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Abstract. In inactive stick insects, sensory information from the femoral chordotonal organ (fCO) aboutposition 
and movement of the femur-tibia joint is transferred via local nonspiking interneurons onto extensor and flexor tibiae 
motoneurons. Information is processed by the interaction of antagonistic parallel pathways at two levels: (1) at the 
input side of the nonspiking interneurons and (2) at the input side of the motoneurons. We tested by a combination 
of physiological experiments and computer simulation whether the known network topology and the properties of 
its elements are sufficient to explain the generation of the motor output in response to passive joint movements, that 
is resistance reflexes. In reinvestigating the quantitative characteristics of interneuronal pathways we identified 10 
distinct types of nonspiking interneurons. Synaptic inputs from fCO afferents onto these interneurons are direct 
excitatory and indirect inhibitory. These connections were investigated with respect to position and velocity signals 
from the fCO. The results were introduced in the network simulation. The motor output of the simulation has the 
same characteristics as the real system, even when particular types of interneurons were removed in the simulation 
and the real system. 
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Introduction 

During the past two decades, investigation of the neu- 
ral basis of behavior has led to detailed insight into 
the function of nervous systems in vertebrates and 
invertebrates. Considerable knowledge has been ac- 
cumulated about the activity of identified neurons in 
neuronal networks involved, for example, in rhythm 
generation, posture control, and visual orientation in 

invertebrates (locust flight: Pearson and Ramirez, 
1992; Wolf, 1991; stomatogastric nervous system: 
Harris-Warrick et al., 1992b; fly orientation: Egel- 
haaf and Borst, 1993; cockroach escape circuit: 
Ritzmann and Pollack, 1990; insect posture con- 
trol and reflex generation: B~issler, 1993; Burrows, 
1992). In some systems, the knowledge of premo- 
tor neural activity appears to be qualitatively suffi- 
cient to explain the generation of a particular behavior 
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(Pearson and Ramirez, 1992; Harris-Warrick et al., 
1992a). 

It is particularly from studies on reflex genera- 
tion that very detailed knowledge about the neuronal 
circuits processing mechanosensory signals has be- 
come available (e.g., B/issler, 1993; Burrows and 
Laurent, 1989; Pearson, 1995). These studies revealed 
that in both vertebrates and in invertebrates, pro- 
prioceptive signals are processed in complex path- 
ways, called parallel distributed processing (PDP; 
McClelland and Rumelhart, 1988; Anastasio and 
Robinson, 1990; Lockery and Kristan, 1990a, b). The 
information processed by each of the individual paral- 
lel pathways supports a certain feature of the generated 
motor output and these features add up at the motoneu- 
ronal level. These studies led to the concept that simple 
motor patterns or reflexes are generated by dedicated 
neuronal networks (Burrows, 1992). However, recent 
findings have indicated that this view of sensory-motor 
processing might be too simplistic even in the case of 
relatively simple behavior (B~issler et al., 1986; Zecevic 
et al., 1989; Morton and Chiel, 1994). More recent 
investigations on sensory-motor processing in verte- 
brates and invertebrates have shown that not each of 
the involved parallel pathways supports the generated 
motor output and some even oppose the overall motor 
output. In this case the motor output is the difference 
between the influences from supporting and from op- 
posing pathways (crayfish uropod reflexes: Nagayama 
and Hisada, 1987; leech bending reflex: Lockery and 
Kristan, 1990a, b; stick insect and locust joint con- 
trol: Biischges, 1990; Biischges and Wolf, 1995; cat: 
Osborn and Popelle, 1992). In the leech, this kind of in- 
formation processing has been termed distributed pro- 
cessing. In the stick insect and locust, it was called 
parliamentary principle (B/issler, 1993; Biischges and 
Wolf, 1995). 

The neuronal network that governs the femur-tibia 
(FT) joint of the stick insect middle leg stabilizes in 
the standing animal the actual FT angle (Bassler, 1983, 
1993). Particularly in this network, the interaction of 
parallel antagonistic pathways has now been shown 
on two neuronal levels: (1) nonspiking interneurons 
either support or oppose the generation of the resis- 
tance reflex in the excitatory extensor motoneurons 
(Btischges, 1990); (2) some of these nonspiking in- 
terneurons (E4, E5) themselves receive excitatory and 
inhibitory input induced by the same stimulus modal- 
ity (velocity of a flexion movement) (Sauer et al., 
1995). 

From the findings mentioned above two questions 
arise: (1) Do all nonspiking interneurons receive exci- 
tatory as well as inhibitory input, and is this network 
topology sufficient for generating the different depen- 
dencies of the membrane potential on fCO movement 
parameters? (2) Is the current knowledge about the or- 
ganization of the femur-tibia control loop sufficient to 
explain the generation of the resistance reflex? 

We therefore set out to simulate the FT control net- 
work based on the experimental data obtained from its 
neuronal elements. In doing so we first had to rein- 
vestigate the physiology of the neuronal elements of 
the femur-tibia control network, since important infor- 
mation such as the velocity dependency of interneu- 
ronal responses was still lacking. We then simulated 
the neuronal network of the stick insect femur-tibia 
control loop based on these quantitative experimental 
data with a network simulator using realistic neurons 
(Grimm and Sauer, 1995; Bergdoll and Koch, 1995). 
In the present paper, we will provide evidence that the 
simulation of the femur-tibia control network based on 
parallel antagonistic pathways resembled to a high de- 
gree the neuronal activity during resistance reflexes in 
the inactive stick insect in vivo. Since the characteris- 
tics of the femur-tibia control system are the cause of 
catalepsy (B~issler, 1983), these results trace back the 
behavior of catalepsy to the properties and connections 
of the neurons involved. In addition a success of the 
simulation could give rise to new hypotheses on the 
generation of state dependent alterations in the motor 
output of joint control systems, that have been repeat- 
edly described (for review see Pearson, 1993). 

Methods 

The experiments were carried out on adult female 
stick insects Carausius morosus Brunner and Cu- 
niculina impigra Redtenbacher (syn. Baculum impi- 
grum Brunner) from the colonies at the University of 
Kaiserslautern. 

