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SUMMARY AND CONCLUSIONS

1. Six different types of primary wind-sensitive interneurons in
the cricket cercal sensory system were tested for their sensitivity to
the orientation and peak velocity of unidirectional airflow stimuli.

2. The cells could be grouped into two distinct classes on the
basis of their thresholds and static sensitivities to airflow velocity.

3. Four interneurons (the right and left 10-2 cells and the right
and left 10-3 cells) made up one of the two distinct velocity sensi-
tivity classes. The mean firing frequencies of these interneurons
were proportional to the logarithm of peak stimulus velocity over
the range from 0.02 to 2.0 cm/s.

4. The other two interneurons studied (left and right 9-3) had a
higher air-current velocity threshold, near the saturation level of
the 10-2 and 10-3 interneurons. The slope of the velocity sensitiv-
ity curve for the 9-3 interneurons was slightly greater than that for
the 10-2 and 10-3 interneurons, extending the sensitivity range of
the system as a whole to at least 100 cm/s.

5. All of the interneurons had broad, symmetrical, single-lobed
directional sensitivity tuning curves that could be accurately repre-
sented as truncated sine waves with 360° period.

6. The four low-threshold interneurons (i.e., left and right 10-2
and 10-3) had peak directional sensitivities that were evenly
spaced around the horizontal plane, and their overlapping tuning
curves covered all possible air-current stimulus orientations. The
variance in the cells’ responses to identical repeated stimuli varied
between ~ 10% at the optimal stimulus orientations and ~30% at
the zero-crossing orientations.

7. The two higher threshold interneurons (left and right 9-3)
had broader directional sensitivity curves and wider spacing, re-
sulting in reduced overlap with respect to the low-threshold class.

INTRODUCTION

A general principle that has emerged from studies of the
structure and function of sensory systems is that stimulus
parameters, such as the spatial location of a visual or audi-
tory point source, are often “mapped” continuously within
layered arrays of neurons (Knudsen et al. 1987; Konishi
1986). Higher order interneurons that read such neural
maps generally have stimulus-response characteristics that
can be represented as parametric tuning curves; i.e., there
will be a set of specific “optimal” stimulus parameters that
elicit a “maximal” response from each interneuron,' and

! The “maximal response” is often difficult to define. In cells having
substantial baseline activity levels, a significant amount of information
about the stimulus might be encoded as a change in the firing pattern,
rather than as simply a change in the mean firing rate as is usually assumed
(for several examples see Eckhorn and Popel 1975; Fuller and Looft 1984;
Optican and Richmond 1987; Richmond and Optican 1990; de Ruyter
van Steveninck and Bialek 1988; Segundo et al. 1963.
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the cell’s response will decrease in a continuous manner as
any stimulus parameter is varied from the optimum. The
width of a cell’s tuning curve may be defined as the range of
stimulus parameters around the optimum that elicit a signif-
icant response from the interneuron. Different interneur-
ons naturally have slightly different peak tuning points and
generally have tuning curves that are broader than the in-
terneighbor spacing. Thus a particular stimulus that results
in a sharp peak of activity in the map may influence activity
in several or many higher order interneurons, depending on
the extent of the overlap of their tuning curves. The rele-
vant information about the sensory stimulus may be en-
coded within the conjoint activity of all of these higher
order interneurons.

With these general principles in mind, questions arise
concerning the inherent limits of accuracy in such a
mapped sensory system. How is the systematic accuracy
limited by the shapes, widths, and relative spacing (or “den-
sity””) of the characteristic tuning curves of the constituent
interneurons? How is systematic accuracy limited by vari-
ability in cell responses?

These are very difficult questions to answer and must
ultimately be addressed in behavioral terms. A somewhat
surprising result that has emerged from psychophysical
studies in several different organisms (including humans) is
that the degree of stimulus resolution observed at the behav-
ioral level is generally finer than the widths or spacing of the
tuning curves of the sensory receptors or interneurons at
higher levels in the associated neural maps (for examples,
see Rose and Heiligenberg 1986; Westheimer 1981). These
questions have been addressed recently in several theoreti-
cal studies, in which “hyperacuity” could be achieved by a
mechanism equivalent to interpolation of sensory stimulus
values from the activity of neural units having widely
spaced, broadly overlapping tuning curves (Baldi and Hei-
ligenberg 1988; Heiligenberg 1987; Zhang and Miller
1991).

Here we addressed these questions from a slightly differ-
ent approach in a relatively simple mapped sensory system.
Rather than assessing the accuracy from observations of
behavior, we directly assessed the inherent constraints on
accuracy imposed by the characteristics of the neurons
from which the system is constructed.

