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Accepted 23 January 2007 Summary We investigated the properties of the extensor tibiae leg swing. The force–length relationship corresponds muscle of the stick insect (Carausius morosus) middle leg. closely to the typical characteristic according to the sliding Muscle geometry of the middle leg was compared to that of filament hypothesis: it has a plateau at medium fibre the front and hind legs and to the flexor tibiae, lengths, declines nearly linearly in force at both longer and respectively. The mean length of the extensor tibiae fibres shorter fibre lengths, and the muscle’s working range lies in the short to medium fibre length range. Maximum is 1.41±0.23·mm and flexor fibres are 2.11±0.30·mm long. contraction velocity showed a similar relationship. The The change of fibre length with joint angle was measured force–velocity relationship was the traditional Hill curve and closely follows a cosine function. Its amplitude gives hyperbola, but deviated from the hyperbolic shape in the effective moment arm lengths of 0.28±0.02·mm for the region of maximum contraction force close to the isometric extensor and 0.56±0.04·mm for the flexor. Resting extensor contraction. tibiae muscle passive tonic force increased from 2 to 5·mN Step-like changes in muscle length induced by loaded in the maximum femur–tibia (FT)-joint working range release experiments characterised the non-linear series when stretched by ramps. elasticity as a quadratic spring. Active muscle properties were measured with simultaneous activation (up to 200·pulses·s–1) of all three motoneurons innervating the extensor tibiae, because this Key words: pinnate insect muscle, muscle properties, contraction dynamics. reflects most closely physiological muscle activation during Introduction When animals move, a neurally generated motor output activates the musculo-skeletal system. This precise motor action is determined by the active and passive biomechanical properties of the muscles. Depending on their contraction dynamics, muscles can respond to different temporal components of their neural inputs (e.g. Brezina et al., 2000; Ballantyne and Rathmayer, 1981; Bässler and Stein, 1996; Full, 1997; Josephson, 1993; Meyrand and Marder, 1991; Morris and Hooper, 1997) (reviewed in Hooper and Weaver, 2000; Morris et al., 2000). Understanding of how nervous systems generate motor behaviours requires investigation of muscle properties as well as neural activity. This is particularly important in complex motor systems that function via the concerted action of multiple muscle groups, e.g. for terrestrial locomotion. In these systems the mechanical arrangement and activation of muscles can make synergistic muscles perform different roles. In the cockroach, for example, one of the two leg extensor muscles acts as a motor and the other as a brake (Ahn and Full, 2002). For organisms in which the neural component is already quite well understood, detailed investigation of muscles will allow a better characterisation of



the roles that neural and muscular properties play in movement generation. One such organism is the stick insect Carausius morosus (Büschges, 2005; Orlovsky et al., 1999). Motor output of the stick insect leg muscle control system is the result of a complex interaction between local sensory feedback, central neural networks governing the individual leg joints, and coordinating signals between the legs (e.g. Bässler and Büschges, 1998; Büschges, 2005; Dürr et al., 2004). The femur–tibia (FT)-joint is the functional knee-joint of the insect leg, and detailed information has been gathered with respect to morphological organization (Bässler, 1967) and the motoneuronal innervation pattern of the muscles involved, the flexor and the extensor tibiae (Bässler et al., 1996; Bässler and Storrer, 1980; Debrodt and Bässler, 1989; Debrodt and Bässler, 1990). In addition, motor output during walking movements (Bässler, 1993; Büschges et al., 1994; Fischer et al., 2001) and some aspects of the neural control, including the activity of the central premotor networks (Bässler, 1993; Büschges, 1995; Büschges et al., 2004; Driesang and Büschges, 1996), are known. This information has been sufficient to successfully construct a neuro-mechanical simulation of the stepping stick insect (Ekeberg et al., 2004). However, the control of
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Stick insect extensor muscle biomechanics 1093 movement amplitude, i.e. the activation level of leg motoneuron pools and muscles, is only poorly understood, partly because neural and muscular properties interact at this level in movement generation (Blickhan et al., 2003; Brezina and Weiss, 2000; Chiel and Beer, 1997). In order to address this issue, it is necessary to investigate how the detailed aspects of neural control, e.g. changes in motoneuron activity, affect muscle activation and movements generated thereby, and the general working range of the neuron-to-movement transformation for stick insect leg muscles. Given the wellknown neural aspects of stick insect leg motor control, understanding of the FT-joint control would be greatly increased by a better understanding of the biomechanics of the joint’s muscular system. It would be particularly interesting to understand the control of activation of this muscle, i.e. the properties of force production and contraction related to frequency in activity of the innervating tibial extensor motoneurons, including the