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Response Dynamics and Directional Properties 
Interneurons in the Cockroach Cereal System 
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The response properties and directional receptive fields of 
nonspiking local interneurons in the cereal system of the 
cockroach are described. Wind-evoked responses were re- 
corded intracellularly, and then analyzed by means of the 
Wiener kernel method in which a Gaussian white noise signal 
was used as a stimulus. Cross-correlation between the re- 
sponse and the white noise signal produced first- (linear) 
and second-order (nonlinear) kernels that were used to de- 
fine hrput-output characteristics of the interneurons. 

Three sets of interneurons were distinguished on the basis 
of kernel analysis. First, responses in interneurons 101,107, 
111, and 203 were characterized predominantly by a dif- 
ferentiating, first-order kernel, which suggests a linear re- 
lationship to the stimulus. The amplitude and waveform of 
the kernel changed with the change in stimulus angle, in- 
dicating that these four cells are directionally sensitive. Sec- 
ond, responses in interneurons 102 and 103 were also di- 
rectionally sensitive but highly nonlinear. The first-order 
kernel was biphasic, whereas the second-order kernel had 
an elongated depolarizing peak on the diagonal. The re- 
sponse dynamics were accounted for by a cascade of two 
filters, a linear band-pass filter and a static nonlinear filter, 
in which the nonlinearity is a signal compression (or a rec- 
tification). Third, responses in interneurons 104 and 201 con- 
sist largely of the second-order nonlinear component. The 
second-order kernel, which had an elongated depolarizing 
peak or a hyperpolarizing valley on the diagonal, did not 
show any directional preference. The second-order nonlin- 
earity was dynamic, and could be modeled by a band-pass 
linear filter-static nonlinearity-low-pass linear filter cas- 
cade, where the static nonlinearity is a full-wave rectifica- 
tion. The band-pass filter would simply reflect the mechan- 
ical property of cereal hair sensilla, whereas the low-pass 
filter represents the transfer at synapses between the cereal 
afferents and the interneurons. 

The nonlinear response thus explains the difference in the 
directional sensitivity while the differentiating first-order ker- 
nel explains the velocity sensitivity of the interneurons. We 
show that 101 and 107 respond most preferentially to wind 
from the left versus right, whereas 102, 103, 111, and 203 
respond to wind from the front versus rear. Thus, it is sug- 
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gested that there are two subsystems responding maximally 
to wind displacement along two coordinate directions, one 
for the longitudinal direction and the other for the transverse 
direction. On the other hand, the full-wave-rectifier nonlinear 
interneurons are omnidirectional, and thus suggested to code 
simply the power of the wind displacement. 

[Key words: nonspiking interneurons, white noise analy- 
sis, cross-correlation, directional coding, cereal system, 
cockroach] 

Only in a few systems have the dynamics of the neuronal ele- 
ments been examined to model neural coding and nonlinear 
processing of mechanosensory signals, and in the insects these 
have concentrated mainly on wind-sensitive hairs on the ter- 
minal abdominal appendages, the cerci. Air disturbance or wind 
is the essential cue for eliciting escape behavior in the cockroach 
(Camhi, 1980). It is initially detected by filiform hairs on the 
cerci, which have preferred directions of deflection such that 
the sensory neurons are excited by movement in only one di- 
rection (Dagan and Camhi, 1979; Westin, 1979). The sensory 
neurons make direct connections with a number of interseg- 
mental interneurons, some of which have large-diameter axons, 
referred as cereal giant interneurons (GIs), and are involved in 
escape behavior (Camhi and Tom, 1978; Ritzmann and Camhi, 
1978; Camhi, 1980; Camhi and Nolen, 198 1). The velocity and 
directional sensitivities to wind stimuli of the cereal GIs have 
been extensively studied, and were estimated by analyzing the 
responses to a step or sinusoidal changes in wind velocity in 
terms of the normalized postsynaptic potential area, the spike 
frequency (or the poststimulus time histogram), and the spike 
threshold (cricket: Bacon and Murphey, 1984; Kanou and Shi- 
mozawa, 1984; Jacobs et al., 1986; Miller et al., 1991; cock- 
roach: Daley and Camhi, 1988; Camhi and Levy, 1989). In such 
conventional analyses, less attention has been directed to the 
dynamics of the cellular processes to encode the cereal input. 
For example, no consideration has been taken into account for 
properly evaluating the cereal input, particularly inhibition. Most 
of these studies, therefore, have determined the receptive fields 
of the interneurons only in terms of excitatory, or simply the 
most optimal directions. 

A popular method used to test the dynamic response of a 
system, whether or not it is physiological, is to examine its 
response to an impulse or a step. If a system is linear, its impulse 
response allows us to predict the system’s response to any ar- 
bitrary input. It is, however, not always possible to obtain a 
system’s impulse response, especially in many mechanosensory 
systems. Sinusoidal modulation of the stimulus was therefore 
used most often in these systems, although the mechanosensory 
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signal naturally varies in a chaotic or a white noise-like fashion 
for an individual neuron. Wiener kernel analysis using Gaussian 
white noise as the stimulus is a powerful method by which to 
examine quantitatively the dynamic responses in such a system. 
The Gaussian white noise signal contains, as well as an impulse, 
every possible frequency and all amplitudes, with a Gaussian 
distribution of signal amplitude, making it the most effective 
stimulus. Using this analysis, a cellular response is decomposed 
into a series of orthogonal functionals (Wiener kernels) or filters 
that are produced by cross-correlation of a generalized input, 
Gaussian white noise, and the response (Marmarelis and Naka, 
1972; Marmarelis and Marmarelis, 1978; Naka et al., 1985). In 
the cockroach cereal system, we have shown that slow potential 
(graded) response in a wind-sensitive interneuron of the terminal 
ganglion can be modeled by a differentiating first-order kernel, 
suggesting that the response is linearly related to the stimulus 
wind, and sensitive to the wind velocity (Kondoh et al., 199 la). 
Computing the kernels by cross-correlation between the wind 
stimulus and a spike train of the cereal afferents, we have also 
shown that the cereal receptors act as band-pass filter with peak 
frequencies of 106 Hz (Kondoh et al., 199 1 b). The afferents are 
thought to be velocity sensitive because of the differential, first- 
order kernel. In the present article, we characterize the response 
dynamics (frequency and gain characteristics) and directional 
sensitivities of several wind-sensitive, nonspiking local inter- 
neurons in the cockroach terminal ganglion by means of the 
Wiener kernel method. 

A survey based on intracellular recording and staining has 
uncovered a great number of wind-sensitive, local intemeurons 
in the cockroach terminal ganglion (Kondoh et al., 1989) as well 
as in the cricket (Kobashi and Yamaguchi, 1984; Bodnar et al., 
1991) and the locust (Boyan et al., 1989). Some of the local 
intemeurons are nonspiking, whereas others produce spikes. Of 
special interest are the nonspiking intemeurons that are shown 
here to be involved in processing of information from the pri- 
mary cereal afferents, whereas such nonspiking local intemeu- 
rons are usually involved in the control and coordination of 
motor output in insect segmental ganglia (Siegler, 1984). They 
normally respond to wind in a graded manner without producing 
spikes, and are thereby particularly suited to this systematic 
analysis because the spike process is a highly nonlinear event. 
From the kernel analysis emerge three sets of intemeurons, one 
linear and two nonlinear types. We show that the linear inter- 
neurons are characterized mainly by differentiating first-order 
kernels, suggesting they are velocity sensitive. The nonlinear 
types are modeled by a cascade of a band-pass linear filter, a 
static nonlinear filter (either half-wave or full-wave rectifica- 
tion), and then a low-pass linear filter (LNL filter cascade). The 
linear and half-wave rectifier intemeurons are directionally sen- 
sitive, and are suggested to respond maximally to wind dis- 
placement along one of two coordinate directions, the longitu- 
dinal or transverse one. 