For these studies a preparation was used wherein the full
range of a sensory parameter was covered by only four pri-
mary sensory interneurons that had broad, overlapping
tuning curves equally spaced throughout the parameter
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space. The preparation we studied was the cercal sensory
system of the common house cricket Acheta domestica.
Crickets (and many other orthopteran insects) have two
antenna-like appendages at the rear of their abdomen, each
of which is covered with hundreds of filiform hair mechano-
receptors. Each hair is coupled at its base to a single sensory
neuron (Gnatzy and Tautz 1980; Palka et al. 1977), and
the sensory system mediates the detection and analysis of
air-current stimuli in the animal’s immediate environment
(Bacon and Murphey 1984; Edwards and Palka 1974; Ja-
cobs et al. 1986; Tobias and Murphey 1979). The structure
of the cuticular hinge at the base of each hair constrains
motion to a single plane (Gnatzy and Tautz 1980). When
the hair is displaced in one direction in this plane, the rate
of action-potential generation in the associated sensory cell
increases. Hair displacement in the opposite direction
causes a reduction below the base level firing rate. The
thousand or so hairs on each cercus are arranged in many
different orientations, insuring that several hairs will be dis-
placed for any possible air-current stimulus direction. The
afferent axons of all the filiform mechanosensory receptors
project into the terminal abdominal ganglion and arborize
within two bilaterally symmetric regions called the cercal
glomeruli (Bacon and Murphey 1984). The projection of
these afferents is topographic with respect to the positions
of the mechanosensory hairs on the cercus (Bacon and
Murphey 1984; Walthall and Murphey 1986); and, as a
consequence, a map of air-current direction is formed
within the glomeruli.

The cells that carry information about air-current direc-
tion out of the ganglion to higher centers are primary sen-
sory interneurons that receive direct excitatory synapses
from the afferents (Bacon and Murphey 1984; Shepherd
and Murphey 1986). At least 10 different bilaterally sym-
metric pairs of these projecting interneurons have been
identified (Mendenhall and Murphey 1974; Jacobs and
Murphey 1987), and the directionally selective response
properties of several of these cells have been studied ( Bacon
and Murphey 1984; Jacobs and Miller 1985; Jacobs et al.
1986). However, none of these studies were designed specif-
ically to examine the system’s accuracy in determining
wind stimulus orientation. In the experiments reported
here, appropriate measurements were made of the direc-
tional sensitivities and response variances of a subset of
these primary sensory interneurons. Specifically, we have
characterized the directional sensitivity tuning curves of
two cell types in a class that has not previously been de-
scribed in this species: left 10-2 and right 10-2 (according to
the nomenclature defined in Jacobs and Murphey 1987).
We have also remeasured the directional sensitivity of four
other cell types with greater precision than had been possi-
ble in earlier studies: left and right 10-3 (Jacobs et al. 1986)
and left and right 9-3 (Bacon and Murphey 1984). We
found that the interneurons have symmetrical, unimodal,
overlapping tuning curves. Moreover, we found that the
tuning curves had relatively small response variances and
small interanimal variabilities.

On the basis of these measurements and on conservative
assumptions about information coding, principles of infor-
mation theory were applied to calculate the limit of direc-
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tional accuracy that can be achieved in this system. Those
results are presented in the second paper in this series.

METHODS
Dissection and preparation of specimens

All experiments were performed on adult female crickets (A.
domestica) obtained from a local supplier (Bassett’s Cricket
Ranch, Visalia, CA). Specimens were selected that had undergone
their final molt within 4-24 h. The head, legs, wings, and oviposi-
tor were removed from each specimen, and a thin flap of cuticle
was removed from the dorsal surface of the abdomen. After re-
moval of the gut, the body cavity was rinsed and subsequently
perfused with hypotonic saline (O’Shea and Adams 1981). Hypo-
tonicity facilitated microelectrode penetration of the ganglionic
sheath.

The preparation was pinned to a thin slab of silicone elastomer
(Sylgard; Dow Chemical) that had approximately the same projec-
tional area as the cricket’s abdomen. To reduce the turbulence at
the specimen’s cerci caused by obstruction of air movement be-
neath the preparation, special care was taken in pinning the ani-
mal to this slab in two respects. First, the abdomen was pinned
such that the two cerci were completely extended over the rear of
the slab, so that there was no material directly below any part of
the cerci to disrupt local airflow laminarity. Second, the abdomen
was suspended 2-4 mm above the Sylgard slab on the four minu-
ten pins used to mount the preparation, at a height similar to the
normal “standing” height observed when legs are intact. This in-
sured that air could move under and around the abdomen, rather
than being obstructed and forced to flow back across the cerci.
Figure 1 showsa typical preparation mounted for electrophysiolog-
ical recording.

The response properties of interneurons recorded in prepara-
tions mounted in this manner were significantly different from

FIG. 1.
Sylgard slab on the recording platform. Note the minimal obstruction to
airflow in the vicinity of the cerci, which are the 2 antenna-like appendages
at the posterior end of the abdomen. Many of the mechanosensory filiform
hairs can be seen on the cerci.

Photograph of the semi-intact preparation mounted above a
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those recorded from preparations mounted directly onto plat-
forms that restricted subabdomenal and subcercal airflow, in two
main respects (data not shown). First, the response to several
identical stimuli was less variable in the elevated preparations.
Second, the directional sensitivity tuning curves (see Fig. 5) of the
interneurons were narrower and more symmetrical in the elevated
preparations. Both of these results indicate that there was signifi-
cantly less turbulence and less air-current obstruction in the ele-
vated preparations.