single twitch to maximum force ratio. The flexor and extensor tibiae muscles are pinnate, as is typical for arthropods, and control tibia movement for posture and locomotion (Bässler, 1983; Bässler, 1993). The fibres of the two leg muscles are innervated by multiple excitatory motoneurons; fast, semifast and slow motoneurons for the flexor tibiae and one fast (the FETi) and one slow motoneuron (the SETi) for the extensor tibiae (Bässler and Storrer, 1980). In addition, the extensor muscle fibres receive innervation from the common inhibitor (CI1) motoneuron 1 (Bässler et al., 1996; Bässler and Stein, 1996; Bässler and Storrer, 1980) and muscle fibres of the flexor tibiae receive innervation from CI2 and CI3 (Debrodt and Bässler, 1990). In the extensor tibiae muscle there is a systematic proximal-to-distal shift between muscle fibres innervated by the FETi alone and those that are also innervated by SETi and CI1. During walking in the stick insect middle leg, all three extensor motoneurons are activated maximally during leg swing (Büschges et al., 1994; Schmitz and Hassfeld, 1989). CI1 activity switches off force production of dually innervated fibres (Bässler and Stein, 1996). Depending on the walking situation, e.g. when walking on a double treadwheel, extensor motoneurons, i.e. also FETi, can also be active during stance before the initiation of the swing phase, albeit at a reduced level (Büschges et al., 1994; Graham, 1985; Schmitz and Hassfeld, 1989). In the present study we investigated the geometrical characteristics of the stick insect FT-joint and the static and dynamic properties of the two antagonistic tibial muscles, the extensor and flexor tibae, in the middle leg. Due to the small number of excitatory motoneurons innervating it, we decided to investigate the static and dynamic properties of force generation for the extensor muscle in more detail. We first focused on static properties, i.e. the length dependence of isometric force in the muscle. We then present data on the dynamic properties of the extensor muscle, including the relationship between contraction force and velocity (Hill curve), muscle series elasticity, and the dependence of the muscle parameters on stimulation frequency.



Materials and methods Experiments were carried out on 102 adult female stick insects of the species Carausius morosus Br. from a colony maintained at the University of Cologne. 10 animals of the same size as used in the experiment had an average body length of 77.1±2.28·mm and average mass of 940±70·mg. All experiments were performed under daylight conditions and at room temperature (20–22°C). Muscle and fibre length measurements The extensor and flexor muscles were exposed for length measurements by cutting a small window into the proximal and distal part of the femur. Muscle length was calculated under the microscope by determining the distance from the insertion of the most proximal fibre to an orientation mark (Fig.·1, shown for the extensor tibiae) and adding the distance from this mark to the insertion of the most distal fibre into the tendon. The tibia was moved on a plastic goniometer from 30° to 180° and length measurements were taken in 10° intervals. We considered this range (150°) as the maximum working range of both tibial muscles (Storrer, 1976; Cruse and Bartling, 1995). 90° was defined as the FT-joint angle at which both muscles are at their resting length for the stick insect (Friedrich, 1932; Storrer, 1976) and for Blaberus discoidalis (Full et al., 1998; Ahn and Full, 2002). Fibre length measurements were performed on muscles fixed in situ, with the joint at the 90° position, using 2.5% glutaraldehyde in phosphate buffer, pH·7.4 (Watson and Pflüger, 1994). Fibres were pulled from the proximal and medial parts of the femur because in these locations both muscles are primarily innervated by fast motoneurons (Bässler et al., 1996; Debrodt, 1980). Force experiments Force measurements were made exclusively on the extensor tibiae muscle of the middle leg, because it is innervated by only three motoneurons (Bässler and Storrer, 1980), all of which have their axons in nerve nl3 [nomenclature according to Marquardt (Marquardt, 1940)]. In contrast, the flexor tibiae muscle is innervated by about 14 motoneurons running in nerve ncr (Storrer et al., 1986; Debrodt and Bässler, 1989; Gabriel et al., 2003), and extracellular stimulation of this muscle is complicated to achieve. All legs except one middle leg were cut at the level of the mid-coxa. The animal was treated in accordance with the established procedures and was fixed dorsal side up on a balsa wood platform so that the tibia of the remaining leg was suspended above the edge of the platform. Coxa, trochanter and femur were glued to the platform with dental cement (Protemp II, ESPE, Seefeld, Germany). The distal end of the femur was opened carefully to ensure that as many muscle fibres are left intact as possible. Muscle force was measured by inserting a hook-shaped insect pin through the cut end of the muscle tendon. The pin was connected to the lever arm of a servo motor, which is part of an Aurora dual-mode lever system 300 B (Aurora Scientific Inc., Ontario, Canada), and muscle length set to the desired value. We tuned the lever system so that length control was critically damped and
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Fig.·1. Schematic representation of the geometrical arrangement of femur–tibia joint in the stick insect middle leg. For details see text.