Materials and Methods 
Preparation. We used adult male cockroaches, Periplaneta americana, 
taken from a laboratory colony in all experiments. For physiological 
experiments, we followed the procedure described previously (Kondoh 
et al., 199 la). Briefly, animals were pinned, dorsal side up, to a cork- 
covered platform and fixed with beeswax. After exposing the ventral 
nerve cord and the terminal ganglion, the body cavity was flooded with 
standard cockroach saline. To provide the appropriate tension to the 
ganglion, a silver platform was introduced posteriorly between the right 
and left cereal nerves to support it. A bipolar silver hook electrode 

placed under the cereal nerve was used to stimulate the cereal afferents 
electrically. 

Stimulation and recordings. Details of the method for stimulating the 
intemeuron by Gaussian white noise and a sinusoidal wave are given 
in our previous article (Kondoh et al., 199 la). The stimulus wind was 
delivered to the animal through a plastic tube 10 cm in length and 5 
cm in diameter; the other end of the tube was closed by a loudspeaker 
with a diameter of 10 cm. The stimulus angle was varied by rotating 
the wind tube about the specimen in the horizontal plane. The direction, 
intensity, and phase of air displacement were calibrated with respect to 
the loudspeaker voltage by means of a displacement transducer attached 
t 3 the surface of the loudspeaker moving plate. The rising phase of the 
source signal corresponds to a push of the moving plate toward the 
specimen, and the falling phase corresponds to a pull. 

Intracellular recordings were usually made from the neuropilar seg- 
ment of interneurons during stimulation by Gaussian white noise or 
sinusoidal modulation of wind. A glass micropipette filled with 0.1 M 
Lucifer yellow in 0.1 M LiCl at the tip and with 2 M KC1 at the shaft 
served as an intracellular recording electrode, Electrodes with DC re- 
sistance of 150-200 MQ were used. The mean resting potential obtained 
for some of the intemeurons ranged from -37.7 to -46.2 mV under 
this condition. For later analysis, stimulus and cell response were stored 
on magnetic tape using an FM data recorder (A-65, Sony Magnescale 
Inc.). They were shown to be nonspiking according to a set of physio- 
logical criteria established in locust ganglia by Burrows and Siegler 
(1976). After the recording of neuronal activity, neurons were stained 
by iontophoretical injection of Lucifer yellow (- 5 nA for 2-5 min). The 
filled ganglia were then dissected out, fixed in 10% formalin in saline, 
dehydrated in alcohol series, and cleared in methyl benzoate. The dye- 
filled cell was viewed on a fluorescence microscope and drawn using a 
drawing tube. 

Analysis ofthe response. Cellular responses recorded were first fed to 
a 16-bit personal computer (PC-98OOVX, NEC, Tokyo, Japan) through 
a 12-bit analog-to-digital converter (ADX-98H, Canopus Electronics 
Corp.) at a sampling rate of 2 kHz for 10-20 sec. Data were then 
transferred to a VAXstation 3 100 computer (Digital Equipment Corp.) 
on which software for white noise analysis, STAR, was run. The first- 
and second-order kernels were used to identify the dynamics of the 
system whose input was the movement of a loudspeaker’s moving plate, 
and whose output was cell response. For computation of kernels and 
convolutions, we followed the technique performed on the slow poten- 
tials in catfish retinal cells described by Sakuranaga and Naka (1985a,b). 
The first-order kernel is the first-order cross-correlation between the 
input, a Gaussian modulation of wind stimulus, and the output, cellular 
response. The kernel is the best linear approximation of a system’s 
impulse response. Therefore, if a system is linear, its impulse response 
can predict the system’s response to any arbitrary input. The second- 
order kernel is a function of two time lags, r, and T*, and defines the 
multiplicative interaction between two impulse responses. The mag- 
nitude of the nonlinear response is shown on the third dimension with 
the contour lines in a two-dimensional plot. In figures, solid lines in- 
dicate positive or depolarizing peaks, and broken lines, negative or 
hyperpolarizing valleys. The kernel unit for the first-order kernel is 
mV.pm-‘.secl, and that for thesecond-orderkemelismV.pm-*.sec-* 
for slow potential response. 

Models were predicted by convolving white noise input with the first- 
and second-order kernels. Discrepancy between the response and model 
(kernel prediction) was represented by a mean square error (MSE) be- 
tween the response and model. The MSE is given as a percentage by 
computing the ratio of the deviation between the response and the 
model, and indicates the accuracy ofthe model prediction by the kernels. 
For example, the MSE for the linear model represents the degree of 
linearity, that is, the ratio of a linear component in a total response. 
Detailed algorithms for computing the kernels, model responses, power 
spectra, and MSEs have been described in Sakuranaga and Naka (1985a) 
and Sakai and Naka (1987). 

C’lassQication of interneurons. There is a relatively large number of 
local and intersegmental intemeurons involved in the cereal system of 
the cockroach terminal ganglion. Thus, we designated the intemeuron 
by a three-digit number similar to the designation adopted in the tho- 
racic intemeurons of locust (Robertson and Pearson, 1983) and cock- 
roach (Westin et al., 1988). The first numeral indicates the course of 
axons in the anterior connective and the location of cell body and 
dendritic fields. The two subsequent numerals specify the intemeuron 
within the class. The general classes are 101-l 99 for the bilateral type 
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Figure 1. Morphology of a group of interneurons whose wind-evoked responses were linearly related to stimuli. The drawings are of a whole- 
mount of the terminal ganglion, viewed dorsally and with anterior at the top. The smaller drawings show the location of the interneuron within 
the contours of the ganglion. The broken line indicates the midline of the ganglion. 

of local interneurons, 201-299 for the unilateral type of local intemeu- 
rons with dendritic fields ipsilateral to the cell body, and 301-399 for 
the unilateral type of local interneurons with dendritic fields contralat- 
era1 to the cell body. The first numbers of our cells, representing the 
general classes, do not match those given by Westin et al. (1988). This 
is because the terminal ganglion lacks the intersegmental interneurons 
with a descending axon. Thus, the same digit number of a neuron in 
the terminal abdominal ganglion and in the thoracic ganglion does not 
indicate that they are serially homologous. 

Results 
Interneurons 101, 107, 111, and 203 
The nine uniquely identifiable interneurons examined in this 
study were categorized into three physiological types on the basis 
of kernel analysis. The first type comprises interneurons 10 1, 
107, 111, and 203, in which the wind-evoked response was 
found to be linear, and characterized by a differentiating first- 
order kernel. Figure 1 shows the morphology of this set of in- 
temeurons. Interneurons 101 and 107 resemble each other in 
morphology as well as in physiology. Both have a small cell 
body (approximately 20-30 pm in diameter) lying in the ven- 
trolateral cortex of the ganglion and two dendritic arborizations 
on either side. However, the transverse neurite that intercon- 
nects the bilateral dendritic fields is 30-40 pm in diameter for 
101, much thicker than that of 107 (about 10 pm in diameter). 