Preparation and IntracelIular Recordings 

Intracellular recordings were performed as described 
in detail in previous studies (B~ischges, 1990; Sauer 
et al., 1995). The animals were restrained dorsal side 
up on a foam platform and dissected from dorsal. The 
mesothoracic ganglion was fixed on a wax-coated gan- 
glion holder. The activity of interneurons was recorded 
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in the dorso-lateral neuropil region of the mesothoracic 
ganglion. Thin-walled glass microelcctrodes (wpi), 
filled with 4% Lucifer Yellow (tip solution) and 1M 
LiC1 (shaft solution; electrode resistance: 40--70 Mr2) 
were used for intracellular recordings from interneu- 
rons and motoneurons. The activity of nonspiking in- 
terneurons was recorded in both Cuniculina impigra 
and Carausius morosus and the neurons were identi- 
fied by both morphological and physiological proper- 
ties (Btischges, 1990; Driesang and Btischges, 1993). 
There were no major qualitative differences in the 
physiological properties between interneurons of both 
species. The physiological results presented here are 
based on a total number of six recordings from El, three 
from E2, 13 from E3, 74 from E4, 12 from E5, 10 from 
E6, four from E7, 15 from I1, six from I2, six from I4. 
For the evaluation of the quantitative data, three record- 
ings from interneuron El, two from E2, five from E3, 
17 from E4, three from E5, six from E6, four from E7, 
four from I1, two from I2, three from I4 were used. 

The fCO was mechanically stimulated with ramp- 
and-hold or sinusoidal stimuli with amplitudes of 
100/zm or 400 # m  and stimulus velocities between 
0.067 mm/s and 9.4 mm/s (13.4°/s to 1481.5°/s in Ca- 
rausius and 6.7°/s to 1240.7°/s in Cuniculina) (Weiland 
and Koch, 1987). The activity of the extensor motoneu- 
rons was either recorded extracellularly with a hook 
electrode (Schmitz et al., 1991) from nerve F2, which 
innervates the extensor tibiae muscle, or intracellularly 
from the neuropil region of the motoneurons. 

Electrical Stimulation of fCO Afferents 

These experiments were carried out on adult female 
Cuniculina impigra. The preparation was essentially 
the same as described above, with parts of the dorsal 
cuticle of coxa and trochanter removed. The levator 
trochanteris muscle and parts of the protractor and re- 
tractor coxae muscles were cut distally. Two hooked 
micro-needles were used as bipolar stimulation elec- 
trodes on nerve F1, which contains the afferents of the 
fCO (for details see Saner et al., 1995). These elec- 
trodes were insulated from the saline by a mixture of 
silicone oil and paraffin oil. For stimulation, rectan- 
gular current pulses of 0.1 ms duration and variable 
amplitude were used (generated by a H. Sachs Stimu- 
lator T via an isolator, ISOflex, A.M.EI). The resulting 
compound spike of fCO afferents was recorded extra- 
cellularly from the nervus cruris prior to its entrance 
into the ganglion. The threshold amplitude of the stim- 
ulus for eliciting a compound spike in the nervus cruris 

was set 1.0 T. The amplitudes of the stimuli were nor- 
malized to this threshold. 

Simulation Software 

The simulations were performed with the program 
BioSim 4.3 (Bergdoll and Koch, 1995), which was con- 
trolled for sequential simulations and the definition and 
application of input functions by the simulation tool 
SUPERVISOR (Wendel, 1993). Details of the hard- 
ware and software requirements for the simulation tool 
are described by Sauer et al. (1995). 

Definition of Neurons and Connections in BioSim 

A single neuron consists of a spike generating zone 
and three dendritic compartments, coupled via a lon- 
gitudinal resistance. The compartments were defined 
by the parameters of capacity, leakage, and resting po- 
tential. Neurons can be coupled via chemical synapses 
connecting the spike generating zone of the presynap- 
tic compartment with one of the compartments of the 
postsynaptic neuron. An axon is not simulated. 

Spikes were generated by setting the Na + conduc- 
tance, after reaching the spike threshold, to a constant, 
user defined value. Theresulting current was computed 
in relation to the momentary membrane potential. The 
Na + channel was closed after a fixed time interval. The 
K + conductance was increased delayed, even in a fixed 
sequence of time. Nonspiking neurons were defined by 
setting the parameter "conductance" of the Na + and K + 
channel to a value of zero. All parameters settings refer 
to a membrane area of 1 cm 2. 

Regression Analysis 

The regression lines for neuronal responses to fCO 
stimuli against stimulus velocity were calculated by 
using the statistic package of the program Plotit 3.0 for 
Windows (ICS). For comparison of the motoneuronal 
response in different animals, the responses of indi- 
vidual animals were normalized (response to maximal 
stimulus velocity = 1). 

Results 

Characteristics of the Neuronal Elements 
of the Femur-Tibia Control Network 

A schematic wiring diagram of the neuronal network 
controlling the FT joint in the inactive animal, as it is 
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Figure 1. Wiring diagram of the network used in the simulation. As an example the connections to an E-type interneuron are shown (for 
simulation of an I-type intemeuron, the connection to the motoneuron is inhibitory). The inputs to the different types of sensory neurons show the 
time course of the applied current that simulated the response characteristic of the different sensory neurons. The neurons are drawn as circles, 
representing the spike generating compartment (SGC in Table 1) with three connected squares symbolizing the passive dendritic compartments. 

excitatory synapse; ~ inhibitory synapse. 

known in previous and the present  investigation (see 

the introduction) and as it was realized in the simula- 

tion, is shown in Fig. 1. A set of  afferent neurons of  

the femora l  chordotonal  organ (fCO) is s t imulated by 

a s imulated jo in t  movement ,  that is, a ramp and hold 

st imulus applied to the receptor  apodeme of  the fCO. 

The sensory informat ion is t ransmitted via  direct  con- 

nections on nonspiking and spiking interneurons.  The  

nonspiking interneurons themselves  rece ive  addit ional  

inhibitory input f rom the spiking interneurons.  The  

nonspiking interneurons again provide  ei ther  excita- 

tory or inhibitory drive to the extensor  motoneurons ,  
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Table 1. Parameters used for the simulation of sensory neurons (P = position sensitive, V = velocity sensitive), spiking interneurons (SN), 
nonspiking interneurons (NSI), and the motoneuron (SETi). SGC = spike generating compartment. The parameters marked as VARIABLE 
were used to fit the physiology of the neurons with the physiology of the natural prototype. These parameters are individual for each type of 
nonspiking interneuron and the motoneuron. The settings of this parameters are given in Fig. 11. 