Wind stimulus generator

In previous studies of directional sensitivity using these inter-
neurons, air-current stimuli were delivered from nozzles directed
at the preparations from distances greater than the nozzle diame-
ters (Bacon and Murphey 1984; Jacobs and Miller 1985; Jacobs et
al. 1986). This results in turbulent, nonlaminar air flow at the
cerci. To circumvent these problems, a wind tunnel was con-
structed within which laminar air-current stimuli with precisely
controlled direction and velocity parameters could be generated.
The wind tunnel was constructed from Plexiglas tubing with 2-in
inside diameter. Each end of the wind tunnel was connected
through a large-diameter Tygon tube to a different chamber. An
8-in diam loud speaker was mounted on each chamber, such that
movement of the speakers would drive air through the tubes into
the tunnel. The two speakers were driven reciprocally by identical
voltage waveforms to generate a unified “push-pull” displacement
of the air within the tunnel. At the extremely low driving frequen-
cies (2 Hz) used for these experiments, there were no measurable
disturbances of the airflow attributable to any resonnances, which
might be expected to arise when two mechanically independent
speakers are used.

The wind tunnel and speaker apparatus was a closed system,
except for /) a small hole in the tunnel below the preparation for
entry of the pedestal support for the small Sylgard mounting slab
and 2) a small hole in the tunnel directly above the cricket for
insertion of glass capillary microelectrodes. The tunnel was
mounted on a carousel and could be rotated 180° around the
preparation in the horizontal plane without disturbing intracellu-
lar recordings. By generating 2 stimuli with opposite polarities at
each of 8 positions around the 180° range of the device, 16 direc-
tional responses were routinely recorded at 22.5° increments to
cover the entire 360° range.

The voltage waveforms used to drive the speakers were gener-
ated by a digital waveform synthesizer (RC Electronics, Santa
Barbara, CA) mounted in a microcomputer (IBM PC/AT).
Waveforms of arbitrary shape and amplitude could be con-
structed. Typical waveforms included voltage ramps (yielding step
changes of constant velocity) and half cycles of cosine waves
(yielding half-cycle sine waves). Peak air-current velocity was var-
ied by changing the amplitude of the driving waveform. The rela-
tionship between the voltage waveform used to drive the speakers
and the resulting air-current velocity was determined in a set of
calibration experiments (i.e., without a preparation mounted ) by
measuring the air-current velocity with a microbridge mass air-
flow sensor (Microswitch No. AWM 2300). This device was ex-
tremely sensitive and linear within the frequency and velocity
ranges used in these experiments: the “roll-off  frequency for the
sensor was 200 Hz, and stimulus velocities were measurable to
within 5% accuracy over the whole range used in our studies. (We
note that hot wire anemometers are neither accurate nor linear for
airflow velocities <10 cm/s and could not be used with confi-
dence.) In the studies reported here, half-sine stimulus waveforms
of 2 Hz were used for all measurements unless otherwise noted.
With the use of the airflow sensor described above, the time course
of the speaker-generated air-current stimuli was determined to
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reproduce these sinusoidal voltage waveforms with no measurable
distortion or phase lag.

It is important to note that this wind-tunnel apparatus was capa-
ble of generating sustained, unidirectional air displacements,
rather than being limited to bidirectional, oscillating displace-
ments (i.e., “tones”) as in previous studies (Edwards and Palka
1974; Levine and Murphey 1980; Shimozawa and Kanou 1984).
Unidirectional stimuli were achieved by 1) “cocking” the speakers
in one direction, 2) holding them there until neuronal activity
returned to baseline levels, 3) generating the desired stimulus by
driving the speakers to their other extreme with the appropriate
voltage waveform, 4) holding the speakers at that extreme for an
adequate time for neuronal activity to recover, and 5) returning
the speakers to their initial rest position.

Intracellular recording

The small Sylgard slab, above which the cricket was pinned, was
placed within the wind tunnel on a thin platform having the same
projectional area as the Sylgard slab. The terminal ganglion was
stabilized on a miniature spoon introduced through the hole in the
top of the wind tunnel and held rigid by a micromanipulator. The
ganglionic sheath was partially digested with a 3% solution of pro-
tease (Sigma) in standard hypotonic saline.

Microelectrodes were filled with either 3% Lucifer yellow
(Sigma) in 2 M lithium chloride or 3% carboxyfluorescein (Ko-
dak) in 2 M potassium acetate and had resistances ranging from
10 to 30 MQ. Electrical activity was recorded with a Dagan 8800
electrometer in bridge mode. Data were acquired and analyzed
with an RC Electronics ISC-16 data acquisition system synchro-
nized with the wind stimulus waveform generator.

For cell identification, dye was iontophoresed into the neuron
with 3 nA of hyperpolarizing current for 10 min and visualized in
situ with an epifluorescence attachment to a Wild M5 stereo mi-
croscope.

RESULTS

The terminal abdominal ganglion contains at least 10
different pairs of primary sensory interneurons that receive
direct excitatory input from filiform afferents (Bacon and
Murphey 1984; Edwards and Palka 1974). Each of these
pairs consists of two mirror-symmetric, bilaterally homolo-
gous cells. In the experiments reported here, intracellular
recordings were obtained from the left and right homo-
logues of three of these different cell classes: interneurons
10-2, 10-3, and 9-3 (Jacobs and Murphey 1987; Menden-
hall and Murphey 1974).

Most recordings were from cell bodies, although several
recordings were obtained from neuropil processes within
the cercal glomerulus. In no case was an overshooting ac-
tion potential observed. Spikes were always attenuated to
between 3 and 20 mV, suggesting that the somatic and den-
dritic membranes are passive. Overshooting spikes could,
however, be recorded from axons of these cells in the inter-
ganglionic connectives, by the use of electrodes prepared in
an identical manner to those used for cell body recordings.
This suggests that the inability to record overshooting
spikes from cell bodies was not an artifact of electrode
damage.