Interneuron 111 has a cell body (40-50 pm in diameter) on the 
dorsolateral cortex of the ganglion, and three transverse neurites 
intervening the dendritic fields on both sides of the ganglion. 
On the other hand, 203 has a 20-pm-diameter cell body near 
the base of the cereal nerve and dendritic branches only on the 
side ipsilateral to the cell body. 

Figure 2 shows polar representations of first- and second- 
order kernels in 101, 107, 111, and 203 at various angles. Re- 
sponses to white noise evoked in 101 and 107 were almost the 
same with respect to their kernel configurations and directional 
properties. Around the long-axis or midline of the animal, the 
polarity of the first-order kernel was reversed (Fig. 2AJ). Wind 
stimuli directed at ipsilateral (ipsi) 90” and contralateral (cant) 
90” had the largest amplitude and were roughly mirror images 
of each other; the ipsilateral stimulus produced an initial de- 
polarization, whereas the contralateral stimulus produced an 
initial hyperpolarization. Thus, the linear response evoked on 
the opposite side of the animal’s body is equivalent to that 
evoked by a polarity-inverted stimulus. This is to be expected 
from a linear system. The mean peak time of the first-order 
kernel ranges from 6.1 msec to 6.7 msec (n = 10) for 101, and 
from 7.3 msec to 7.6 msec (n = 3) for 107, in preferreddirections. 
The waveform of the first-order kernel is approximated by a 
time differential of a brief pulse, indicating that the linear part 
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Figure 2. Polar representations of the 
first- and second-order kernels in 101, 
107, 111, and 203, showing the direc- 
tional selectivity of the first-order ker- 
nel. The two kernels identify the dy- 
namics of a system whose input is the 
movement of a loudspeaker’s moving 
plate, and whose output is the cell’s re- 
sponse. The second-order kernel is pro- 
duced by the nonlinear interaction be- 
tween two impulse responses, and 
thereby has two time axes. The mag- 
nitude of nonlinear response is shown 
on the z-axis as a contour. Depolarizing 
peaks are shown by solid lines and hy- 
perpolarizing valleys by broken lines. 
Orientation of the stimulus is in rela- 
tion to the body axis of the animal body. 
For example, 0” represents wind stim- 
ulus delivered posteriorly along the long 
axis of the animal’s body, and 180” rep- 
resents wind delivered anteriorly. Ipsi 
90” represents wind stimulus perpen- 
dicular to the long axis and ipsilateral 
to the cell body of the intemeuron, and 
Cont 90” represents wind delivered to 
the cell body. Left column, The first- 
order kernels obtained from three or 
four different animals were superim- 
posed. Note that the waveform of the 
kernels is reversed in polarity at ipsi 60” 
and cant 120” in 111 and 302, and at 
Wand 180”in 101 and 107. Rightcol- 
umn, The second-order kernels. 

203 0 
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Figure 3. A, Intracellular recordings from 107 evoked by white noise modulation of wind (Stimulus) at ipsi 90” (A,) and 0” (A,), and the linear 
and second-order nonlinear models. When stimulated at ipsi 90”, the linear (first-order) model predicted the actual response quite well. MSEs for 
the linear and second-order model were 28.2% and 23.7%, respectively. Thus, the linear component comprises a major part of the total response, 
whereas the second-order nonlinear component comprises a very small part, as it improves the MSE only by 4.5%. At 00, the response was 
significantly small. MSEs for the linear and second-order nonlinear models were 93.6% and 75.3%, respectively. B, Frequency responses in 107, 
showing power spectra of the input white noise (Stimulus) and cellular responses; the kernel predicted models are shown for ipsi 90” (B,) and 0” 
(BJ stimulus. 

of response in 10 1 and 107 is a differential of sensory input, 
that is, a wind-velocity wave. The function of these interneurons 
as seen by its linear component is to detect the wind velocity. 
The similar waveform of kernels at all stimulus angles (except 
their polarity), shows that although the amplitude (gain) of the 
linear component differed, the frequency characteristics were 
invariable irrespective of the stimulus angle. 

The first-order kernels in 111 and 203 were also differentiating 
(Fig. 2C,D). In both intemeurons, the first-order kernels were 
largest in amplitude when the wind stimulus was at 0”, ipsi 150”, 
cant 30”, and 180”, that is, when the wind was almost longitu- 
dinal to the animal’s long axis. They were very small or noisy 
when the wind stimulus was orthogonal but somehow diagonal 
to the animal’s long axis. The polarity of the kernels reversed 
at ipsi 60” and cant 120”. These were null directions. The kernels 
were initially hyperpolarized when stimulated at ipsi 120”, 
whereas they showed initial depolarization when stimulated at 
cant 60”. The time to the peak ranged from 8.3 to 8.5 msec (n 
= 2) for 111 and from 7.3 msec to 7.8 msec for 203 (n = 3) in 

the preferred directions. Thus, the peak time of the first-order 
kernel in 111 was slightly longer than that in 10 1, 107, and 203, 
suggesting that the response in 111 was slower. 

The second-order kernels in this set of intemeurons were not 
distinctive. The kernel configurations were considerably differ- 
ent from angle to angle: some kernels had an elongated depo- 
larizing peak on the diagonal, whereas the others had only off- 
diagonal valleys (Fig. 2). This was because the second-order 
nonlinear component was very small as indicated by the large 
MSEs of the second-order model. Figure 3 shows the responses 
and models to the white noise stimulus in 107 for two different 
stimulus angles, one for a preferred (ipsi 90”) and the other for 
a null direction (0’) which were orthogonal to each other. At 
ipsi 90”, the linear (first-order) component (or model) was large 
and reasonably similar to the response with an MSE of 28.2%, 
whereas the second-order component was much smaller (Fig. 
3A,). MSE for the second-order model was 23.7%. As MSE for 
the second-order model was computed between the summation 
ofthe two models and the actual response, the linear and second- 
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Figure 4. A, Intracellular recordings from 111 evoked by white noise stimuli at 0” (A,) and ipsi 60” (AI) corresponding first-order (linear) and 
second-order nonlinear models. In a preferred direction (O’), the linear model makes a good match with the actual response (the MSE was 37.8%). 
MSE for the second-order model was 35.4%. At ipsi 60”, MSEs for the linear and second-order model were 94.7% and 87.1%, respectively. B, 
Frequency responses in 111, showing power spectra of the input white noise (B,), cellular response (B,), and kernel predicted models for 0” and 
ipsi 60” stimuli (B2 and B,). 

order nonlinear components were thought to constitute 7 1.8% 
and 4.5% of the total response, respectively. Those parts of the 
response not predicted by the linear or second-order nonlinear 
components were due to noise or a higher-order nonlinear com- 
ponent. At O“, the linear model was very small (Fig. 3A,). This 
confirmed our observation that the first-order kernel was very 
small and noisy when wind was delivered orthogonally to the 
long axis ofthe animal’s body (Fig. 2B). Analyses of the response 
in the frequency domain confirm the observations we made on 
the kernels and the predictions. The power spectrum of the 
response from 107 evoked at ipsi 90” always had a peak at 40- 
50 Hz (Fig. 3B,). The linear model was very sharply band-passed 
with a peak at 70-90 Hz, and had power comparable to that of 
the responses in a higher-frequency region, whereas the second- 
order nonlinear component was much smaller. It was signifi- 
cantly reduced when stimulated at 0” (Fig. 38,). 