Spiking Nonspiking 
intemeurons interneurons Motoneuron 

P -Neurons V-Neurons (SN) (NSI) [SETi] 

Passive parameters 

Leakage conductance InS] 

Membrane potential [mV] 

Membrane capacitance [pF] 

Start potential [mV] 

Conductance to SGC/dendrite InS] 

Channel parameters 

Sodium equilibrium potential [mV] 

Sodium conductance [nS] 

Sodium channel open time [ms] 

Potassium equilibrium potential [mV] 

Potassium conductance [nS] 

Potassium channel start time [ms] 

Potassium channel open time [ms] 

Spike threshold [mV] 

Synapse Parameters 

Equilibrium potential [mV]/type 

Conductance [nS] 

Synaptic delay [ms] 

Release threshold [mV] 

Position on postsynaptic neuron 

5 5 5 4 12 

-55/-50/-41 -60/-55/-50/-40 -65 -40/-38 -47 

200 200 200 200 200 

-55/-50/-41 -60/-55/-50/-40 -65 -40/-38 -44 

40 40 40 40 20 

50 50 50 50 50 

800 800 800 0 800 

0.3 0.3 0.3 0 0.3 

-90 -90 -90 -90 -90 

320 320 320 0 320 

0.4 0.4 0.4 0 0.4 

3 3 3 0 3 

-40 -40 -40 0 -40 

V-neurons P-neurons V-neurons SN NSI 
to SN to NSI to NSI to NSI to motonenron 

50/Na + 50/Na + 50/Na + -90/K + 50/NA+ (E) -90/K+(I) 

VARIABLE V A R I A B L E  VARIABLE VARIABLE VARIABLE 

1 6 6 1 ~ 1 5 ~ 2  1 

-40 -40 -40 -40 -40 

SGC Dendfitel Dendfitel Dendfitel SGC 

such as the slow extensor tibiae motoneuron (SETi). 

The activity of SETi results from the interaction of 

several neuronal pathways. 

1. Response Characteristics of  the Afferents. fCO 
sensory neurons measure the parameters position (P), 
velocity (V) and acceleration (A) of fCO movement 
for each stimulus direction--elongation (joint flexion) 

and relaxation (joint extension). Beside these cell 
types, sensory ceils that respond to a combination of 
these parameters are also known (Hofmann et al., 1985; 
Hofmann and Koch, 1985; Bi.ischges, 1994). In addi- 
tion, position-sensitive sensory cells with slow adapta- 
tion properties have been identified (Sauer et al., 1995). 

The simulation of the afferents has been described 
in detail by Sauer et al. (1995). However, for better 
clarity the main aspects of the simulation are shortly 

L 

presented here again. The afferents were defined as 

velocity-sensitive or position-sensitive by specific in- 

put functions. Passive membrane parameters and chan- 
nel parameters for these neurons (Table 1) were chosen 

in a way that spike frequency in response to different 
holding positions or with different stimulus velocities 
corresponded to the characteristics of the real neu- 
rons. We simulated five velocity-sensitive and three 
position-sensitive neurons for each stimulus direction 
with slightly different membrane potentials in the sim- 
ulation to ensure a homogeneous excitation during the 
stimulus and range-fractionation of the afferents (see 
Matheson, 1992). 

2. Response Characteristics of  the Nonspiking In.  
terneurons. For the simulation of the responses of 
nonspiking interneurons of type El ,  E2, E3, E5, I1, 
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Figure 2. The responses of the 10 types of nonspiking interneurons processing sensory signals from fCO onto extensor motoneurons during 
resistance reflexes in the stick insect (left side). On the right side the simulated responses of the nonspiking intemeurons are shown. 

and I2, a quantitative analysis of their response to fCO 
stimuli was necessary. We recorded the activity of  these 
nonspiking interneurons during ramp-and-hold stimu- 
lation of  the fCO and evaluated their responses to stim- 
ulus velocity and position. Figure 2 shows a summary 
of the responses of  all types of nonspiking interneurons 
for ramp-and-hold stimulation of  the fCO. During these 
experiments two new types of interneurons were found. 

The first type of interneuron that provided excitatory 
synaptic drive to extensor motoneurons, was named 
E7 and the other, which provided inhibitory drive to 
extensor motoneurons, was named I4. 

The latter type of nonspiking interneuron (I4) 
(Fig. 3A) was recorded twice in Carausius morosus 
and three times in Cuniculina impigra. This type 
of interneuron provided inhibitory synaptic drive to 
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extensor motoneurons (Fig. 3B) and excitatory synap- 
tic drive to flexor motoneurons. Hyperpolarizing the 
neuron did not change SETi discharge rate. Because 
of its morphological similarity to interneurons of type 
E4, it was termed 14 (cf. Btischges, 1990; Driesang and 
Btischges, 1993). In addition, we found that interneu- 
rons of type I4 provided excitatory drive to the common 
inhibitor 1 motoneuron (CI1). Interneurons of type I4 
were depolarized during elongation and relaxation of 
the fCO (Fig. 3C), The latencies of the responz~es to 
the different stimulus directions are shown in Table 2. 
The velocity dependency of the interneuronal response 
is shown in Fig. 3D for three recordings. Two time 
constants were detected in the decline of the mem- 
brane potential during the holding phase of a ramp- 
and-hold stimulus. For the recording shown in Fig. 3C 

Table 2. Latencies of interneuronal responses to elongation 
and relaxation stimuli to the fCO. 

