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GAIN CONTROL IN THE FEMUR-TIBIA FEEDBACK SYSTEM OF THE STICK INSECT BY ROLF KITTMANN* Fachbereich Biologie, Universitat Kaiserslautern, D-6750 Germany



Kaiserslautern,



Accepted 28 January 1991 Summary This paper presents a quantitative description of the variability and the adaptive properties of information processing in the femur-tibia feedback system of the stick insect. The gain of this proprioceptive feedback system is determined by external stimuli changing the behavioural state of the animal and by internal properties that make it dependent on different parameters of the stimulus programme, e.g. stimulus frequency and amplitude, repetition rate and resting pauses. The gain of the feedback loop in the inactive animal was investigated under open-loop conditions by applying mechanical sine-wave stimuli to the femoral chordotonal organ (fCO). The resistance movement of the tibia caused by these stimuli was measured with a new optoelectronic device. A large increase or decrease in gain (up to a factor of 50) can be induced by stimulation, but also occurs spontaneously. The system shows habituation and sensitization. The initial gain can be decreased by repetitive sine-wave stimulation of the fCO. Disturbance of the animal (e.g. by tactile stimuli) increases the gain. The gain of the system decreases with increasing stimulus amplitude. The described nonlinearities form a system which adjusts gain to a value that permits effective feedback and prevents instability. This was verified by closedloop experiments.



Introduction Behavioural and neurophysiological investigations show that many reflexes and neural pathways are active only under certain stimulus conditions or during certain states of behaviour of an animal. Also, quantitative changes in information processing, such as variation in the amplitude of the response to constant stimuli, have been mentioned in several studies on proprioceptive reflexes and feedback systems. Such quantitative changes in responsiveness are often due to different * Present address: Institut fur Zoologie II, Friedrich-Alexander-Universitat, Staudtstrasse 5, D-8520 Erlangen, Germany. Key words: gain control, feedback, habituation, proprioception, sensitization, reflex modulation, Carausius morosus.
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stimulus conditions or behavioural situations (e.g. Forssberg et al. 1976; Cruse, 1981; Cruse and Pfluger, 1981; Cruse and Schmitz, 1983; Schmitz, 1985,1986) and, therefore, might serve to adapt the system to the situation. However, even under identical stimulus conditions, large variations in response amplitude occur between individuals as well as in a single animal during an experiment (Graham and Wendler, 1981; Bassler, 1983; Kittmann, 1984; Schmitz, 1985, 1986). Very little is known about the reasons for these variations in information processing. They often exceed the differences found for the same pathway in different behavioural states or under different stimulus conditions. They have often been left uninterpreted or regarded as system inaccuracies rather than adaptive features, and have not been the subject of a systematic investigation until now. In proprioceptive feedback systems there is a lack of quantitative data concerning such changes in the characteristics of the system. The variation in gain - the ratio between the output and the input of the system - is particularly important, as it can change the characteristics of the system considerably. Low gains result in ineffective feedback responses, whereas high gains can induce instability, e.g. oscillation of the system. Therefore, to maintain effective feedback, gain must be carefully controlled. The femur-tibia (FT) feedback system of the stick insect is one of the best known proprioceptive feedback systems in arthropods. It has been investigated from the behavioural to the neuronal level (for a summary, see Bassler, 1983; Biischges, 1989). It stabilizes the FT joint against passive movements (Bassler, 1983) and is active during tibial movements (Cruse and Pfluger, 1981; Cruse and Schmitz, 1983; Cruse, 1985; Weiland and Koch, 1987). For quantitative investigations, this system is almost ideal. Most animals become spontaneously active