Resting potentials of all cells ranged from —55 to —65
mV. Cell types 10-2 and 10-3 showed average spontaneous
firing rates of ~2 Hz. The 9-3 cells showed no significant
spontaneous activity.
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FIG. 2. Typical responses of the different interneuron types to air-current stimuli. The cell responses were elicited by air
currents oriented to the optimal direction for each cell type. The recordings from the 10-3 cell were obtained from the cell
body, and the recordings from the 10-2 and 9-3 cells were obtained from neuropil penetrations. Peak air-current velocities
were as follows: cells 10-2 and 10-3, 0.15 cm/s; cell 9-3, 0.6 cm/s. A: responses to air currents generated by constant velocity
speaker displacements. B: responses to stimuli with velocity proportional to %2 cycle of a sine wave.

Typical responses to wind stimuli, oriented to the opti-
mal direction for each cell, are shown in Fig. 2. The wind
stimuli used in 4 were step increases from zero to a constant
velocity. The velocity versus time of the wind stimuli in B
was proportional to one-half cycle of a sine wave. These
half-sine waveforms were used for all subsequent experi-
ments.

Velocity sensitivity

Our main goal in these studies was to characterize the
directional sensitivity of these cells. However, to ensure that
we were using stimuli of appropriate amplitude (i.e., signifi-
cantly above threshold but below saturation), responses
were first recorded for a series of wind stimuli that had the
same direction and duration but that had logarithmically
increasing peak velocities. For all measurements the wind
tunnel was oriented to the optimal direction for the particu-
lar cell under study. Note that these half-period sinusoidal
stimuli were unidirectional, i.e., the air currents advanced
in one direction with no “return stroke.” Control experi-
ments carried out with stimuli shaped to yield constant ve-
locity and constant acceleration air currents yielded similar
static sensitivity curves (data not shown). For the first-
order analysis presented in this study, the response ampli-
tudes of each cell were simply calculated as the number of
action potentials generated during each stimulus. These val-
ues were then scaled to the maximum number of spikes
generated by that particular cell.

The solid-line curve in Fig. 3.4 shows a plot of the scaled
response amplitude versus peak stimulus velocity for a typi-
cal 10-3 cell. Each data point is the mean of two measure-
ments, taken at 15-s intervals to avoid accomodation. Note
the error bars on the point taken at a wind velocity of 1.7
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FIG. 3. Velocity sensitivity of the interneurons. 4: the solid curve is a
plot of the scaled response amplitude of a right 10-3 cell vs. peak air-
current velocity. The mean peak response at saturation for this cell (i.e.,
scaled as 1.0) was 21 spikes per 250-ms stimulus. The error bar at the,
stimulus velocity of 0.17 cm/s was the standard deviation of 20 trials; all
other points are the average of 2 trials. The dashed curve is a plot of the
sensitivity of a left 10-2 cell under an identical protocol. In this case, the
mean peak response at saturation was 20 spikes per 250-ms stimulus. The
error bar at a velocity of 1.4 mm/s represents the standard deviation of 20
repeated measurements at this velocity. B: mean sensitivities of the differ-
ent cell classes to air-current stimuli of different peak velocities. The solid
curve in the left data set is the lumped mean of the responses from 7
different “10” cells: 2 left 10-3 cells, 2 right 10-3 cells, 2 left 10-2 cells, and 1
right 10-2 cell. The dashed line through this data set is the least-squares fit
to the points between stimulus velocities of 0.03 and 0.23 cm/s. The solid
curve in the right data set is the mean of the response of 2 “9” cells: a left
9-3 and a right 9-3. The dashed line is a least-squares fit to the data points
between 0.17 and 0.7 cm/s.
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mm/s. At this velocity, 20 measurements were taken to
assess the variability of the cell’s response to repeated stim-
uli. The error bars represent +1 standard deviation from the
mean value. It wasimpractical to record this many measure-
ments at each wind velocity, but the relatively small stan-
dard deviation suggests that a mean of two samples yielded
a reasonable estimate.

The dashed curve in Fig. 34 shows the responses of a
10-2 cell to the same stimulus set. The error bar at a velocity
of 1.4 mm/s represents the standard deviation of 20 re-
peated measurements at this velocity. The curves for inter-
neurons 10-2 and 10-3 lie well within one standard devia-
tion of one another over the whole range of measurement
and were thereby judged to be insignificantly different.
From similar data recorded from other cells, it was deter-
mined that there were no significant differences in the veloc-

A

00

90°

135°

315°

velocity

MAXIMAL RESPONSE

FRACTION OF

MILLER, JACOBS, AND THEUNISSEN

ity sensitivity curves for left and right homologues of the
same cell types (i.e., left and right 10-2 were indistinguish-
able, left and right 10-3 were indistinguishable, and left and
right 9-3 were indistinguishable).

Figure 3 B shows the scaled responses of seven different
10-2 and 10-3 cells (left curve) and two 9-3 cells (right
curve). The line through each data point set is a least-
squares fit to the points between the 10 and 90% response
levels. Note that the 9-3 cells have a higher threshold than
the 10-2 and 10-3 cells. The slopes of the velocity sensitivity
response curves of the 9-3 cells are slightly greater than
those of the 10-2 and 10-3 cells.