Neuron Latency of response to Latency of response to 
type elongation stimuli [ms] relaxation stimuli [ms] 

E1 7.2 a b 

E2 5.3 a b 

E3 5.2 a 10.5 c 

E4 5.0 a 5.4 a 

E5 5.2 a 5.6 a 

E6 5.8 a 5.9 a 

E7 14 c 5.0 a 

11 21 c 7.5 a 

12 21.1 a 8.4 a 

14 6.4 a 8.4 a 

a. Excitation, b. no detectable response, c. inhibition. 
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Figure 3. Morphological and physiological properties of nonspiking interneuron type 14. A. Morphology of the interneuron in the mesothoracic 
ganglion. B. Change in the activity of flexor- and extensor-motoneuron activity in response to iujection of depolarizing current into intemeuron 
I4. Note that spontaneous activity of SETi, as visible in the recording from extensor nerve F2 was decreased and the discharge rate of the 
common inhibitor 1 (CI1) was increased. The electromyogram of the flexor activity shows the activation of different flexor units. C. Response of 
interneuron I4 to ramp-and-hold stimuli at the fCO. D. Plot of the depolarization amplitude of the membrane potential in interneuron I4 versus 
elongation velocity for three different recordings. The mean values of at least 3 responses in each experiment are given. 
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Figure 4. Morphological and physiological properties of a nonspiking interneuron type E7. A. Morphology of the interneuron. B. Relationship 
between the current injected into interneuron E7 and the mean discharge rate of SETi. C. Response ofinterneuron E7 to ramp-and-hold stimulation 
at the fCO for two different stimulus velocities• 

T 1 = 21 ms and r2 = 221 ms were calculated from an 
average over eight ramp-and-hold stimuli in one 14. "El 
and r2 are thus in the same range as those described for 
interneuron type E4 (Driesang and Btischges, 1993). 
The membrane potential did not depend from the fCO 
position. In summary, the responses of I4 to fCO stim- 
uli are very similar to those of E4, but I4 interneurons 
provide opposite synaptic drive onto extensor motoneu- 
rons. 

The other type of nonspiking interneuron, type E7, 
was recorded once in Cuniculina impigra and three 
times in Carausius morosus. Its morphology is shown 
in Fig. 4A. Injecting of  depolarizing current increased 
SETi activity, whereas injection of hyperpolarizing cur- 
rent had no effect (Fig. 4B). Elongation stimuli led 
to a hyperpolarization of interneuron E7 (for latency 
see Table 2) and relaxation stimuli depolarized it (Fig. 
4C). There was only a small position-sensitive portion 
of the response in E7. The relationship between the 

hyperpolarization amplitude and velocity of  fCO elon- 
gation is shown in Fig. 5A. 

3. Simulation of  Nonspiking lnterneurons. The ba- 
sis for the simulation of the time course of the mem- 
brane potential in the different types of interneurons 
was the connectivity described for the simulation of 
the interneuron types E4 and E6 (Sauer et al., 1995). 
In brief, the simulated nonspiking interneuron received 
direct excitatory input from six position-sensitive sen- 
sory neurons, three of which were sensitive to fCO 
elongation and three to fCO relaxation. Two sensory 
neurons of each group showed a slow adaptation with 
a time constant of  500 ms. They also received direct 
excitatory inputs from 10 velocity-sensitive units, five 
sensitive to the velocity of fCO elongation stimuli and 
five to the relaxation stimulus direction. All interneu- 
rons received a delayed inhibitory input from both types 
of velocity-sensitive units. The inhibition was mediated 
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, ,  I o I . , ,  , ,  o , , 

/ IPSP 
Figure 5. Intracellular recording from a nonspiking mtemeuron of 
type E1 in Cuniculina during electrical stimulation of the fCO nerve 
Ft. The compound spike of fCO afferents was recorded extracetlu- 
larly from nervus cruris (ncr). At 1.3 times stimulus threshold (1.3 
T) the EPSP in the nonspiking interneuron was followed by an IPSP 
with a larger latency, 

and delayed by a group of six intercalated spiking neu- 
rons. This group received excitatory input from the 
velocity-sensitive neurons. Three of them are sensitive 
to elongation stimuli and three to relaxation stimuli. 

In Sauer et al. (1995), this network topology has 
been shown for interneurons of type E4 and E6 which 
receive a net depolarization during fCO stimulation. 
Before introducing this topology in the simulation of 
the other interneuronal pathways, we first investigated 
in detail the synaptic signals received by the other 
interneurons from fCO afferents during electrical or 
mechanical stimulation. From these experiments three 
lines of evidence suggest that the other types of non- 
spiking interneurons also receive direct excitation and 
a delayed inhibition induced by the same stimulus 
parameter. 

I. Intracellular recordings from all types of nonspik- 
ing interneurons being depolarized during elec- 
trical stimulation of the fCO--nerve F1 showed 
short latency EPSPs at 1.0 T stimulus strength 
(see Methods) and long latency IPSPs with 
greater latency at higher stimulus strengths (1.3 T) 
(Fig. 5). 

2. We analyzed the latencies of the responses to ramp- 
wise stimuli at the fCO (Table 2) in all types of 
interneurons. The latencies for excitatory synap- 
tic inputs during ramp-and-hold stimulation range 
from 5.0 to 8.4 ms for all types, except for I2. The 
latencies for inhibitory synaptic inputs during ramp- 
wise stimulation of the fCO range from 10.5 to 21 
ms (Table 2). Again, this difference in latency in- 
dicates that the inhibition is mediated by longer la- 
tency pathways and is most likely due to intercalated 
interneurons. 

3. Intracellular recordings from the other nonspiking 
interneurons revealed excitatory and inhibitory sig- 
nals from fCO afferents induced by the same stimu- 
lus modality, as previously shown for interneurons 
E4 and E6 by Sauer et al. (1995). The results thus 
showed that not only E4 and E6 neurons but also 
the other nonspiking interneurons receive direct ex- 
citation and delayed inhibition from fCO afferents. 

The situation was different for interneurons receiv- 
ing a net hyperpolarization during a certain stimulus 
direction. At the moment we have no evidence that 
these interneurons also receive excitatory synaptic sig- 
nals with the stimulus parameter inducing their long 
latency hyperpolarization. Therefore, we simulated 
these responses only with disynaptic inhibitory input 
from fCO afferents (cf. responses of interneurons E7 
and I1 to elongation stimuli). 

The measured latencies (Table 2) were introduced 
in the simulation by adjusting the parameter synaptic 
delay of the excitatory synapses on the nonspiking in- 
terneurons to a value of 6 ms and for the inhibitory 
synapses of the additional group of spiking interneu- 
rons onto the nonspiking interneurons to values be- 
tween 10 and 22 ms (compare with the parameter 
settings in Table 1). It has to be taken into account 
that these latency values represent the sum of (1) the 
mechano-electrical transduction in the fCO neurons, 
(2) the conduction time from the fCO via the axons of 
the fCO sensory neurons to the ganglion and (3) the 
central synaptic delay. The latter is known to be 0.8 
to 1. l ms in the stick insect, as measured for direct ex- 
citatory connections between fCO afferents and non- 
spiking interneurons (Saner et al., 1995). 