or change their state of behaviour during longlasting quantitative experiments or as a reaction to applied proprioceptive stimuli, but this occurs rarely in the stick insect. Normally, the animal does not become active under daylight conditions and therefore the responses of its FT feedback system to the tested femoral chordotonal organ (fCO) stimuli are not obscured by active movements. It is easy to open the feedback loop and to stimulate the sense organ, the fCO, with an appropriate stimulus (Bassler, 1972a). The gain in the open-loop system can be calculated easily as the ratio of the output amplitude (tibial movement) to the input amplitude (fCO movement). Quantitative investigations have shown the dependence of gain on different behavioural situations, in the standing and in the walking animal (Cruse and Schmitz, 1983; Cruse, 1985), and on different stimulus conditions, e.g. for different stimulus frequencies (Bassler, 1972o). However, these differences in gain are exceeded by the variations in the gain occurring under constant stimulus conditions and in constant behavioural states. Thus, the FT feedback system of the inactive animal showed a large variation in the response amplitudes for the following output parameters tested with constant stimuli: in the closed-loop system (i) the resisting force of the tibia against passive movements and (ii) the angular velocity of the return movement following a passive movement of the tibia
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(Bassler, 1972ft); in the open-loop system (i) the amplitude of FT angle (Bassler, 1972a; Bassler et al. 1974), (ii) the force produced by the tibia (Bassler, 1974) and (iii) the forces in flexor and extensor tibiae muscles caused by fCO stimuli (Storrer and Cruse, 1977). In spite of these intensive studies, little is known about the factors causing these response variations and influencing gain. Bassler (1974) and Storrer and Cruse (1977) assumed that a correlation between the state of behaviour of an animal and the gain in the feedback system explained this variability. During my first experiments to find ways of reducing this variability in gain, I observed marked habituation and sensitization in the system. This made the results of a system analysis, e.g. the amplitude-frequency curve, strongly dependent on the stimulus programme, repetition rate and pause length and on random dishabituating influences. In the following quantitative study, the variability in the characteristics of the system - in particular of the parameter 'gain' - was investigated and the following questions were addressed, (i) What gain values can occur and to what extent can they change within one individual? (ii) What factors induce these changes in the gain and what are their dynamic properties? (iii) Is it possible to increase or decrease the value of the gain by defined external stimuli under experimental conditions (an important prerequisite for a further investigation of gain control)? Materials and methods Adult female stick insects, Carausius morosus Br., were taken from a culture at the University of Kaiserslautern. All experiments were performed under daylight conditions at room temperature (20-22 °C). Preparation The animal was mounted on a piece of foam rubber with its body axis vertical (Fig. 1). The femur of the left middle leg was stretched out perpendicular to the body axis, so that the tibia was free to move in the horizontal plane. The axis of the FT joint was adjusted to lie 1 mm above the centre of an optical angle measurement device. The coxa, trochanter and femur were then fixed with dental cement (Scutan). Extracellular activity of the extensor tibiae motoneurones was recorded from the extensor nerve (F2) with 50 fxm steel wires (Pfliiger, 1977). Closed-loop experiments were performed under these conditions. For open-loop experiments, the fCO was mechanically stimulated as described by Bassler (1976): a pen motor (Hellige HE19) with a pair of forceps connected to its axis was used to move the chordotonal apodeme, which was cut distally at the FT joint. Stimulus functions were generated by a function generator (Tektronix, FG501). Optical measurement of the femur-tibia angle A new optoelectronic device was developed to allow high-resolution recording