adjusted the inertia compensation to minimise force transients using triangle waveforms. The femoral cavity was filled with Ringer (NaCl 178.54·mmol·l–1, Hepes 10·mmol·l–1, CaCl2 7.51·mmol·l–1, KCl 17.61·mmol·l–1, MgCl2 25·mmol·l–1) (Weidler and Diecke, 1969) several times during the experiment. We did not study putative correlations between muscle performance and muscle mass, femur size, limb size or animal size. Experiments to determine the active and passive force–length characteristics were carried out as follows: muscle length was manually set to a FT-joint angle of 90° at the beginning, our definition of the muscle’s resting length (l0). It was then released 0.75·mm (~0.5l0) and subsequently stretched in coarse steps (mostly 0.15·mm) with sequencer-generated ramps of 0.05·mm·s–1 up to 0.75·mm beyond the muscle’s resting length (~1.5l0). In some experiments we examined force development within the muscle’s working range using small ramps (0.05·mm) within the range of ~0.8l0 to ~1.2l0 to obtain a more accurate screening. To investigate actively generated forces, the muscle was electrically stimulated with a paradigm of different stimulation frequencies at each length position after relaxation (for details, see Results, ‘Passive muscle forces’). Force–velocity curves (Hill curves) were obtained according to established procedures. Extensor muscles were stimulated to reach ‘steady-state’ contraction under isometric conditions and then allowed to shorten under isotonic conditions against a variety of sequencer-generated counterforce levels. Muscle lengthening was accomplished by stretches while applying sequencer-generated load levels larger than the tetanical steady-state contraction force (for details, see Results, ‘Dynamics of the muscle contraction’). Electrical stimulation of motor axons The thorax was opened dorsally and the gut, fat and connective tissue removed to expose the mesothoracic ganglion. A bipolar hook electrode was then placed under nerve nl3 (Marquardt, 1940). The nerve was crushed proximally with a forceps and isolated with white vaseline (Engelhard Arzneimittel GmbH & CoKG, Niederdorfelden, Germany). To measure the tension generated by the middle leg extensor tibiae muscle, we electrically stimulated the axons of its innervating motoneurons, the FETi, SETi and CI1. These axons have



different diameters (Bässler and Storrer, 1980), so the three motoneurons can be sequentially activated by increasing stimulation strength; FETi has the lowest threshold (Fig.·2Ai,Aiv), SETi the next highest (Fig.·2Aii,Aiv), and CI1 the highest (Fig.·2Aiii,Aiv). The determination of the appropriate current pulse amplitude to use in the nerve stimulation was complicated by a conflict between (1) the desire to routinely stimulate all three motoneurons (FETi, SETi and CI1) and (2) the desire to keep the current amplitude low enough that the nerve could be repeatedly stimulated over long periods without the damage. This issue was even more difficult to resolve because the dissection required to enable extracellular recordings from the extensor nerve F2 in the distal femur close to the muscle (necessary to test whether all three axons are being stimulated) inevitably damaged some more distal muscle fibres, which are mostly dually innervated (Bässler et al., 1996), and considerably lengthened the dissection procedure. It was consequently not possible both to perform the long experiments on undamaged muscles whose data are reported here in the Results, and to check if all three motor axons were being stimulated in the same preparation. To overcome these difficulties, we performed 15 experiments with the dissection in which we were able to record extracellularly from the F2 nerve, and measured the relative thresholds of the three motor units. Since these experiments were short, we could also measure the force (due to the inevitable muscle fibre damage, in all cases less than the forces reported in the Results here) produced by the muscle as the number of stimulated nerve units changed. In five of these experiments stimulating the nerve at 1.5-fold the threshold (T) for visible twitches resulted in reliable stimulation of all three motor axons. In eight experiments, stimulation at this level was not sufficient to activate the two smaller fibres reliably (typically SETi but not CI1 was reliably activated). However, increasing the stimulation amplitude in these experiments showed that when a sufficiently large stimulation amplitude was achieved to activate the other two units completely, negligible changes were induced (in seven preparations, none; in one, 3%) in muscle force production. Presumably this was because FETi induces by far the largest twitches, and because in most of these cases SETi was already being activated at the 1.5 stimulation level. Fig.·2Bi–iv shows forces and F2recordings in response to a 50·Hz stimulation pulse train of a representative experiment. In Fig.·2Bi, 75% of the pulses excited FETi and 25% FETi and SETi. In Fig.·2Bii, 50% of the stimuli elicited FETi and 50% FETi, SETi and CI1. Fig.·2Biii shows recruitment of all three motor units with every pulse, doubling the current amplitude in Fig.·2Biv shows no further increase in force. In the remaining two experiments, stimulating the additional two units resulted in an increase in muscle force of 20±4%. These experiments also showed that stimulating the motor nerve with current pulses 1.5 times larger than the visible twitch threshold for long periods of time did not induce any sign of nerve damage (e.g. an increase in stimulation failures).