4. Simulation of the Quantitative Characteristics of  
thelnterneuronalResponse. Is the physiological dif- 
ference in the types of interneurons due to the relative 
amounts of excitatory and inhibitory input? The form 
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Figure 6. A. Plot of experimental data showing the relationship between amplitude of depolarization and hyperpolarization of membrane 
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are given. B. Plot of the simulated data on the amplitude of depolarization or hyperpolarization versus stimulus velocity for the nonspiking 
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of the response (Fig. 2) as well as the relationship 
between velocity of elongation stimuli and amplitude 
of depolarization or hyperpolarization differs for dif- 
ferent types of nonspiking interneurons. Figure 6A 
shows the regression lines for the latter relationship in 

different types of interneurons that were measured dur- 
ing the recordings (see also Btischges, 1990; Driesang 
and Btischges, 1993; BiJschges and Wolf, 1995; Sauer 
et al., 1995). We simulated the different slopes for the 
relationship between stimulus velocity and membrane 
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potential by biasing the excitatory and inhibitory input 
to the nonspiking interneurons. For example a steep 
slope was obtained with less inhibitory inputs relative 
to the amount ofexcitatory input (cf. parameter settings 
in Fig. 11). The resulting time course of membrane 
potential in the simulations is shown in Fig. 2 (right 
side) and the simulated relationship between the ampli- 
tude of the membrane potential and stimulus velocity is 
shown in Fig. 6B. The slope of the regression lines for 
the simulated responses of the nonspiking interneurons 
of types El,  E2, E3, E5, E6, and 12 showed only minor 
differences and are therefore represented by only one 
regression line. The same is true for the types E4 and 
I4. The regression lines of the simulation were always 
in the range of the experimental data. Minor differ- 
ences in the physiology of simulated and real neurons 
are in the range of the physiological differences among 
individual animals. 

The parameter "synaptic conductance" of the syn- 
apses onto a given nonspiking interneuron was there- 
fore a result of the following prerequisites: (1) The 
overall response of the interneuron (depolarization or 
hyperpolarization) to elongation and relaxation stimuli 
has to be similar in simulation and reality; (2) The rela- 
tionship between the amplitude of depolarization and 
hyperpolarization and the stimulus velocity has to cor- 
respond to the real neurons (see above); (3) The ratio 
between velocity component and position component 
in the response of the simulated neurons has to be the 
same as in the real neurons (compare with Fig. 2); 
(4) The time course of decay during the holding phase 
of the ramp-and-hold stimulus has to fit with values of 
the experimental data. 

The passive membrane parameters of the simu- 
lation, i.e., membrane conductance and membrane 
capacitance, were set to values resulting from a time 
constant of about 50 ms, as measured by Driesang and 
Bfischges (1993) for E4. In doing so, we assumed that 
the time constant is similar in all types of interneurons. 
No further active membrane properties, as, e.g., the 
voltage-dependent K + channels and Ca 2+ channels as 
described in the locust (Laurent, 1990, 1991; Laurent 
et al. 1993), were introduced in the simulated non- 
spiking interneurons. This is, because as yet, there 
is no such experimental evidence for the existence of 
these channels in the individual identified nonspiking 
interneurons involved (see discussion). 

5, Physiology of the Spiking Interneurons. From our 
experiments it was clear that nonspiking interneurons 
receive long latency inhibitory synaptic input from fCO 
signals (see above), We assumed that a group of spiking 

interneurons mediates the inhibition of the nonspiking 
interneurons, similar to the situation found in the locust 
(Burrows, 1987b). The physiology of these neurons 
could be deduced from experimental data (Driesang 
and Btischges, 1993; Sauer et al., 1995). The ampli- 
tude of hyperpolarization in the membrane potential of 
the nonspiking interneurons and the frequency of the 
IPSP's depended on stimulus velocity. Such properties 
of the spiking neurons in the simulation were chosen 
which fulfilled those assumptions (Table 1). 

6. Response Characteristics of SETL To obtain exp- 
erimental data for the simulation parameters of"SETi" 
(Table 2) currents of different amplitudes were injected 
into this motoneuron during recordings from neuropi- 
lar processes. The resulting discharge rate of SETi was 
measured (Fig. 7). The passive parameters of "SETi" 
in the simulation were now chosen so that the relation- 
ship between current and spike-frequency in the sim- 
ulation was in agreement with the experimental data 
(regression lines in Fig. 7). Thereby the absolute value 
of the spike frequency is of minor importance, because 
it depends in experiment and simulation on the distance 
between the site of current injection and the spike gen- 
erating zone. In accordance with the spontaneous ac- 
tivity of SETi in the inactive animal (Bassler, 1983), 
the membrane potential of the simulated "SETi" was 
set to values just above the spike threshold. 

The nonspiking interneurons described so far all pro- 
vide synaptic drive to extensor motoneurons, that is, 
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Figure Z Relationship between the current in ected into the SETi 
motoneuron and its mean discharge rate. Open and closed circles: 
experimental data from two different experiments; closed squares: 
data from the simulation. Note that the current in the simulation 
was injected into the third dendritic compartment according to the 
experimental application of the current injection at a location distant 
to the spike-generating zone_ 
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also to SETi. In view of the physiological finding that 
only depolarizing current injections into the nonspiking 
interneurons of types El,  E2, E4, E5 (Btischges, 1990), 
E7, and I4 (this paper) affected SETi discharge rate, the 
resting membrane potential of these types of nonspik- 
ing interneurons in the simulation were set just below 
the threshold for transmitter release, that is, at about 
- 5 0  mV (cf. Btischges, 1990; Driesang and Btischges, 
1993) (Fig. 3B). For nonspiking interneurons of type 
I1 and I2 and for position-sensitive E-types, E2, E3, 
and E6, the resting membrane potential was above the 
threshold for transmitter release (Biischges, 1990) (see 
Table 1). 