506



R . KlTTMANN



of the FT angle without manipulation of the tibia, which might change the friction of the joint. A lamp mounted 50 cm above the animal projected the shadow of the tibia on a 180° arc (r=10mm) lmm below the tibia (Fig. 1). The FT joint was placed above the centre of the arc and the femur was fixed at the 0° line. The arc



Lamp



Illl



Fig. 1. Experimental arrangement. The animal is restrained in a vertical position. The left middle leg isfixedperpendicular to the body axis with dental cement. Two wires for extracellular nerve recordings (nr) and forceps to move the femoral chordotonal organ (fCO) (R, relaxation; E, elongation) are inserted into the femur of the leg. The tibia moves in the horizontal plane. A lamp projects the shadow of the tibia (t) onto the row of light fibres (If).
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was composed of light fibres installed every 5°. The diameter of each light fibre corresponded to 5°. Phototransistors connected to the light fibres detected the shadow of the tibia. An electronic device signalled the value of the FT angle through two output channels. The first channel indicated the location of the light fibre fully or partly occluded by the tibia, and showed the FT angle as a linear step trace, with every step corresponding to 5°. If more than one light fibre was occluded, the value of the light fibre with the highest angle (distal edge of the tibia) was used. The second channel registered the light intensity measured by this partly occluded light fibre and so gave a nonlinear high-resolution output of the FT angle within the actual 5° step. Individual calibrations for every light fibre allowed movements of less than 1° to be measured. This high-resolution channel only gives meaningful results for small movement amplitudes and, therefore, is only presented in Figs 2C and 7. Tactile stimuli Tactile stimuli were applied using a fine paintbrush. The intensity of the stimulus, its location and the frequency and force of the touch were varied. Acoustic monitoring of the activity of the extensor tibiae motoneurones helped to control the strength and effectiveness of the tactile stimuli. Small stimuli increased the activity of the slow extensor tibiae motoneurone only, whereas stronger stimuli also elicited single action potentials in the fast extensor tibiae motoneurone or even caused active movements with intense, irregular activity in both neurones. During the quantitative measurements, the strength of the applied tactile stimulus was chosen so that one or only a few action potentials were elicited in the fast extensor tibiae neurone. Data from the electrophysiological recordings will be presented in a later paper. Stimulus programmes The elongation and relaxation movements applied to the fCO in the open-loop experiments were sine-wave functions. Stimulus amplitudes of 50-500 jtim, corresponding to FT angles of 10-100° in the closed-loop system, and stimulus frequencies of 0.01-20 Hz were used. The qualitative data presented in the first part of the Results are taken from experiments on 35 animals tested with variable stimulus programmes, under different stimulus conditions and in different behavioural states in order to describe the variability and the extreme values of the parameters of the system. In the second part, quantitative data about the habituation of the system to repetitive sine-wave stimuli with different stimulus frequencies and amplitudes were collected from five animals for every experiment. With standardized stimulus programmes, as much data as possible was gathered from each animal. Stimulation sequences of 50 continuous sine-wave cycles were chosen to habituate the system. After each stimulation sequence there was a pause of 4min to allow the system to recover. Ten seconds before the next stimulation sequence began, a tactile stimulus of controlled intensity (see above) was applied to the abdomen of
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the animal with a paintbrush to dishabituate the system. During the stimulus programme, stimulus amplitudes or frequencies were sequentially increased or decreased. To determine the gain during the pauses between the stimulus sequences, short test stimuli of 1-3 sine-wave cycles were used. Owing to the long pauses and the low-frequency stimulus sequences, measurements took up to 8 h. At the end of the experiments, the animals were tested for normal physiological reactions. The ability to flex and extend the tibia fully during active movements was tested. Data recorded at the beginning and at the end of the experiments were compared. Calculating the gain In the closed-loop system of the middle leg, an FT angle of 20° causes a 100 jitm movement of the fCO apodeme (Kittmann, 1984). The gain of the open-loop system was therefore calculated as the ratio of the output (the amplitude of an FT angle) to the input (the amplitude of the fCO movement). In calculating gain for different reaction amplitudes, the limitations of the method must be taken into account. The measurement of small amplitudes is limited by the resolution of the angle measurement device. For channel 1 it is 5°. For large reaction amplitudes, the correct value for the internal gain of the feedback system can only be calculated if the tibia does not reach one its the extreme positions during its movement. Otherwise the internal gain of the system might be larger than the calculated value. As minimum and maximum amplitudes were limited to 5° and 155°, it was possible to measure values of gain in the range 0.5-15 or 0.05-1.5 with the stimulus amplitudes of 50 or 500 ^m, respectively. With the necessary calibrations and evaluations, the high-resolution channel allowed quantification of movement amplitudes to 1°. This was especially important for the calculation of the maximum factor of gain change. Data acquisition and evaluation The electrical signal of the pen motor (stimulus function), the two channels of the FT angle measurement device and nerve recordings were stored on a d.c. tape recorder (Racal Store-4). For further evaluations, recordings were registered with a pen recorder (Hellige He 18). The FT angle was evaluated from the 5 ° channel of the angle measurement device. Statistical analyses were carried out with the aid of a computer system (Apple 2+). Wilcoxon-Mann-Whitney £/-tests or paired ttests (Sachs, 1974) were used and values of probability (P) below 0.05 were taken as significant. Time and cycle constants of the exponential decrease or increase in gain were taken as the slopes of the regression lines, calculated from the data points of the logarithmic form of the exponential equations.