Directional sensitivities

The directional sensitivity of each of the six cell types was
measured by recording its response to airflow stimuli from
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FIG. 4. Directional sensitivity of a right 10-2 cell. 4: responses of the cell to 4 different air-current stimuli having identical
velocity profiles but different orientations. Stimulus orientations are indicated as degrees clockwise from directly in front of
the animal. B: polar plot of the mean spike rate of right 10-2 vs. stimulus orientation. All responses were scaled to the
maximal response rate of 20 spikes per stimulus interval, elicited at a stimulus orientation of 135°. The.outer circle
represents the scaled maximum response value of 1.0, and the origin represents a rate of 0. Because responses were quantified
in terms of spike rate and resting rates were near zero, the inhibitory responses were not represented in these plots. The error
bar at the optimal orientation is the standard deviation of 20 measurements. All other points represent the mean of 4
measurements. C: this is the same data as plotted in B, but plotted in Cartesian coordinates. Note that the graph wraps
around: the stimulus orientation corresponding to the front of the animal is represented twice on the graph. D: mean
directional sensitivity curve calculated from 4 different left 10-2 cells. Each individual curve was scaled to its own maximal
response before averaging with the other curves. Error bars indicate the total range of mean responses at each stimulus

orientation, and not the variance of individual cell responses.
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16 different orientations in the horizontal plane. For these
experiments, the only parameter of the stimulus that was
changed was the orientation; the velocity profile of the air-
flow was identical for all orientations and was proportional
to one-half cycle of a sine wave. The peak velocity of the
airflow stimuli in each experiment was adjusted to elicit a
response that was between 50 and 75% of the cell’s maxi-
mum (i.e., saturation ) response level at its optimal stimulus
orientation, as determined from the data plotted in Fig. 3 B.

All of the cell types displayed definite directional tuning.
Examples of typical responses recorded from a 10-2 cell
during wind stimuli from four different orientations are
shown in Fig. 4 4. Note that stimuli from some orientations
evoke a depolarization and burst of action potentials in the
cell, whereas stimuli from other directions result in a hyper-
polarization of the cell membrane potential to a value be-
low the resting level.

The directional sensitivity of the cell from which these
data were recorded is plotted in Fig. 4, B and C. For these
plots, the response amplitudes of the cell at each direction
was quantified by averaging the number of action poten-
tials generated during four identical wind stimuli and scal-
ing that mean response to the maximum response obtained
at the optimal stimulus orientation. In this case the mean
optimal response was 20 spikes, obtained when the air
current was directed at 135° clockwise from the front of the
animal. This response value was scaled as 1.0.

The data are plotted in two different formats. In Fig. 4 B,
the data are graphed in polar coordinates, according to the
conventions used in previous studies on this system (Bacon
and Murphey 1984; Edwards and Palka 1974; Jacobs et al.
1986; Levine and Murphey 1980). In C, the data are plot-
ted in cartesian coordinates, rather than in polar coordi-
nates. Note that the data are “wrapped around,” such that
the region at the front of the animal is represented twice on
the graph. This format for plotting the data has distinct
advantages over polar plots by allowing a much clearer visu-
alization of the optimal direction, relative “breadth,” and
symmetry of the tuning curves. Note that the tuning curve
is single lobed, symmetric, and oriented to the right rear
quadrant of the animal’s environment. The tuning curve is
relatively broad, with a width at half-maximal response of
123°.

In general, electrode recordings could not be maintained
for long enough periods to obtain more than four trials at
each stimulus orientation. However, additional responses
were measured at one stimulus orientation to assess the
variance to repeated identical stimuli. The error bar at the
optimal response orientation in Fig. 4C represents the stan-
dard deviation calculated from 20 responses (SD, 11% of
the mean response).

Directional sensitivity curves were measured in this man-
ner from four left 10-2 cells. The curves were all very similar
in shape, with mean peak responses that varied from 18 to
20 spikes per stimulus. To obtain a representation of the
mean directional sensitivity for all of these left 10-2 cells,
the four individual curves were scaled to their maximal re-
sponses and averaged to obtain the curve shown in Fig. 4D.
Note that the error bars on this curve represent the total
range of mean responses at each stimulus orientation, and
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not the variance of the cell responses themselves. (i.e., the
absence of error bars at the optimal response orientation
indicates that all four cells had their mean peak responses at
this same stimulus orientation. Note, as mentioned above,
that the variance of a typical left 10-2 cell to repeated stim-
uli at this direction was 11% of the mean.)

Directional tuning curves were measured from the six
different cell types (left and right 10-2, left and right 10-3,
left and right 9-3). For each of these cell types, a mean
directional sensitivity plot was obtained by averaging the
scaled tuning curves from between three and six different
preparations. These mean directional tuning curves are
plotted in Fig. 5. In Fig. 5, just as in Fig. 4 D, the error bars
represent the range in the mean responses at each stimulus
orientation, and not the variance of individual cell re-
sponses. The relatively small error bars indicate a small in-
teranimal variability.

These plots have been segregated into two different
classes, corresponding to the two classes defined earlier in
terms of the velocity sensitivities. For the four-member
class of 10-2 and 10-3 cells, the spacing between peak sensi-
tivity points was 90°, and the mean width at half-maximal
response was 124°. For the two-member class of 9-3 cells,
the separation was 148°, and the width at half-maximal
response was 138°. In all cells, the directional tuning curves
were single lobed and symmetric around the optimal stimu-
lus orientation.

