Fast flexor tibiae 

SFTi: Slow flexor tibiae  

ON1: Omega Neuron-1 

AN1: Ascending Neuron-1 

LBN: Local Brain Neuron 

DBN: Descending Brain Neuron 

CPG: Central pattern generator 

EPSP: Excitatory postsynaptic potential 

IPSP: Inhibitory postsynaptic potential  

PSP: Postsynaptic potential 

HVA: High voltage activated 

LVA: Low voltage activated 

GABA: Gamma-aminobutyric acid 

IP3: Inositol-3-phosphate 

IP3R: Inositol-3-phosphate receptor 

RYR: Ryanodine receptor 
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AEP: Anterior end point 

PEP: Posterior end point 

SLR: Single-lens reflex 

LED: Light emitting diode 

UV: Ultra-violet 

IR: Infra-red 

SPL: Sound pressure level 

CCD: Charge coupled device 

TTL: Transistor-transistor logic 

ROI: Region of interest 
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During the making of this thesis a total of…. 

 

…3554 cups of tea were consumed 

 

…713 crickets were sent to cricket heaven 

 

…29 drafts of the chapters were produced 

 

 

This thesis contains the word “Ca
2+

” 647 times – this represents 

0.21% of all words and is about 3 times less than the use of the word 

“the” (0.67%). 

 

 

 