None of the interneurons has exactly the same re- 
sponse characteristics to fCO stimuli as SETi. The 
response characteristics of SETi therefore result from 
the summation of its inputs (see also B~issler, 1993). 
In a subsequent simulation it was tested whether the 
input to SETi from the 10 known types of nonspik- 
ing interneurons is quantitatively sufficient to induce 
the SETi response. The fixed simulation parameters 
were based on the physiological properties described 
above. This is true for the parameters for the simulation 
of the responses in the 10 nonspiking interneurons to 
rampwise stimulation (Table 1). The same is true for 
the parameters describing the output characteristics of 
the nonspiking interneurons. E-neurons excite SETi 
and I-neurons inhibit SETi. The parameter synaptic 
conductance of all synapses between E-neurons and 
SETi were set to the same value. The same was true 
for the synapses between I-neurons and SETi. Due to 
the experimental finding that changes of the SETi dis- 
charge rate upon hyperpolarizing and depolarizing cur- 
rents injected into I-neurons has a steeper slope as in all 
investigated E-neurons (Btischges, 1990), the synaptic 
conductance between I-neurons and SETi is higher than 
the synaptic conductance between E-neurons and SETi 
(Fig. 11). 

The simulation of the response of the SETi motoneu- 
ton to ramp-and-hold stimulation of the fCO had a 
satisfying result with all fixed simulation parameters 
when the coupling strengths of the synapses between 
the nonspiking interneurons and "SETi" were set for 
each E neurons approximately threefold lower (40 nS) 
than for each I type (130 nS) (compare Fig. 8A left 
and right). A quantitative comparison of the spike 
activity of the "simulated" and the "real" SETi mo- 
toneuron showed that the relationship between the ac- 
tivity and the stimulus velocity was similar in both cases 
(Fig. 8B). 

7. Sensitivity of  the Simulation Against Parameter 
Variation. In subsequent simulations we tested the in- 
fluence of particular types of nonspiking interneurons 
on the overall SETi response. A simulation with a cou- 
pling strength of 65 nS between I1 and SETi (50% of 
the default coupling strength, marked as hyperpolar- 
ized in Fig. 9A) showed that the spike activity of the 
simulated SETi during rampwise relaxation of the fCO 
is not suppressed (Fig. 9A) as it is in vivo for this stim- 
ulus velocity. The same effect was obtained when I1 
was kept hyperpolarized. We chose only 50% coupling 
strength in the simulation to mimic the hyperpolariza- 
tion in the experiment because the effect of current 
injection into a neuron onto the output synapses varies, 
depending from the recording site. 

The time course of SETi activity during a simula- 
tion in which the coupling of the simulated E3 was de- 
creased to 50% (20 nS between E3 and SETi) is shown 
in Fig. 9B. In this case, spike activity of SETi during 
and after a stimulus was markedly decreased, as was 
also the case in experiments with E3 held hyperpolar- 
ized; 50% coupling of other interneuron types affected 
the motoneuronal output according to their complex 
physiology. 

The most critical parameters in the simulation were 
the synaptic parameters conductance, synaptic de- 
lay and synaptic threshold. The parameter space of 
the conductance depended on the type of pre- and 
postsynaptic neuron. As such the synaptic connec- 
tions to the nonspiking interneurons are relatively 
sensitive against minor changes. Increasing or decreas- 
ing the conductance of about 20% induced a dramatic 
change in the physiological properties of the nonspik- 
ing interneuron, that is, the dependency of membrane 
potential on a given stimulus parameter, such as stim- 
ulus velocity. The same was true for the parameter 
synaptic conductance. For synapses between nonspik- 
ing interneurons and SETi variation of this parameter 
up to 50% had only quantitative influences on the mo- 
toneuronal activity. This was shown above for type E3. 
For other types of interneurons, i.e., in particular neu- 
rons I1, I2, and I4, variation of this parameter had also 
qualitative effects on the result of the simulation. As 
such, with decreasing the synaptic conductance for the 
synapse between interneuron I1 and SETi, relaxation 
of the fCO no longer led to the inhibition of SETi dur- 
ing the fCO movement, normally typical for a given 
stimulus velocity. 

Another critical parameter was the parameter synap- 
tic delay. This was in particular true for the inhibitory 
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Figure 8. A. Motoneuronal output (SETi) of the simulated network in response to ramp-and-hold stimuli at the fCO. The spike activity of 
the simulation corresponds to a recording at the spike-generating zone of a "real" SETi. B. Plot of the SETi activity versus stimulus velocity. 
The responses of SETi of three animals were normalized. Note that the slope of the regression line of the experimental data resembles the 
experimental data to a high degree. 

synapses between the spiking interneurons and non- 
spiking interneurons. The proper setting of this pa- 
rameter results in the inhibition to be able to limit the 
depolarization induced by stimulus velocity. For that 
reason the minimum and maximum value for this pa- 
rameter (Table 1) (10 ms and 22 ms) represents the 
limits for a realistic simulation. 

Our simulation was based on the physiology of the 
neurons involved during rampwise stimuli. To further 
test our simulation, we applied sinusoidal stimuli to the 
simulated afferents and analyzed the SETi response. 
We compared the results of the simulation with data of 
experiments on Cuniculina, in which we applied a sinu- 
soidal stimulus to the fCO (compare also with B~issler 

et al., 1982). Figure 10 shows that the simulated net- 
work produced a realistic SETi response. The spike 
activity of the SETi motoneuron in the simulation in 
response to different stimulus frequencies are in good 
agreement with the experimental data. 

Discussion 

The present paper describes a simulation of the posture 
control network of the stick insect femur-tibia (FT) 
joint in the inactive behavioral state, that is when the 
system generates resistance reflexes (B/~ssler, 1983). 
The simulation was based on empirical data on the 
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Figure 9. A. Effect of alteration in interneuronal membrane potential on motoroutput of FT control network. Simultaneous extracellular 
recording of the extensor nerve F2 (containing SETi, FETi, and CI1) and intracellular recording of nonspiking intemeuron I1 (not shown). The 
interneuron was either held at resting potential or it was hyperpolarized with - 2  hA. For comparison, the output of the simulated network was 
shown in a simulation with 50% conductance of the synapse between interneuron I1 and SETi (details see text). Note that during relaxation 
stimuli there is no inhibition of SETi activity in the experiment and in the simulation with I1 hyperpolafized. B. Simultaneous recording 
from extensor nerve F2 and simultaneous intracellular recording from interneuron E3 (not shown). Hyperpolarizing this type of nonspiking 
interneuron in the experiment and 50% conductance of the synapse between interneuron E3 and SETi in the simulation led to a decrease in the 
SETi activity (see text). 

neuronal elements of the joint control system. Four 
main results emerge from the success of the simulation: 

• The characteristics of interneuronal responses to dy- 
namic signals from the fCO can be explained by par- 
allel excitatory and inhibitory inputs elicited by the 
movement parameter stimulus velocity plus input 
from adapting and nonadapting positions-sensitive 
fCO-units. 