Variability in the responses of the interneurons

A determination of the accuracy attainable by any sen-
sory system requires a knowledge of the variability in each
cell’s responses to identical repeated stimuli. Experiments
were therefore performed to calculate the variance at as
many different stimulus orientations as possible in each of
several 10-2 and 10-3 cells. At each stimulus orientation, 32
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FIG. 5. Directional sensitivity tuning curves for all 6 cell types. For
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as was done for Fig. 4 D. Error bars represent the range in mean responses
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responses are plotted for 2 different cells: a left 10-3 (cell 1) and a right
10-2 (cell 2). These 2 curves represent the limiting cases (i.e., minimal and
maximal observed variances). The lines through the data sets represent the
best linear fits. R? values were 0.80 and 0.82 for the top and bottom plots,
respectively.

o

stimulus-response trials were recorded. The number of dif-
ferent stimulus orientations that could be tested in each cell
was limited by the duration of intracellular electrode pene-
trations. The results of two such experiments are shown in
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Fig. 6, where the standard deviation of the spike count is
plotted against the mean spike count for several different
directions in each of two cells. These two cases represented
the limiting cases (i.e., minimal and maximal observed vari-
ances). In each cell, the data could be fit reasonably well
with a linear function, in which the standard deviation in-
creased proportionally to the mean response amplitude.
The variance at the optimal response orientations (i.e., a
variance of ~2.5 spikes for a mean response of ~25 spikes)
corresponded to a relative variance of ~10%.

Analytic functions equivalent to the directional
tuning curves

The four directional tuning curves of the 10-2 and 10-3
cells, shown in Fig. 54, were used to create a “grand mean”
tuning curve. This was done by shifting the individual
curves to align their means and taking the average of the
four different values at each 22.5° interval away from this
mean. Figure 74 shows the mean values of these four
curves (1) and the associated standard deviations. The
standard deviations of the mean responses are much
smaller than the variances of the individual cell responses at
the corresponding stimulus orientation as shown in Fig. 6.
The directional tuning curves from different cells were
therefore judged to be statistically indistinguishable.

The solid line in Fig. 7 4 is the best fit to these data points
of the following functions
r=[Fpax/ (1 — a,)]1%[cos (0 — 0,,.,) — a,] for cos (0 — 0,.,) > a, (1a)
and

r=0 for cos(f— Ony) <a, (1b)

where r is the response amplitude (i.e., mean spike count),
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FIG. 7. Model function fitted to the mean directional tuning curves. A: each data point is the average of mean responses
from all 10-2 and 10-3 tuning curves shown in Fig. 5 4, shifted appropriately to align their means. Error bars are the standard
deviation of the mean responses. The curve through the data points was obtained with a value of —0.14 for alpha in Eq. Ia of
the text. B: each data point is the mean of 32 responses at a particular stimulus orientation for a left 10-3 cell. Error bars are
the response variance. Responses were recorded for 6 different directions in this cell. The curve through the points is the same

function that was fit to the grand mean directional curve plotted in 4.
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Tmax 1S the maximum response amplitude; 6 is the stimulus
direction in radians; 6,,,, is the optimal stimulus direction
evoking the maximum response; and g, is the threshold
stimulus value for evoking spike activity.

This is a simple cosine function with spatial period of
360°, truncated at some “‘threshold” level a,, and scaled to
have a “peak-to-truncation” magnitude of r,,,. The re-
sponse function r can be thought of as being the resultant
sum of excitation from sensory receptor afferents and inhi-
bition from local interneurons. The threshold value is pre-
sumably determined by the relative amount of excitation
and inhibition, as well as by the spike threshold of the inter-
neurons. The [r,,,,/(1-a,)] coeficient can be thought of as
a gain factor. With r_,, normalized to a value of 1, the only
free parameter that was actually adjusted to fit this function
to the measured data points was a,, which was set to a value
of —0.14 for these data points.

Note that this curve fell within one standard deviation of
the mean responses at all stimulus orientations. The nor-
malized x ? value for the fit is less than one, indicating that
the analytic expression is an adequate representation of the
mean data. The width of this model tuning curve at half-
maximum amplitude was 130°.

Figure 7B shows this same curve superimposed on the
data set for directional sensitivity of a single left 10-3 cell.
The recording from this cell was maintained long enough to
obtain 32 repetitions at each of 6 different directions, allow-
ing a calculation of the response variance (indicated with
error bars) at these sample directions. Here again, the ana-
lytic curve derived from the data plotted in A4 fell within one
standard deviation of the mean responses, and the normal-
ized x? value was less than one for the fit. This demon-
strates that the fit is valid for a typical individual tuning
curve, as well as for the group mean.

DISCUSSION

The electrophysiological results reported in this paper
demonstrate aspects of the directional sensitivity of six
types of primary sensory interneurons in the cercal system
of the cricket 4. domestica to low-velocity, unidirectional
air-current stimuli. The neurons could be divided into two
groups, based on their thresholds and sensitivities to the
air-current stimuli. Neurons in both groups had broad, sym-
metrical, overlapping directional sensitivity tuning curves
that could be accurately represented as truncated sine
waves.