Figure 4 shows another example of responses to white noise 
and the corresponding model predictions, which was from 111 
at the stimulus angles of 0” and ipsi 60”. In contrast to 101 and 
107, the linear component for the 0” stimulation was large and 
reasonably similar to the actual response (Fig. 4A,), while the 
second-order nonlinear component was much smaller (Fig. 4A,). 
MSE for the models suggested that the linear component pre- 

dieted 62.2% of the total response, whereas the second-order 
model predicted only 2.4% of a total response. The power spec- 
tra of the response at 0” and the linear models had a peak at 
about 70 Hz (Fig. 4B,), indicating that the response and linear 
component are band-passed. The power of the linear model was 
comparable to that of the response around the peak, indicating 
that the high-frequency response of 111 is almost linear. In a 
null direction (ipsi 60”), neither the linear nor the second-order 
nonlinear model could predict the response (Fig. 4A,). The MSE 
for the second-order model was at most 87.1%. The linear model 
at ipsi 60” had a power of 20-40 dB less than that evoked at 0” 
(Fig. 4BJ. This confirmed our observation that for the ipsi 60” 
stimulus, the interneuron produced no significant response. In 
both directions, the second-order nonlinear component had a 
power of 20 dB below that for the actual response (Fig. 4B,). 

Interneurons 102 and 103 

The second type comprises interneurons 102 and 103 whose 
wind-evoked responses were also directionally sensitive but 
highly nonlinear. Both interneurons have a cell body with a 
diameter of 30-40 pm in the dorsal cortex of the ganglion (Fig. 
5). Near the midline of the ganglion, the primary neurite loops 
ventrally to run into the ventral neuropil, where it increases its 
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diameter up to lo-20 Mm. In 102, the main neurite bifurcates 
into two thick net&es, which then turn medially to form a 
“(Y-shaped structure and run into the contralateral neuropil, 
where they give rise to numerous finer processes. By contrast, 
103 has three thick transverse neurites (20-30 pm in diameter) 
that run parallel to each other near the ventral surface of the 
ganglion and connect the bilateral arborizations. 

Interneurons 102 and 103 produced well-defined first-order 
kernels that were biphasic with the initial depolarizing or hy- 
perpolarizing phase, as shown in Figure 6. The time to the peak, 
ranging from 6.9 msec to 7.4 msec (n = 4) for 102 and from 
6.8 msec to 7.1 msec (n = 8) for 103, was relatively constant 
irrespective of the stimulating angles. This value was compa- 
rable to those for 10 1, suggesting that the frequency character- 
istics of the linear component are similar to those in 10 1. On 
the other hand, second-order kernels from 102 and 103 were 
very similar to each other (Fig. 6). The kernels had an elongated 
depolarizing peak on the diagonal line where T, = r2 with two 
off-diagonal valleys at 7, z T*. This configuration was basically 
invariant irrespective of the stimulus angle. The magnitude of 
the valleys and peaks, however, were reduced when the stimulus 
angles were ipsi 30” and cant 150”, which was accompanied by 
a significant decrease in amplitude of the first-order kernel. 

Figure 7 shows responses from 102 evoked by white noise at 
ipsi 150” and ipsi 60”, and the corresponding linear and second- 
order models. When stimulated at ipsi 150”, the summation 
(labeled Sum) of the two models accurately predicted the 
cell’s actual response with an MSE of 37.7% (Fig. 7A,). In this 
recording, MSE for the linear model was 76.3 %. There was 
therefore a 38.6% improvement in the MSE by adding the sec- 
ond-order model. The power spectrum of the response and sec- 
ond-order model began to fall off at 20-30 Hz, whereas that of 

Figure 5. Morphology of a group of 
nonlinear intemeurons, viewed dorsal- 
ly. Broken line indicates the midline of 
the ganglion. Anterior is to the top. 

the first-order model had a peak at 70-90 Hz (Fig. 7B,). Both 
of the linear and second-order nonlinear components were very 
small for the ipsi 60” wind stimulation, where MSEs for the 
models were 93.9% and 80.6%, respectively (Fig. 7AJ. Indeed, 
they had a power much lower than that of the response (Fig. 
7BJ. 

Interpretation of the nonlinearity in 102 and 103 
Figure 8 shows two examples of the second-order kernel from 
102 at cant 30” and ipsi 150”. The kernels had an elongated, 
depolarizing peak on the diagonal line (Fig. SA). The kernels 
generated by 102 and 103 showed this pattern irrespective of 
stimulus angle. This was because the second-order kernels were 
quadratic for input. 

In Figure SB, the first-order kernel (solid line) computed from 
the same recording as shown in Figure SA, on which the diagonal 
cut, the side view of the second-order kernel, is superposed 
(broken line). The first-order kernel is biphasic, whereas the 
diagonal cut is monophasic. At either stimulus angle, the hy- 
perpolarization of the first-order kernel was offset by the de- 
polarizing peak of the second-order kernel. On the other hand, 
the depolarization of the first-order kernel is enhanced by the 
diagonal cut. This is a compression nonlinearity, and implies 
that the interneuron responds by producing a depolarizing po- 
tential only when wind is directed from the front. This was 
confirmed by model predictions for 102, as shown in Figure SC. 
In this recording (stimulated at ipsi 150”) the summation of the 
linear and second-order models showed a good match with the 
actual response with an MSE of 38% for the second-order model. 
We note that a hyperpolarization in the linear model was com- 
pressed by a depolarization of the second-order model (arrows 
in Fig. SC). 



2294 Kondoh et al. l Response Dynamics of Nonspiking Local Interneurons 

1 St-order kernel 2nd-order kernel 

Figure 6. First- and second-order ker- 
nels in 102 and 103 at different stimulus 
angles. All kernels were normalized. In 
left diagrams, four first-order kernels 
from different animals were super- 
posed. Note that the waveform of the 
kernel was reversed at ipsi 60” and cant 
120” in 103, and ipsi 30” and cant 150” 
in 102. When stimulated anteriorly, the 
interneurons produced the first-order 
kernel with an initial hyperpolariza- 
tion. The kernel was, however, initially 
depolarized when stimulated posteri- 
orly. The second-order kernels shown 
in the right diagrams here were closely 
similar to each other, and had a diag- 
onal depolarizing peak with two off-di- 
agonal hyperpolarizing valleys. Unlike 
the first-order kernels, no directional 
sensitivity was found in the signature 
of the second-order kernel. 