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Stick insect extensor muscle biomechanics 1095 These control experiments thus showed that in ~90% of preparations, stimulating nl3 with a current amplitude 1.5 times greater than the FETi threshold resulted in either activation of all three motor axons or, if not, that the failure to activate SETi and CI1 completely had a negligible effect on muscle force production. In the remaining 10% of preparations, the lack of the SETi and CI1 only induced a modest decrease in measured muscle force. We therefore chose to set the amplitude of the current pulses to approximately 50% above threshold generating a visible twitch (Malamud and Josephson, 1991). Pulse trains of different frequencies were applied using a SPIKE2 sequencer program at intervals of at least 30·s to allow return to the rest state. Pulse duration was 0.5·ms in all experiments (Josephson, 1985; Stevenson and Josephson, 1990; Malamud and Josephson, 1991; Full et al., 1998; Ahn and Full, 2002). Data achievement and evaluation Data were recorded on a PC using a MICRO1401 A/D converter with SPIKE2-software (both Cambridge Electronic
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Design Limited, Cambridge, UK). For isometric force experiments, the influence of filament overlap on force generation was examined by stretching the muscle in ramps of different size over a range of 1.5·mm using a SPIKE2 sequencer program. The stimulation protocol was carried out at each muscle length. In these experiments the dual-mode lever system was used exclusively as a force transducer. The stiffness of the measuring system was measured by connecting the insect pin directly to the base of the platform, and it was greater than 7500·mN·mm–1; it can therefore be neglected in our measurements [for a thorough discussion of the influence of the compliance of the measuring device, see Jewell and Wilkie (Jewell and Wilkie, 1958)]. Twitch kinetic measurements included the time to peak force (Tmax), time to 50% relaxation (T50off) and time to 90% relaxation (T90off), all calculated relative to the force onset. For isotonic force experiments, the influence of load on contraction velocity and muscle series elasticity was determined by application of different force levels on the lever arm during tetanus using a SPIKE2 sequencer script. Custom SPIKE2 script programs were written for most of the data analysis. Plotting, curve fitting, and error evaluation were performed in ORIGIN (Microcal. 1.5 T Software Inc., Northampton, MA, USA).
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Statistics Mean values were compared using a modified t-test (Dixon and Massey, 1969). Means and samples were regarded as Fig.·2. Isometric forces induced in the middle leg extensor tibiae muscle by electrical stimulation of nerve nl3 with different current amplitudes. In all panels the top trace is a stimulus monitor (note pulse height changes as stimulus amplitude was increased), the second trace is an extracellular recording of nerve nl3, and the third trace is muscle force. (Ai–Aiii) Sequential recruitment of FETi (Ai), FETi and SETi (Aii) and FETi, SETi and CI1 (Aiii) recorded in extensor leg nerve F2 in response to single stimuli. (Aiv) An enlarged version of the recordings, showing the sequential addition of new units (asterisks). 1·T=0.0023·mA. (Bi–Biv) F2-recordings and forces in response to a 50·Hz pulse train. (Bi) 75% of the pulses excited FETi and 25% FETi and SETi. (Bii) 50% of the stimuli elicited FETi and 50% FETi, SETi and CI1. (Biii) Recruitment of all three motor units with every pulse. Doubling the current amplitude (Biv) induced no further increase in force. In this experiment the SETi spikes were of larger amplitude than FETi spikes. This is uncommon and likely because nerve F2 was recorded very distally in the femur. In all panels the electrical disturbance in the nerve recording that coincides with the stimulus is a stimulus artifact, not an action potential (arrow in Ai). T, threshold.
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Fig.·3. (A) Relationship between muscle resting length and femur length in front leg (F; squares), middle leg (M; circles) and hind leg (H; triangles). Filled symbols, extensor tibiae; open symbols, flexor tibiae. The dotted lines give the linear fit under the assumption of pure proportionality between muscle length and femur length. The solid line indicates the 1:1 proportion, for comparison. Values are shown in Table·1. (B) Relation between middle leg muscle resting length and fibre length. Extensor muscle fibre length depends on resting muscle length (P 
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