When the four curves of the 10-2 and 10-3 interneurons
were superimposed by alignment of their medians, their
differences in shape were statistically insignificant. The
mean of these four curves was fit very well by a truncated
sine wave with a period of 360°. The sinusoidal form and
360° period of these interneurons’ tuning curves is exactly
as should be expected from a consideration of the Fourier
theorem. Because of the mechanics of the cuticular hinge at
the base of each hair (Gnatzy and Tautz 1980; Landolfa et
al. 1988), the directional tuning curves of the mechanosen-
sory receptors are also nearly perfectly sinusoidal with spa-
tial periods of 360°. These mechanoreceptor tuning curves
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should be considered the “basis function set” from which
the tuning curves of the first-order sensory interneurons are
synthesized, and the Fourier theorem states that any func-
tion synthesized through a linear summation of such basis
functions could itself only be a sinusoidal function with the
same period.

The only nonlinear aspect of the summation, i.e., the
truncation, is due presumably to two factors. The first fac-
tor that would be expected to contribute to response trunca-
tion is simply the characteristics of the interneurons’ spike
initiation kinetics: each interneuron needs some finite level
of activation by afferent inputs before any action potentials
can be elicited. The second factor is the involvement of
polysynaptic inhibitory inputs onto the interneurons, acti-
vated by air-current stimuli from some directions (Jacobs
et al. 1986; Levine and Murphey 1980), which act to shunt
the membrane potentials to below threshold for spike acti-
vation.

Although the sinusoidal form and period of the inter-
neuron tuning curves were as anticipated, the precise unifor-
mity of shape of the 10-2 and 10-3 cell tuning curves and
the uniform “placement” of their peak sensitivity points at
90° intervals around the stimulus range is noteworthy in
several respects. As demonstrated in earlier reports (Bacon
and Murphey 1984; Jacobs and Miller 1985; Jacobs et al.
1986), the shape and placement of a cell’s directional tun-
ing curve depends on three factors. First, the excitatory re-
ceptive field of a cell is constrained by the location of its
dendrites within the complex topographic afferent map of
wind direction that exists within the cercal glomeruli. Sec-
ond, the relative synaptic efficacy of afferent inputs from
hairs of different directional sensitivity onto the inter-
neuron’s different dendritic branches is determined by the
length and diameter (or “electroanatomy””) of the dendritic
segments connecting those branches to the spike initiation
zone. Third, as mentioned above, inhibitory inputs from
local interneurons are thought to play a significant role in
shaping the directional sensitivity curves of some of these
cells (Jacobs et al. 1986; Levine and Murphey 1980). If we
consider the structural complexity of the afferent map (Ja-
cobs and Poy 1990; Walthall and Murphey 1986) and the
complexity of the dendritic structure of these cells (Jacobs
and Murphey 1987), the similarity in the degree of trunca-
tion and the extremely uniform placement of these tuning
curves around the stimulus range seems quite remarkable.
Presumably, even a slight alteration in /) the locations of an
interneuron’s dendrites within the afferent map, 2) the
transfer impedances between those dendritic input sites and
the spike initiation zone, or 3) any aspects of the inhibitory
input onto the cell would alter the apparent width (i.e.,
degree of “truncation” of the sine wave) and/or the posi-
tion of peak sensitivity. Modeling studies are currently un-
derway to determine more quantitatively the degree to
which the shape and placement of a cell’s tuning curve de-
pends on slight alterations in these parameters.

Comparison with previous studies

The velocity thresholds and sensitivities of interneurons
homologous to the ones studied here have been examined
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in a different species of cricket: Gryllus bimaculatus
(Kanou and Shimozawa 1984). In that study the experi-
mental chamber and measurement conditions were very
similar to those used in the studies reported here, except for
the use of a hot wire anemometer (in earlier studies) versus
a solid-state mass airflow sensor (in the current studies) for
calibration of the wind stimulus velocities. The wind veloc-
ity threshold reported for the 10-2 and 10-3 cells in those
earlier studies was ~50 um/s at 2 Hz, compared with our
measurements of ~200 um/s in A. domestica. Thresholds
of the 9-3 cells in the earlier studies were measured to be
between 10 and 30 mm/s, compared with 2 mm/s in our
current studies. These measurements should be considered
to be in excellent agreement, considering 1) the crickets
studied were from two different genera, 2) the ambient
background noise levels were not explicitly measured nor
controlled in either study and may have contributed to dif-
ferent levels of adaptation, and 3) the reliability of hot wire
anemometers and mass airflow sensors in making absolute
determinations of air velocity is relatively poor at such low
flow rates.

Velocity sensitivity of these or any homologous cells have
not been carried out in any other studies by protocols that
are sufficiently similar to justify comparison. In any case it
is impossible to know a priori what the relevant parameters
of the cells’ responses are in terms of their encoding of in-
formation about stimulus velocity; therefore our character-
izations were done solely to determine an appropriate su-
prathreshold, subsaturation stimulus velocity range ade-
quate for our measurements.