Interneurons 104, 108, and 201 

The third type comprises interneurons 104,108, and 20 1, whose 
neuronal structures are shown in Figure 9. The cell body of 104 
is approximately 35 pm in diameter and lies in the ventral cortex 
of the ganglion. The primary neurite arising from the cell body 
expands abruptly in diameter over 30 pm and gives off numer- 
ous fine processes posteriorly. After crossing the midline, the 
primary neurite turns posteriorly and then branches repeatedly 
to form the field of densely packed branches. Interneuron 201 
has a cell body with a diameter of approximately 20 pm near 
the base of the cereal nerve. The primary neurite bifurcates to 
extend two main net&es anteriorly and posteriorly. The an- 
teriorly directed neurite runs parallel to the midline for 700- 
800 pm to terminate, whereas the posteriorly directed neurite 
subsequently turns anteriorly and ventrally to run along the 
ventral edge of the neuropil, forming a densely packed dendritic 
field. Interneuron 108 has a cell body with a diameter of 20-30 
pm lying laterally in the dorsal cortex of the ganglion. The pri- 
mary neurite runs medially before turning sharply in a ventro- 
lateral direction at a point 100 pm from the midline, and then 
bifurcates in a T-shape to send two major neurites anteriorly 
and posteriorly. They are further subdivided into two thick 
neurites that send out numerous branches on both sides of the 
ganglion. 

Figure 10 shows first- and second-order kernels produced by 
stimuli delivered at various angles for 104, 108, and 201. We 

note that the first-order kernels were very small or noisy in any 
stimulus direction. The second-order kernels did not show any 
directional preference; the 12 kernels were very similar in their 
signature as well as in their magnitude. The kernels in 104 had 
an elongated hyperpolarizing valley on the diagonal line (Fig. 
lOA), whereas those in 108 and 201 had a depolarizing peak 
(Fig. IO&C). Both kernels also had two off-diagonal valleys in 
201 and 108, and two off-diagonal peaks in 104. Thus, this 
kernel pattern closely resembles that seen in 102 and 103. 

Figure 11 shows a typical example of responses in 104, which 
was evoked by white noise and sinusoidal of wind delivered 
along the long axis of the animal’s body. The wind stimulus 
usually produced a hyperpolarization in 104. The second-order 
model matched well with the actual response, whereas the first- 
order (linear) model was very small (Fig. 11A). Indeed, the MSE 
for the linear model was 98.9%, whereas that for the second- 
order models was 42.7%. Thus, there was 56.2% improvement 
of MSE after adding the second-order component. Figure 11 C 
shows the power spectra of the input white noise and responses 
at two different angles (ipsi 90” and 0’). The second-order non- 
linear component had a power comparable to that of the re- 
sponse at O”, whereas that of the linear component was much 
smaller (Fig. 1 lC,). A similar observation was made at the 
stimulus angle of ipsi 90” (Fig. 11 C,), confirming our observa- 
tion that the response in 104 was omnidirectional. In Figure 
1 lB, the linear and second-order models were also predicted 
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Figure 7. A, Intracellular recordings from 102 to white noise at ipsi 150” (A,) and ipsi 60” (A,), and the corresponding first- and second-order 
models. At ipsi 1 SO’, the summation of the first- and second-order model predicted the cell’s actual response very well. The MSEs for these two 
models were 76.3% and 37.7% at ipsi 150”, and 93.9% and 80.6% at ipsi 60”, respectively. The summation trace (Sum) was produced by summing 
the linear and second-order nonlinear model traces. B, Frequency responses in 102, showing power spectra of the responses; kernel predicted 
models are shown for 150” (B,) and ipsi 60” (B,) stimulus. 

by convolutions of the input sinusoidal sweep with the second- 
order kernels. The second-order model as well as the actual 
response had a hyperpolarizing trend at 70-100 Hz. Although 
the power spectrum for the response showed a low-pass filter 
nature, the interneuron produced no significant response at a 
lower frequency range. We also note that the power spectrum 
of the response is beyond the frequency range of the stimulus. 
This is consistent with our observation that 104 shows a fre- 
quency-doubling response to a sinusoidal wave (Fig. 1lB; see 
also Fig. 12C). The electrical stimulation of the cereal nerves 
on the ipsilateral side evoked a hyperpolarization that was 8- 
10 mV in amplitude with a latency of 2.5 msec (Fig. 11D). The 
stimulation on the contralateral side elicited a small (2-3 mV) 
depolarization with a latency of 1.5 msec, which was followed 
by a hyperpolarization. 

Responses in 108 and 201 were very similar to each other, 
and were reasonably well predicted by the second-order kernel. 
Figure 12A shows a typical example of the response in 201, 
which was evoked by white noise modulation of wind. MSEs 
for the linear and second-order nonlinear models were 99.0% 
and 42.4%, respectively. Frequency characteristics of the re- 
sponse evoked in 108 and 20 1 were nearly the same as in 104 

(Fig. 12B). The power spectra of the white noise-evoked re- 
sponse had their cutoff frequency at 20 Hz (Fig. 12B,). The 
second-order model had power almost comparable to that of 
the response (Fig. 12B,,B,), whereas the linear model had a 
power of 20-40 dB less than the actual response, indicating that 
the linear component comprises only a minor part of the re- 
sponse. In this type of interneuron, a frequency-doubling re- 
sponse was substantial when stimulated by a sinusoidal wave 
at a higher-frequency range (Fig. 12C). This was expected from 
the fact that the wind-evoked responses in 104 and 201 were 
best approximated by the second-order kernel, a squaring func- 
tion. 

Modeling of the second-order nonlinearity 
Figure 13 shows a diagram of the generation of the second-order 
kernel in a 201 interneuron, which has a characteristic three- 
bar structure with an elongated depolarizing peak on the diagonal 
and two off-diagonal hyperpolarizing valleys. The second-order 
nonlinearity was reproduced by a filter cascade of Korenberg 
type (Korenberg and Hanter, 1986). The arrangement was a 
linear (band-pass) filter followed by a static nonlinearity (square) 
and a second linear (low-pass) filter (Fig. 13A). White noise input 
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Figure 8. A, Contour plots of second-order kernels from 102 when 
stimulated at cant 30” and ipsi 150”, on which the diagonal cuts of the 
kernels were superimposed. The kernel had an elongated depolarization 
peak on the diagonal with two off-diagonal valleys. B, The diagonal cuts 
at the second-order kernels at 180” (left) and 0” (right) are shown by the 
broken lines. The figure also shows the first-order kernels from the same 
cell (solid lines) and the summation traces (broken lines), which were 
produced by summing the trace of the first-order kernel and that of the 
diagonal cut. Note that the hyperpolarizing peak of the first-order kernel 
was offset by the depolarizing peak of the second-order kernel; this is 
a compression nonlinearity. C, A part of the record, the response trace 
and its linear and second-order models in Figure 7A,, is expanded. Note 
that a hyperpolarization of the first-order model, indicated by arrow, 
was opposed by a depolarization of the second-order model. The sum- 
mation traces suggest that the interneuron produces a depolarizing po- 
tential only when a wind is directed from the head to tail. 

was initially passed through a band-pass filter. In this case, the 
input was convolved with a parallel cut of the second-order 
kernel that was used as a band-pass filter (Fig. 13B). The band- 
pass filter’s output was squared, and then passed through a low- 
pass linear filter (Fig. 130). The cascade model was then cross- 
correlated against the original input to compute a second-order 
kernel. The two kernels, one from 20 1 (Fig. 13B) and the other 
synthesized (Fig. 13C), are very similar, consisting of an elon- 
gated depolarizing peak with two off-diagonal valleys. The 
squared output is therefore a reproduction of 201’s response. 
Indeed, the second-order model to a sinusoidal wave had a 
second harmonic at high-frequency range. 