• The information currently available on this neuronal 
network is sufficient for a quantitative explanation 
of its motor output. 

• The motor output of the neuronal network can be 
sufficiently explained by the action of parallel, dis- 
tributed, and antagonistic pathways. 

• The behavior of catalepsy can be sufficiently ex- 
plained by this structure. It is one of the first behav- 
iors that can be quantitative explained in a sufficient 
manner. 

Topology of the Simulated Neuronal Network 

Previous investigations have provided detailed know- 
ledge of neuronal circuitry of sensory-motor pathways 
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Figure 10. A. Comparison of the output of the simulated network and the experimental data with respect to the response of SETi to sinusoidal 
stimulation of the fCO (l Hz and 5 Hz). B. The responses show the same characteristics with respect to the spike activity of the motoneuron. 

controlling insect leg joints. Leg proprioceptors have 
been shown to project either directly (e.g., Pearson 
et al., 1976; Burrows, 1987a) or via intercalated in- 
terneurons, including spiking and nonspiking interneu- 
rons (e.g,, Burrows et al., 1988; Burrows, 1989; 
Btischges, 1990) onto leg motoneurons. The same is 
true for projections from afferent neurons onto pre- 
motor interneurons (for summary see Burrows, 1992). 
Neuronal pathways transmitting a given stimulus pa- 
rameter have been described as exclusively excitatory 
or exclusively inhibitory. However, Sauer et al. (1995) 
have shown that the nonspiking premotor interneu- 
tons of type E4, E5, and E6 in the femur-tibia control 

network of the stick insect receive parallel excitatory 
and inhibitory signals elicited by the same movement 
parameter stimulus velocity. Morphological and phys- 
iological evidence suggests that the excitatory signals 
are mediated by direct connections from fCO after- 
ents, as is also known in the locust (Burrows et al., 
1988), while inhibitory input is mediated by polysy- 
naptic pathways via spiking interneurons (for a detailed 
discussion of connectivity, see Sauer et al., 1995). In 
the present investigation we have extended our know- 
ledge on this kind of information processing to other 
interneurons in the control network that are depolar- 
ized by velocity signals during fCO movement, namely 
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interneurons of type El, E2, E3, I2, and E7. The mor- 
phology of the intercalated spiking interneurons medi- 
ating the inhibition is not yet known, however. Further 
experiments are needed to determine whether local 
spiking interneurons known in the locust (Burrows, 
1987b) are involved in mediating the inhibition. 

The simulation has shown that with this network 
topology, the different responses of different types of 
nonspiking interneurons could be verified simply by 
changing the relative amount of excitation and inhi- 
bition. Thus, the different interneuronal physiology 
could be achieved using the same wiring scheme. It 
is quite conceivable that such a mechanism could also 
be involved in the generation and thus evolution of 
species-specific differences between homologous neu- 
rons in vivo. For example, the properties of FT con- 
trol loops in other insect species are known to vary 
greatly (B~ssler, 1983). As such, the femur-tibia con- 
trol system of the locust middle leg, acting on the 
basis of the same principle of information process- 
ing and with most likely homologue interneurons, is 
much less velocity dependent than that of the stick in- 
sect (Ebner and B~issler, 1978; Btischges and Wolf, 
1995). 

Parliamentary Organization 
in Sensory-Motor Systems 

The computer simulation showed that a neuronal net- 
work acting with parallel antagonistic pathways is suf- 
ficient to generate the resistance reflex of the inactive 
stick insect against passive leg movement. B~issler 
(1993) termed this information processing the parlia- 
mentary principle. In the generation of motor output 
during fCO elongation, that is, joint flexion, six E-type 
neurons and one I-type neuron support the overall resis- 
tance reflex (resisting influence) and one E-type (E7) 
and two I-type neurons (I2, I4) oppose it (assisting 
influence, Fig. 11A). During relaxation stimuli (joint 
extension) three E-type (El, E2, E3) and all I-type neu- 
rons exert a resisting influence and four E-type neurons 
have an assisting influence (Fig. 11B). This network 
was capable of generating quantitatively the character- 
istics of the SETi following rampwise and sinusoidal 
stimulation of the fCO. Thus, in this network parallel 
antagonistic pathways interact on two levels: (1) at the 
input side of the premotor interneurons (see above) and 
(2) on the input side of the motoneurons. Recent results 
have indicated that a third level of interaction of antag- 
onistic parallel pathways exists: presynaptic inhibition 

was found to act on the terminals of fCO afferents in 
the stick insect central nervous system. The activity of 
sensory signals from fCO afferents inhibits other affer- 
ents from the same sense organ (Sauer and Btischges, 
1994), a mechanism previously investigated in detail 
in other invertebrate sensory-motor systems (Burrows 
and Laurent, 1993; Cattaert et al., 1992). 

Network organizations using antagonistic parallel 
pathways have also been described for other joint con- 
trol networks of insects (stick insect thoraco-coxal 
joint: Btischges and Schmitz, 1991; locust femur-tibia 
control network: Btischges and Wolf, 1995). They are 
also known in the generation of locomotion (Btischges 
et al., 1994; Wolf and Bfischges, 1995). Similarly 
constructed neuronal networks have been described 
in other arthropods, such as in the uropod system of 
crayfish (Nagayama and Hisada, 1987; Namba et al., 
1994), and in the neuronal network controlling the cray- 
fish thoraco-coxal joint (Skorupski et al., 1992). This 
kind of information processing was also revealed in 
detailed studies of local bending reflexes in the leech 
(Lockery and Kristan, 1990a, b). There is also re- 
cent discussion that in Aplysia the neuronal network 
involved in the generation of the gill withdrawal reflex 
is organized similarly (Wu et al., 1994; Tsau et al., 
1994; Frost and Kandel, 1995). Thus, it appears that 
information processing via parallel antagonistic path- 
ways is not a specialization of posture control networks 
in insects. Instead it seems to be a general principle 
of network organization (see also Morton and Chiel, 
1994). 