Measurements of the directional sensitivity based on
mean spike rates elicited by unidirectional stimuli have
been reported previously for right 9-3 (Bacon and Murphey
1984) and for right 10-3 (Jacobs et al. 1986). Although the
earlier results are in general agreement with the current re-
port, experimental measurement conditions were notequiv-
alent. In the case of right 9-3, the measurements were taken
in a situation where all sensory hairs on the left cercus were
immobilized with petroleum jelly (Vaseline). Moreover, in
both earlier studies, the air-current stimuli were generated
with air jets projected from nozzles in open field conditions.
There are two problems with such configurations that make
the results unsuitable for the analysis of response variance.
First, the air currents generated by a nozzle become turbu-
lent within a distance equivalent to the nozzle orifice diame-
ter. Second, because the preparations were not enclosed
within air tunnels in those earlier studies, the ambient air
currents may also have been significantly above threshold
for activation of these cells. Both sources of noise would be
expected to have artifactually increased the observed vari-
ance in the cells’ responses and to have broadened the appar-
ent tuning curves.

We note that two factors in our own studies reported here
may have altered some significant factors affecting the base-
line of accuracy that would presumably be observed in a
freely behaving cricket. First, we used a relatively “noise-
free” stimulus generator. A cricket’s normal air-current en-
vironment would be expected to display some background
noise and ““drift,” and some behaviorally relevant stimuli
might be expected to display some degree of turbulence.

MILLER, JACOBS, AND THEUNISSEN

Although the use of noise-free stimuli is perfectly valid
from an engineering analysis standpoint, it should be re-
membered that the cercal system’s performance in the field
might be significantly affected by such factors. We are
currently assessing the influence of stimulus noise and drift
on system accuracy. Second, several structures were re-
moved from each preparation (i.e., the head, wings, legs,
and ovipositor ), which might normally be expected to influ-
ence air currents around the animal’s body. The removal of
the legs and ovipositor would presumably increase the
streamlining of airflow near the cerci, whereas removal of
the head and wing covers would be expected to decrease the
streamlining of airflow around our preparations with re-
spect to the normal case. Considering the very low air-
current velocities used in these studies, we suspect that
these effects are, however, not significant.

Structure and operation of the system

The projecting interneurons in the cercal sensory system,
including the 10-2, 10-3, and 9-3 cells studied here, can be
easily stained and identified by backfilling the abdominal
connectives with cobalt or other suitable dyes. With the use
of these techniques, other right/left pairs of primary sen-
sory interneurons have been identified that have dendrites
within the filiform cercal glomeruli and have axons that
project up the connectives to higher CNS centers. If we
consider the sensitivity of these histological techniques, it is
unlikely that many more (if any) projecting interneurons
remain to be identified that could carry additional informa-
tion about wind stimuli to higher centers. During the course
of these experiments, electrode penetrations were obtained
from all types of projecting interneurons that have been
identified to date. None except the 10-2 and 10-3 cells were
observed to display obvious directional sensitivity within
the range of stimulus amplitudes equivalent to that
spanned by 10-2 and 10-3, according to the criteria used in
this study (i.e., a dependence of the mean spike rate follow-
ing a stimulus on the direction of the stimulus). We note,
however, that information about stimulus orientation
could be encoded in characteristics of neuronal spike trains
other than their mean firing rate following a stimulus, as
has been found to be the case in several other studies (for
several examples see Eckhorn and Popel 1975; Fuller and
Looft 1984; Optican and Richmond 1987; Richmond and
Optican 1990; de Ruyter van Steveninck and Bialek 1988;
Segundo et al. 1963). For example, an interneuron might
exist that would generate equal numbers of spikes in re-
sponse to stimuli from all orientations, but that could en-
code information about direction in the onset latency, peak
frequency, or some other higher order statistical character-
istics of the spike train. Our criteria for directional selectiv-
ity would have missed such a cell; these possibilities will be
dealt with in a subsequent report.

In any case, the number of interneurons carrying infor-
mation about wind stimuli to higher centers is still very
restricted. At least one additional type of cells (probably
“9-2""), having a threshold and velocity sensitivity equiva-
lent to that of the 9-3 cells, was observed to display direc-
tional sensitivity, but an adequate number of recordings for
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a statistically significant characterization were not ob-
tained. And it is known from other studies that at least two
types of cells (the “medial giants” and “lateral giants™) dis-
play directional sensitivity within a range of velocities even
greater than that spanned by the 9-3 cells (Bacon and Mur-
phey 1984).

Thus it appears that the interneurons that are definitely
capable of conveying information about wind direction can
be subdivided into at least three groups of as few as four
cells each, and that each group could conceivably encode
information about the direction of wind stimuli within a
different range of peak stimulus velocities. The overlap of
these velocity sensitivity ranges could guarantee the mainte-
nance of directional sensitivity over a wide dynamic range
of velocities (and/or accelerations).

This system may therefore represent an excellent prepara-
tion for the study of “coarse coding.” The whole stimulus
range of 360° of possible stimulus directions within any
particular velocity range may be fractionated between only
four sensory interneurons, all of which have relatively
broad, overlapping tuning curves. It will be interesting to
determine whether the cricket is capable of hyperacuity,
i.e., the ability to localize the direction of wind stimuli with
a degree of accuracy exceeding the interreceptor spacing
of 90°.

Although behavioral studies will be essential to an analy-
sis of the accuracy of this system, the following companion
paper offers an alternate approach to the questions asso-
ciated with the accuracy of this system and with the specific
mechanisms underlying its operation. Rather than formu-
lating these questions in terms of any specific (and necessar-
ily ad hoc) models for system operation and neural coding
scheme, principles of information theory were used to cal-
culate a conservative estimate of the upper limit of accuracy
that the system could possibly attain.
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