Directional response curves 

MSE for a kernel prediction represents the ratio of the deviation 
against the actual response, and thereby evaluates the accuracy 
of the kernel prediction. Thus, plots for MSEs on the polar 
ordinate allow us to draw directional response curves for the 
linear and nonlinear part of the response, as illustrated in Figure 
14. In 10 1, 107, 111, and 203, the linear component is direc- 
tionally sensitive, and comprises about 60% of the total response 
at least for 101, 107, and 111 in preferred directions (i.e., the 
first-order model had an MSE of less than 40%) (Fig. 14A). It 
forms two response ranges that are symmetrically arranged across 
the null directions (0” and 180” for 101 and 107, and ipsi 60” 
and cant 120” for 111 and 203). On the other hand, the second- 
order component contributes only a few percent to improve 
MSE regardless of the stimulus angle. The plots from 102 and 
103 show that both first- and second-order components are 
directionally sensitive, and each comprises 20-30% of the total 
response in a preferred direction in those interneurons (Fig. 
14B). Moreover, the first-order component has two response 
ranges approximately quadrant, which are symmetrically ar- 
ranged across null directions, ipsi 60” and cant 150”. The di- 
rectional curves in 104, 108, and 201 show that responses in 
these interneurons are omnidirectional, and that the second- 
order component comprises a major part (50-60°/9) of a total 
response (Fig. 14C). The linear component is minor, as sug- 
gested by MSEs for the first-order model, which were 90-95% 
on average. 

Discussion 
Three sets of nonspiking local interneurons are recognized on 
the basis of the kernel analysis in the terminal ganglion of the 
cockroach. The first group, in which the response dynamics are 
characterized mainly by differentiating first-order kernels, in- 
cludes interneurons 101, 107, 111, and 203. The second, in 
which the wind evoked response is best approximated by the 
summation of the first- (linear) and second-order models, in- 
cludes interneurons 102 and 103, while the third, in which the 
response is best approximated by the second-order model, in- 
cludes interneurons 104, 201, and 108. Thus, response to wind 
in the first group is linear, whereas those in the latter two groups 
are nonlinear. Some of them have dendritic arborizations on 
both sides of the ganglion, and others only on one side. No 
morphological correlation to the physiological classification of 
interneurons has been revealed. For example, 203 is physiolog- 
ically of linear type whereas 201 is of nonlinear type, although 
these two interneurons occupy similar dendritic fields within 
the ganglion. 

In insect segmental ganglia, spiking local interneurons are 
largely responsible for the local processing of primary sensory 
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Figure 9. Morphology of the other type of nonlinear interneurons, viewed dorsally. Broken line indicates the midline of the ganglion. 

inputs whereas nonspiking ones play a major role in the control 
and coordination of motor output (Siegler, 1984). For example, 
spiking local interneurons in the metathoracic ganglion of the 
locust receive inputs directly from afferents of hairs and cam- 
paniform sensilla in a way such that a particular region on the 
surface of a hind leg is mapped onto these intemeurons (Burrows 
and Siegler, 1985). They make direct inhibitory connections 
onto premotor, nonspiking local intemeurons on which intra- 
and intersegmental input converges (Siegler and Burrows, 1983; 
Burrows, 1987). Nonspiking local intemeurons control the pools 
of motor neurons required for the different patterns of limb 
movement (Burrows, 1980). However, in the cockroach, we 
showed that sensory input from cerci is processed by many 
nonspiking local intemeurons, as it is in the cricket (Kobashi 
and Yamaguchi, 1984; Bodnar et al., 199 1) and the locust (Boy- 
an et al., 1989). 

Code for the stimulus direction 
Figure 15 summarizes the results showing the organization of 
wind receptive fields of the nine nonspiking local intemeurons. 
Polar plots of MSE for the models revealed bilobed directional 
response curves for 101, 107, 111, and 203. The first-order 
kernel in a given direction was the mirror image of that in the 
opposite polar direction. The polarity reversal occurred along 
the midline of the animal for 101 and 107, and roughly or- 
thogonal to the midline for 111 and 203. Thus, 101 and 107 
must be excited on the ipsilateral side and inhibited on the 
contralateral side, while 111 and 203 must be excited by a wind 
roughly from the rear and inhibited from the front. Cells 102 

and 103 are also directionally sensitive, being excited in one 
direction but receiving no or weak inhibition in the other di- 
rection (as suggested in Fig. 8): 102 is excited by a wind from 
the rear, and 103, by wind from the front. On the other hand, 
intemeurons 104, 108, and 201 are omnidirectional, being ex- 
cited or inhibited in all directions. The pattern of directional 
sensitivity in some of these intemeurons are closely similar to 
those of some GIs (Westin et al., 1977). For example, GIs 1 and 
2 are omnidirectional, as are 108 and 20 1, being excited in all 
directions, while GI 3 responds to wind from in front of the 
animal, just as does 103. 

The selective projections of those hairs onto these intemeu- 
rons would account for their directional sensitivity. Almost 220 
wind receptive hairs (filiform sensilla) on an adult cercus are 
organized spatially into columns and rows. Each of the 19 cereal 
segments of the adult has a row of nine hairs, except for the 
segments near the tip and base, which range from 0.5 to 1 mm 
in length (Nicklaus, 1965). All hairs of a given column have the 
same optimal wind directions that differ from column to column 
(Dagan and Camhi, 1979). Daley and Camhi (1988) showed 
that GIs 1 and 2 receive excitatory inputs from the same set of 
ipsilateral sensory neurons, that is, those of all nine sensory 
columns, while GI 3 receives excitatory input only from ipsi- 
lateral columns d, f, g, i, and k, all of which have their optimal 
excitatory directions within the boundaries ofthe response curve 
ofGI3. 

The cockroach responds to wind stimulus with an escape that 
begins with a rapid directional turn, and runs away from its 
predator (Camhi and Tom, 1978; Camhi, 1980). Seven pairs of 
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GIs have been suggested to elicit this directional escape re- rectional, whereas GI 3 responds to wind from the front (Westin 
sponse: electrical stimulation of individual GIs elicits excitation et al., 1977). Therefore, Camhi and Levy (1989) proposed a 
of leg motor neurons associated with escape (Ritzmann and model of the assembly code for direction that accounts for this 
Camhi, 1978; Ritzmann, 1981; Ritzmann and Pollack, 1981), discrepancy, in which the number of action potentials is com- 
and killing of the GIs can alter wind-evoked motor responses pared between the left versus the right group of ventral GIs (GIs 
(Westin and Ritzmann, 1982). Of these, the ventral four GIs l-4). Our findings of the directionally selective interneurons 
(GIs 14) are especially important in evoking the escape be- provide new insights into the neural mechanism responsible for 
havior under most natural conditions (Camhi and Levy, 1989). the specification of stimulus direction. We observe that 10 1 and 
However, none of the GIs respond selectively to wind from the 107 respond most preferentially to wind from the left versus 
left versus right. For example, GIs 1, 2, and 4 are all omnidi- right, whereas 102, 103, 111, and 203 respond to that from the 
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Figure II. A, Response to white noise modulation of wind in 104, and its linear and second-order nonlinear models. MSEs for the linear and 
second-order nonlinear models were 98.9% and 42.7%, respectively. The improvement of MSE by the second-order model was 56.2% in this record. 
The second-order nonlinear model matches the actual response well. B, Hyperpolarized response from the 104 evoked by the sinusoidal modulation 
of wind at 0”. C, Power spectra of the responses (C,) and linear (first-order) and second-order models (C,) at two different stimulus angles (0“ and 
ipsi 900). We note that the response exhibited power in a frequency range beyond that of the stimulus itself. D, Responses from a 104 intemeuron 
evoked by electrical stimulation (arrowheads) of the ipsilateral and contralateral cereal nerves. Three sweeps were individually superimposed. 