The existence of antagonistic, parallel pathways 
could have another consequence concerning the 
flexibility of the network. The neuronal networks con- 
trolling vertebrates and invertebrate leg joints are state- 
dependent and phase-dependent on the motor output 
to a given stimulus (Pearson, 1993, 1995; Prochazka, 
1989). For example, in the stick insect, the motor out- 
put in response to fCO signals can be reversed when 
the animal becomes active. This reflex reversal, called 
the active reaction (B/~ssler, 1976, 1988), is known to 
be an element of the walking motor pattern genera- 
tion. Similar reflex reversals are present in other sys- 
tems in invertebrates (Skorupski and Sillar, 1986) and 
vertebrates (Duysens et al., 1990). It is conceivable 
that a neuronal network with the topology described 
above could produce different motor outputs by chang- 
ing the relative strengths of antagonistic pathways, an 
hypothesis that will be tested with the presented simu- 
lation. 
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Figure 11. Schematic drawing of the neural circuit underlying the processing of sensory signals from the femoral chordotonal organ onto 
the extensor motoneurons used in the simulation presented in this paper. The basic connectivity of the network for each stimulus direction is 
shown separately (A. elongation; B. relaxation) to make the supporting and opposing contributions for each neuronal pathway more clear, the 
connections between the nonspiking interneurons and the motoneuron are represented by solid lines (supporting the generation resistance reflex) 
or dashed lines (opposing the generation of the resistance reflex). The network topology for fCO afferents, spiking interneurons and nonspiking 
interneurons is represented only once, each, although all nonspiking interneurons receive this same kind of input. The values for the parameter 
'synaptic conductance' of the synapses were indicated beside each synapse (see text). (P+ = position sensitive for elongation stimuli and P -  
for relaxation stimuli, V + = velocity sensitive for elongation stimuli and V- for relaxation stimuli.) 

Validity of Simulation 

Using  a complex  s imulat ion tool like B i o S i m  4.3, one 

can nearly always obtain a solution for a given input- 

output  relat ionship.  Therefore  a s imulat ion is only 

a method  of  network analysis i f  str ingent phys io log-  

ical constraints are int roduced that l imit  the possible  

variables and i f  the assumptions o f  the s imulat ion 

can be exper imenta l ly  tested. The  constraints were  

met  in the present study by the phys io logy  of  the 



196 S a u e r  et  al. 

afferents, the connections from afferents onto nonspik- 
ing interneurons, the physiology of the nonspiking in- 
terneurons and the connections from the nonspiking 
interneurons onto the motoneurons. Most of the as- 
sumptions that led to a successful simulation are ex- 
perimentally testable. 

The parameters for the simulation not directly known 
from physiological experiments were (1) the existence 
of the spiking neurons mediating inhibition of non- 
spiking interneurons. (2) The relative weighting of the 
synapses of all E- or I-type neurons. (3) The absolute 
values of the synaptic conductance, like the strengths of 
the connections between the nonspiking interneurons 
and the motoneuron. (4) The connections between non- 
spiking interneurons and SETi being mono- or polysy- 
naptically. The values for the parameters concerning 
these physiological data are therefore not quantitatively 
known and are thus only a rough estimate. 

Compared to the extensive knowledge about physio- 
logical properties of spiking and nonspiking neurons in 
insects (Laurent, 1990), the simulation of these neurons 
appears to be a simplification. Nonspiking interneu- 
rons were simulated as though they were only passive 
elements. Thus, the simulation used a paradigm that 
at first glance contrasts the recent findings that non- 
spiking interneurons exhibit voltage-dependent active 
membrane properties (Laurent, 1990, 1991; Laurent 
et al., 1993). However, we did not introduce these prop- 
erties, that is the outward rectification of the membrane 
potential, for several reasons: 

• Voltage clamp measurements on nonspiking in- 
terneurons of type E4 by Driesang and Btischges 
(1993) during resistance reflex activation have given 
no evidence that the above described properties play 
a role within the range of membrane potentials gen- 
erated in this behavioral context. 

• The time course of the membrane potential in SETi 
depends only on the stimulus velocity and not on the 
amplitude of membrane depolarization as it would 
have to be expected in case of outward rectification 
in the premotor neurons playing a crucial role (cf. 
Fig. 12 in Bassler, 1993). 

• Preliminary simulations showed that introducing 
outward rectification by the interneurons had a com- 
parable effect on the time course of membrane poten- 
tial as the delayed inhibition via intercalated spiking 
interneurons. As the latter mechanisms in contrast 
to the previous one is known to be existent for the 
individual identified neurons simulated, we have in- 
corporated only him in the simulation. 

Nevertheless, the neuronal elements in the simu- 
lation are able to produce the input-output relation- 
ships known from real neurons. These characteris- 
tics were (1) the direction of the change of the mem- 
brane potential in the neuron as the response to the 
fCO stimuli, (2) the ratio of velocity component and 
the position component in the interneuronal response, 
(3) the latencies between fCO stimulus and interneu- 
ronal responses, (4) the relationship between amplitude 
of  the neuronal response and stimulus velocity, and 
(5) the time constants of decay in the membrane poten- 
tial during the holding phase of  the rampwise stimulus. 

Despite current knowledge about presynaptic inhi- 
bition of sensory afferents we did not introduce this 
mechanism in our simulation by now. Evidence was 
presented that this mechanism might contribute to 
modulations in gain of reflex responses (Burrows and 
Matheson, 1994). However, preliminary simulations 
demonstrated that its implementation is not necessary 
for simulating the motor response in inactive animals 
as long as changes in gain are not intended (A. Sauer, 
unpublished). Perhaps its incorporation is necessary 
when the realization of gain changes (Kittmann, 1991; 
Bassler and Nothof, 1994) or reflex reversals (B~issler, 
1986; Driesang and Btischges, 1996) is intended. 
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