Results For a better understanding of the numerous factors influencing the character-
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istics of the system, the results are first described qualitatively. Quantitative data on certain aspects are then presented. Qualitative description of the variability and adaptive features of gain Reactions to tactile stimuli Tarsi, mouthparts, antennae and cerci were most sensitive to tactile stimuli. Slight stimuli normally led to an increase in gain, causing the FT angle to change slightly. Strong tactile stimuli often elicited active searching or struggling leg movements which lasted for 2-30 s. The sensitivity of the animals to tactile stimuli showed remarkable individual variation. A light touch with a few hairs of the paintbrush elicited active movements in some animals, but others reacted only to strong repetitive touches on the most sensitive parts of the body. Animals could also exhibit marked changes in sensitivity during an experiment. In most cases there was a gradual desensitization to tactile stimuli during the experiment. However, in several experiments sensitization was observed: although at the beginning of the experiment strong tactile stimuli were necessary to elicit active movements or a large increase in gain, after such a reaction had occurred, the animal was extremely sensitive to these stimuli for the following minutes and even faint stimuli immediately elicited activity or large changes in gain. Increase in gain in response to tactile stimuli (sensitization) For all fCO stimulus frequencies (0.01-2 Hz) and amplitudes (50-500 jum) tested, tactile stimuli to any part of the body increased the gain of the system (Fig. 2B, see quantitative data below). It could be increased during continuous fCO stimulation as well as during the pauses between sine-wave stimuli. The increase in gain was normally correlated with the strength of the tactile stimulus and desensitization in response to repetitive tactile stimulation could be observed. After a tactile stimulus there was only a small decrease in gain with time as long as no repetitive fCO stimuli were applied (see Fig. 3 and quantitative data below). Decrease in gain caused by continuous fCO stimulation (habituation) During continuous sine-wave stimulation, the amplitude of the FT angle decreased (Fig. 2A,B; see quantitative data below). This held for all tested stimulus frequencies and amplitudes. The gain was not only decreased for the frequency of the stimulus sequence at which it was habituated, but also for other frequencies (stimulus generalization, see quantitative data below). During the pause following repetitive stimulation, the gain increased spontaneously and reached about 90 % of its initial value (spontaneous recovery, see quantitative data below and Fig. 6). Changes in gain, both increases (caused by tactile stimuli) and decreases (caused by repetitive stimulation), were reversible. As demonstrated in Fig. 2B, gain can be increased and decreased several times during the same stimulus sequence.
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Fig. 2. Resistance movement of the tibia in response to sinusoidal fCO stimuli. (A-D) First trace, fCO stimulus, position of the fCO apodeme; £, elongation; R, relaxation; 0.5Hz, 300nm. Second trace, femur-tibia (FT) angle (degrees), each step corresponds to 5°. Third trace, high-resolution channel (only in C). (A) Decrease in response amplitude (lower trace) during continuous sinusoidal stimulation. (B) Habituation by repetitive sinusoidal fCO stimulation and dishabituation by tactile stimuli (arrows). Bars mark the habituation of the system with an increased stimulus frequency (40 cycles, 5 Hz, 300 ^m). (C) Large spontaneous changes of gain. The maximum amplitude of FT angle is 150° (second trace). During the sequences marked by bars, the amplitude is less than 5°. At the second bar (*), the response amplitude is below 0.5°, as no response can be detected in the high-resolution channel (third trace). As a calibration for this nonlinear channel, the output function of a linear 5° movement is indicated on the left. (D) Spontaneous active movements, followed by an increase in the gain.



Variation in gain To illustrate the variation in gain, the minimum and maximum reaction amplitudes of all experiments were evaluated. For a stimulus amplitude of 300 ^m in the frequency range from 0.01 to 0.5 Hz, for each tested frequency, maximum reaction amplitudes of 150° and minimum reaction amplitudes below 5° were found. This shows that the gain of the FT feedback system can change by more than a factor of 30. The value of this factor was limited by the resolution of the measurement of FT angle and by the physical limits of the joint movement. To document the changes in gain for individual animals, several extreme changes in gain, occurring close together during the experiments, were analysed. With the calibration of the high-resolution channel allowing quantification of changes in the FT angle to less than 1°, changes in gain of greater than 50-fold were detected in several animals. These changes could occur within a few seconds (Fig. 2C). Spontaneous variation in gain without any visible active movements of the other legs occurred, although rarely, either during (Fig. 2C) or between fCO stimuli. In these cases, the d.c. value and amplitude of the FT angle could change quickly and independently. After an induced or spontaneous active movement, gain could change unpredictably, either increasing or decreasing (Fig. 2D). Quantitative description of the characteristics of the system Decrease in gain with time The observation that gain can be increased quickly by tactile stimuli raises the question of how the gain changes with time after such a stimulus. Because the gain of the system cannot be measured without applying fCO stimuli, which habituate the system and decrease the gain, single sine-wave cycles (0.5 Hz, 300^m) were used for this purpose. They were applied 10, 50, 100, 200 and 500s after a tactile stimulus. Twelve experiments were performed with five animals. The value of the gain at t= 10 s was taken as 100% (Fig. 3). Between the tenth and fiftieth second, a significant decrease in gain to about 90% occurred. The gain then remained at approximately this value.
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Fig. 3. Mean decrease in gain measured with single sine-wave cycles during the time following a tactile stimulus (t=0). The first value measured at f=10s was taken as 100%; N=12 from five animals; standard deviations are indicated.



Decrease in gain in response to repetitive stimulation (habituation) Gain versus stimulus amplitude. In linear feedback systems, gain is independent of the input (stimulus) amplitude. As biological systems often show nonlinearities, the gain and its quantitative decrease in response to repetitive sine-wave stimuli were investigated for the stimulus amplitudes 50,100, 300 and 500 /xm at a constant stimulus frequency of 0.5 Hz. The amplitudes of the first, fifth, tenth, twentieth and fiftieth movements during sinusoidal stimulation of the fCO were evaluated. The experiments were carried out on five animals, and stimulus sequences for each amplitude were tested at least 12 times. The amplitude of the FT angle increased with the stimulus amplitude. For the first and for the fiftieth sine-wave cycles, the response amplitudes to 500 ^im stimuli were significantly higher than those to 50 [im stimuli. In all experiments and for all stimulus amplitudes, a significant decrease in response was found from the first to the fiftieth cycle of a stimulation sequence (paired f-test, P 
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