front versus rear (Fig. 15). There are thus at least two subsystems 
responding maximally to wind displacement along two coor- 
dinate directions, one for the longitudinal direction and the 
other for the transverse direction, into which the direction (and 
intensity) of wind is encoded. For each direction, each system 
is tuned to respond to one of the two vector components of this 
direction. A similar neural coding is seen in the fly visual system, 
where the direction and velocity of a motion pattern on the 
retinal image is encoded into two independent motion-detecting 
circuits, a vertical system (VS) and a horizontal system (HS). 
The VS and HS neurons in the lobula plate respond maximally 
to vertical and horizontal motion, respectively (Hausen, 198 l), 
and are thought to play a major role in the control of optomotor 
behavior (Hausen and Wehrhahn, 1983; Egelhaaf et al., 1988). 

Another important aspect of the function of directionally sen- 
sitive interneurons is “lateral inhibition.” A population of GIs 
in the terminal ganglion of the cricket responds to wind with 
sharply directional sensitivity owing to converging excitatory 
and inhibitory input in their receptive field (Matsumoto and 
Murphey, 1977; Jacobs et al., 1986). The inhibitory input serves 
to enhance the contrast between two cerci (lateral inhibition), 
and thereby to sharpen the directional sensitivity of the GIs, 

although no such intemeurons have yet been described. In other 
integrative systems, some intemeurons mediate lateral inhibi- 
tion that enhances the contrast of stimulus from left versus right. 
For example, omega cells in cricket thoracic ganglia inhibit their 
contralateral counterpart (Wohlers and Huber, 1978) and local, 
directionally selective intemeurons in crayfish terminal ganglion 
inhibit the intersegmental interneuron on the contralateral side 
(Reichert et al., 1983; Kondoh and Hisada, 1986). Cells 101 
and 107 are similar to those intemeurons in some respects, and 
thus are the most plausible candidate for lateral inhibition be- 
tween two cerci. First, they all are local intemeurons, and re- 
sponsible for local circuit interactions within the segmental gan- 
glion. Second, they are selectively excited by a stimulus with a 
particular directionality, and inhibited in the other direction 
(for the LDS intemeuron, Krenz and Reichert, 1985). Third, 
they have extensive bilateral dendritic arborizations that are 
interconnected by a thick neurite running across the midline. 

Origin of the d@erentiatingjirst-order kernel 
When applied to a linear system, the first-order kernel corre- 
sponds to the system’s impulse response. When applied to a 
nonlinear system, the kernel is the best (in an MSE sense) linear 
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Figure 12. A, Intracellular recordings from 201 to white noise stimulus, and its linear and second-order nonlinear models. MSEs for the linear 
and second-order nonlinear models were 99.0% and 42.4% in this recording. Therefore, there is a 56.6% improvement of the MSE with inclusion 
of the second-order model. B,, Frequency response in 20 1 showing power spectra of the input white noise, response, and linear and second-order 
models when the intemeuron was stimulated at 0”. We note that the synaptic input onto 201 and the second-order model is passed through a low- 
pass filter. B, and B,, Power spectra of responses, linear models, and second-order nonlinear models in four different directions (09 ipsi 60”, ipsi 
120”. and 180”). C, Intracellular recordings from 101, 103, 104, and 201 to a sinusoidal stimulus, in the best directions for cells 101 and 103, 
showing a frequency-doubling response in 104 and 201. In contrast lo the linear (IOI) and half-wave rectifier (103) interneurons, responses to a 
sinusoidal wave at a high-frequency range in 104 and 201 had a second harmonic component. 

approximation of the system’s impulse response. For example, A likely possibility is that the first-order kernel produced by 
in horizontal cells in a turtle retina, the first-order kernel is the contralateral stimulation is transmitted to the intemeurons 
equivalent to the response to a brief Rash of light (Chappell et via a sign-inverting synapse, and two subsets of column hairs 
al., 1985; Sakai and Naka, 1987). In the cockroach, the first- whose optimal directions are opposite to each other act in a 
order kernel is the best linear approximation of the cell’s re- push-pull fashion. For example, 101 would receive excitatory 
sponse to a brief push-pull of the speaker’s moving plate and input directly from the filiform hairs of columns I and/or m, 
hence a brief air displacement. The waveform of the first-order and inhibitory input from columns a and/or d via an unknown 
kernels from 10 1, 107, and 203 was biphasic, whereas that from inhibitory interneuron intervening between them. Electrical 
111 was more differentiating, indicating that these interneurons stimulation of the cereal nerve revealed that 10 1 receives post- 
are sensitive to the rate of change of the input (i.e., wind ve- synaptic, inhibitory input from cercus in addition to short-la- 
locity). The wind receptors are also velocity sensitive (BuAo, tency, probably monosynaptic excitatory inputs (Kondoh et al., 
198 1; Kondoh et al., 1991 b). The initial excitation and the I99 la). Postsynaptic inhibition has been previously demon- 
following inhibition of the biphasic first-order kernel corre- strated in the cereal system of cockroaches (Callec, 1974) and 
sponds to a response to wind from a given direction and the crickets (Levine and Murphey, 1980). Our unpublished obser- 
opposite polar direction, respectively. If the receptors respond vation on changes induced in the cockroach after application of 
linearly to the bending of sensory hair and the air displacement, picrotoxin shows that inhibitory interaction plays an important 
the results described here can be explained. However, the cereal role in linear processing of the signal by linear intemeurons. 
afferents respond in a nonlinear way such that bending of a hair Picrotoxin is well known to act as a noncompetitive antagonist 
to the direction opposite to the optimal excitatory field produces of GABA. As we expected, MSE for the first-order model sig- 
no response in its receptor neuron or inhibits its spontaneous nificantly increased 4 min after being bathed in 1O-4 M picro- 
activity (Dagan and Camhi, 1979). toxin, indicating that the polarity-inverted kernels are produced 
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Figure 13. Production of the second-order kernel with a three-bar configuration. A, Aa LNL cascade model. B, A second-order kernel with a 
characteristic three-bar structure in a 201 and its parallel cut, that is, a side view of the kernel, which was used as a band-pass filter. Solid lines on 
the kernel indicate the position of the cut. C, A second-order kernel very similar to that of the actual response was produced by cross-correlation 
between white noise input and the output of the second linear filter. D, Response in 201 to white noise, the first- and second-order models, the 
summation of the models, and the cascade model produced by processing the stimulus through the LNL filter cascade. The same white noise was 
processed through a band-pass filter whose impulse response (Parallel cut) is shown in B. The output of the filter was squared. The squared output 
was then passed through a second linear filter. 

via a probable inhibitory interaction between two subsets of 
columns. 

The intersegmental interneurons in the locust metathoracic 
ganglion also receive both monosynaptic excitatory and disyn- 
aptic inhibitory inputs from a leg. Laurent (1988) demonstrated 
that the inhibition is mediated by one or several interposed 
spiking interneurons that receive direct input from exteroceptors 
and proprioceptors, and serves to sharpen the edges of the ex- 
citatory regions of the receptive fields and thereby to increase 
the contrast. The inhibitory input serves to enhance the direc- 
tional sensitivity and also to improve the time resolution of the 
response. The wind-evoked responses in 10 1, 111, and 203 were 
found to be much faster than those in nonlinear interneurons 
102 and 103, which would receive no or very weak inhibitory 
input on the side opposite to the preferred direction. For ex- 
ample, the power spectrum of response in 111 had a peak at 
70-90 Hz (Fig. 4), whereas that in 102 began to fall off at about 
20 Hz (Fig. 7). The best frequency of the cereal afferents in the 

cockroach was estimated to be about 100 Hz from the first- 
order kernels (Kondoh et al., 1991 b), and is comparable to the 
best or natural frequency of hairs on the cricket cerci (Gnatzy 
and Tautz, 1980; Shimozawa and Kanou, 1984; K$imper and 
Kleindienst, 1990). 

The second-order nonlinear component 

A large MSE for the first-order model indicates either very noisy 
response or the response of a higher-order component. If the 
component is second-order, the second-order model makes MSEs 
much smaller. In 104, 108, and 20 1, MSE for the first-order 
model was more than 90%, whereas that for the second-order 
models ranged from 30% to 50%. Thus, the second-order kernels 
predicted 50-70% of the total response evoked by white noise 
in this subset of interneurons. The rest not predicted by the 
kernels are due to spontaneous synaptic input that is not ac- 
counted for by the first- or second-order kernel, or the higher- 
order nonlinear components. We think that the former is likely 
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Figure 15. Schematic diagrams of di- 
rectional properties of the nine non- 
spiking local interneurons. Shaded 
regiokrepresent inhibitory directions; 
open regions represent excitatory direc- 
tions. 
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because spontaneous synaptic input was observed even in the 
absence of any wind stimulus. The corresponding activity of 
cereal afferents has also been observed by Westin (1979). Such 
noise at the input is a source of error in kernel estimation. If 
we take account of the noise, the MSE of 3wO% for the second- 
order kernel is very reasonable. In the almost noise-free neurons, 
for example, horizontal cells in the vertebrate retina, MSE was 
close to 5-10% (Sakai and Naka, 1987). 

The second-order kernels predict the nonlinear part of the 
response arising from a static (nonmemory) nonlinearity such 
as squaring, rectification, saturation, and so on (Marmarelis and 
Marmarelis, 1978; Sakuranaga et al., 1986). The kernels can be 
used to construct a cascade model for the system, consisting of 
a static nonlinear element with one or two dynamic (memory) 
linear filters. The former is a cascade structure of Wiener type, 
a linear filter-static nonlinear filter cascade, and the latter is a 
cascade structure of Korenberg type in which a static nonlin- 
earity is sandwiched between two linear filters (Korenberg and 
Hunter, 1986). For example, the type-C amacrine cells in the 
catfish retina produce a nonlinear response, an on-off transient 
depolarization to a step of light, whose second-order kernels 
have two depolarizing peaks on the diagonal and two off-di- 
agonal, hyperpolarizing valleys (Sakuranaga and Naka, 1985a,b). 
Sakai and Naka (1987) showed that this second-order kernel 
can be reproduced by a band-pass linear filter followed by a 
squaring device. On the other hand, the second-order kernel of 
type-N amacrine cell is more complex, and is produced by fur- 
ther band-pass filtering of type-C amacrine cell responses. 

t 

In the cockroach, the second-order kernels showed a char- 
acteristic three-bar structure in which an elongated depolarizing 
peak on the diagonal is accompanied with off-diagonal hyper- 
polarizing valleys for 102, 103, 108, and 201. This kernel con- 
figuration was constructed by a band-pass linear filter-static 
nonlinear device-low-pass linear filter cascade, where the static 
nonlinearity is a squarer. The band-pass filter would simply 
reflect the mechanical property of cereal hair sensilla, whereas 
the low-pass filter represents the transfer at synapses between 
the cereal afferents and the interneurons. The squared output is 
therefore a reproduction of the cell’s response. Either a multi- 
plication of two sine waves or a full-wave rectification produces 
the second harmonic component that was seen in 104 and 201 
when stimulated sinusoidally (Fig. 12c). As a full-wave rectifier 
is best approximated by a squarer, we reasonably concluded 
that this static nonlinear filter would represent a full-wave rec- 
tification of the signal. This LNL filter cascade, band-pass filter- 
half-wave or full-wave rectification-low-pass filter, is equivalent 
to the theory of AM radio. The function of interneurons 104, 
108, and 201 as seen by their second-order kernels is thus to 
compute the power of wind stimuli at a particular frequency 
range. The second-order nonlinear component also comprises 
a major part in GIs 1 and 2 (Y. Kondoh and J. Okuma, un- 
published observations). The full-wave rectification obviously 
represents the omnidirectional sensitivity of these interneurons 
(Westin, 1977; Dagan and Camhi, 1988). 

On the other hand, the second-order nonlinearity in 102 and 
103 was suggested to be a signal compression (a half-wave rec- 

Figure 14. Polar plots of MSEs for first- and second-order models computed at angular intervals of 30” for nine nonspiking local intemeurons 
examined. Each plot is obtained from 2 animals for 107 and 111; 3 for 203; 4 for 102 and 108; 7 for 103, 104, and 201; and 10 for 101. Each 
datum point is the improvement of MSE, and represents the ratio of a linear or second-order nonlinear component in a total response. Outer circle 
represents 50% improvement of MSE, the inner circle, 25%. The linear component forms two response ranges that are symmetrically arranged 
across null directions: 0” and 180” for 101 and 107, and ipsi 60” and cant 120” for 111 and 203. The second-order component is very minor in 
these intemeurons. 
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tification), and was modeled by a cascade of two filters: a band- 
pass linear filter and a static nonlinear filter. This filter config- 
uration also accounts for the dynamics of the cereal receptors 
(Bufio et al., 198 1; Kondoh et al., 199 1 b). The first-order kernels 
from cereal filiform sensilla were biphasic, and closely matched 
the time differential of a pulse, whereas the second-order kernels 
were also differential with two diagonal peaks and two off-di- 
agonal valleys (Kondoh et al., 1991 b). The second-order non- 
linearity is suggested to represent a half-wave rectification prop- 
erty of the wind receptors. All of the filiform hairs in the cockroach 
and cricket are deflected by wind preferentially in one plane 
(Nicklaus, 1965; Gnatzy, 1976). The sensory neurons are excited 
by only one of two directions of deflection of their filiform hairs, 
and the opposite direction elicits no response (Westin, 1979). 
Moreover, all the hairs within a given column have the same 
optimal excitatory direction (Dagan and Camhi, 1979). We 
therefore reasonably concluded that the interneurons with a 
half-wave-rectifier property receive excitatory input from a par- 
ticular column of cereal hairs whereas those with a full-wave- 
rectifier property receive excitatory or inhibitory input from all 
columns. 
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